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Landfill leachate is a complex mix of organics, inorganics and 

heavy metals produced from conventional and engineering 

landfilling practices. The adverse effects of landfill leachate 

on human and environmental health have forced the relevant 

authorities to stipulate stringent disposal requirements, 

producing the need for ground-breaking technological solutions 

for effective management of landfill leachate. The researchers 

and field engineers are still looking for robust options for 

leachate management. This timely book on landfill leachate 

management is a valued addition to this area of research.

The key features of the book include:

• A broad range of treatment techniques

• Conventional to advanced technological options discussed

• Successful case studies.
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Foreword

Landfill leachate is a complex mix of organics, inorganics, and heavy metals 
produced from conventional and engineering landfilling practices. The adverse 
effects of landfill leachate on human and environmental health have forced 
the authorities to stipulate stringent disposal requirements, producing the 
requirement for ground-breaking technological solutions for the effective 
management of landfill leachate. Researchers and field engineers are still 
looking for robust options for leachate management. The landfill leachate 
treatment comprises a sequential arrangement of well-defined unit operations 
and processes available in the research papers in greater detail, however, 
non-conforming disposal standards by leachate treatment schemes posed a 
technical challenge to the engineers, which is not available in the text books. 
A timely book on landfill leachate management is a valuable addition to this 
domain. The key features of the book included: Broad range of treatment 
techniques covered, conventional to advanced technological options discussed, 
and successful case studies included.

In this book, the latest developments in the characterization techniques of 
landfill leachate and its treatments are included. The up-to-date methods for 
leachate characterization and advanced treatment techniques are underlined. 
The drawbacks and challenges of leachate treatment methods are discussed, 
together with the future perspectives in the development of treatment approaches 
for leachate. Thus, the book discusses the conventional and emerging treatments 
for landfill leachate. Moreover, energy and value-added products recovery 
from landfill leachate is considered which is a novel addition to the book. The 
discussion is from the perspective of leachate polishing and recovery of value-
added products, future trends and perspective of treatment technologies to 
achieve stringent disposal standards, and advanced biotechnological concepts 
for the treatment of landfill leachate for resource recovery. The leachate 
treatment coupled with various resource recovery processes can arguably help 
the cyclic economy.
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xxiv Landfill Leachate Management

The information thus, gathered can be applied to identify appropriate 
solutions for landfill leachate treatment and alternatives to existing treatment 
techniques to advance the efforts for effective landfill leachate management. 
Moreover, it will help to identify the areas for further research and development 
opportunities for technological advancements.

Rao Y. Surampalli, Ph.D., P.E., BCEE, HonD.WRE, F.WEF, F.AAAS, 
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ABSTRACT

Using published data, this chapter updated a previous review to examine differences in 
pollutant levels in the leachate between landfills and dumpsites in Africa, Asia, and Latin 
America. A total of 3584 scientific articles published between 2018 and 2022 were initially 
identified in Scopus. After reviewing the abstracts, only 434 studies were selected, and 
the full text was examined. Finally, 38 studies were included in the review. However, some 
studies assessed more than one waste disposal site. Thus, 58 landfills and dumpsites were 
included. The most significant difference in the leachate between dumpsites and landfills 
generally occurred in climatic zone A. Indeed, significantly higher values in dumpsites 
were found for Cr, Ni, and Zn. Comparing the findings with the previous review confirms 
the differences in the levels of Cd and Pb between landfills and dumpsites. To mitigate 
these risks, it is vital for there to be investments in improving the waste management 
infrastructure and systems in Global South countries. In addition, there should be improved 
governance structures to enhance the enforcement of the existing policies.

Keywords: Leachate, dumpsites, landfills, climatic conditions.

1.1 INTRODUCTION
In recent decades, global solid waste generation rates have increased at a rapid 
pace (Chen et  al., 2020). Due largely to urbanization and rapidly increasing 
populations, global generation of waste is predicted to rise by 73% between 2020 
and 2050 to approximately 3.88 billion tonnes (World Bank, 2022). However, 

Chapter 1

Characteristics of leachate 
from landfills and dumpsites 
in Asia, Africa and Latin 
America: a review update
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landfilling and open dumping, along with uncontrolled burning of waste, still 
represent the world’s most common solid waste management (SWM) practices 
(Gómez-Sanabria et al., 2022; Kaza et al., 2018). Indeed, in the Global South, 
approximately 90% of the waste is either disposed of in dumpsites or openly 
burnt (World Bank, 2022).

Dumpsites and poorly maintained landfills pose a high risk to human health 
and the environment (e.g., in terms of greenhouse gas (GHG) emissions, which 
can also impact on the health of individuals) (Gómez-Sanabria et  al., 2022; 
Pujara et al., 2019; Vinti et al., 2021). The risk posed by dumpsites is higher, 
as unlike landfills, these structures are not engineered, therefore, leading to 
higher pollutant flows (Vaccari et al., 2019a).

Despite the existence of global frameworks (e.g., the Basel Convention) and 
national legislation, countries in the Global South, which are primarily located 
in equatorial and warmer climates are particularly at risk. For example, waste 
pickers living on dumpsites are at risk due to direct exposure from hazardous 
materials, which are often imported into Global South countries (Ferronato & 
Torretta, 2019).

Thus, understanding the risks posed by different waste disposal sites and the 
key factors influencing these risks (particularly leachate contaminant levels) is 
crucial to developing measures to mitigate them (Tesseme et al., 2022). With 
this in mind, Vaccari et al. (2019a) conducted a review of the characterization 
of leachate from landfills and dumpsites in Asia, Africa, and Latin America. 
Using these findings as a basis, this study presents an updated analysis.

1.2 MATERIALS AND METHODS
The previous review (Vaccari et al., 2019a) included studies published up to 
2017. Thus, this review focused on work from 2018 to 2022. Only peer-reviewed 
articles were selected. Scopus was used as the search engine. The following 
search words were adopted: landfill leachate; dumpsite leachate; open dump 
leachate. As in Vaccari et  al. (2019a), only the general distinction between 
landfills and dumpsites was considered, and only sites from Asia, Africa, and 
Latin America were selected. In particular, dumpsites were defined as open and 
not regulated areas in the ground with no environmental protection, used for the 
disposal of waste. Landfills were defined as waste disposal sites characterized 
by the registration of waste inflow, and typically using daily cover material, 
surface and groundwater monitoring, infrastructure, and a waterproof liner at 
the bottom. When it was not possible to establish the nature of the disposal site, 
the study was discarded. Furthermore, waste disposal sites that had already 
closed were not included. This approach was utilized because some authors 
have found a lower leachate contamination level in closed landfills (Wdowczyk 
& Szymańska-Pulikowska, 2021). Thus, including closed sites could have 
biased the results.

As in Vaccari et  al. (2019a, 2019b), the following leachate parameters 
were selected: chemical oxygen demand (COD), biochemical oxygen demand 
(BOD5), NH3-N, Al, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn. Thus, if the 
study did not include any of them, it was not included. For each parameter, the 
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mean (µ), standard deviation (σ), median (Me), and coefficient of variation (CV) 
were calculated to determine the spread of the factors and the impact of each at 
the site. As in Vaccari et al. (2019a), the significance level (α) was evaluated by 
using Welch’s test. Thus, once t and ν were computed, they were used with the 
t-distribution to test the null hypothesis that the two population means were 
equal (p-value).

When more than one measure of a chemical parameter from the same 
disposal site was reported, the average value was considered. In any paper, 
when the value assigned to a parameter was given as ‘less than…’, this value 
was used.

The site’s age was also indicated whenever possible, trying at least to 
distinguish between more, and less than 10 years old.

Furthermore, as temperature and precipitation can impact the leachate 
generation and characteristics (Ma et al., 2022), the data were also categorized 
according to climatic conditions by using the Köppen–Geiger climate classification 
map. The updated open source version available online (Rubel et al., 2017) was 
used. Thus, the following climatic zones were included in the classification: A 
(equatorial), B (arid), C (warm temperate), D (snow) and E (polar).

1.3 RESULTS AND DISCUSSION
1.3.1 Study selection
A total of 3584 studies published between 2018 and 2022 were initially identified 
in Scopus. After reviewing the abstracts, only 434 studies were selected because 
they concerned leachate from landfills or dumpsites in Asia, Africa and Latin 
America; thus, the full text of these studies was examined. Finally, 38 studies 
were included in this review. This number of sites was based on the fact that most 
studies did not have enough information, the nature of the site (i.e., dumpsite or 
landfill) was unclear, the data were inadequate for the purpose of this review, 
the same study was collected more than once by using different keywords, or 
the waste disposal site was closed. However, some studies assessed more than 
one waste disposal site. Thus, 58 landfills and dumpsites were included.

General information about landfills and dumpsites that were selected are 
available in Tables 1.1 and 1.2. In particular, the reference of each study, the 
country, the waste disposal site and its age are provided. If the age was not 
available, the cell was left empty.

1.3.2 Key types of sites and climatic zones
As shown in Figure 1.1, the majority of the sites (46 out of 58) were identified 
in the most populated continent, that is, Asia. All of the disposal sites identified 
in Latin America were landfills. However, in Africa, most (55%) came from 
dumpsites, and in Asia, the same number of dumpsites and landfills was 
identified.

Furthermore, as shown in Figure 1.2, considering the climatic zone, 
more than half of the sites (both landfills and dumpsites) were from zone A 
(equatorial). The remaining sites were from zone B (arid), and zone C (warm 
temperate).
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5Characteristics of leachate in Asia, Africa and Latin America

1.3.3 Leachate quality by site
High levels of Fe and Cr, as well as BOD5 and COD were found in both 
the landfills (Figure 20.3), and the dumpsites (Figure 20.4). Relatively high 
concentrations of Ni and Zn were also found in the landfills. Aluminum (Al) 
was not included in Figures 1.3 and 1.4 because of the paucity of available data. 
In particular, studies about it were not found for dumpsites. In both figures, 
values are expressed in milligram/liter.

Table 1.2 General information about the dumpsites analyzed.

Country Site Age of the 
Site (years)

Source

Ethiopia • Arba Minch illegal dumpsite 1
• Arba Minch illegal dumpsite 2
• Arba Minch illegal dumpsite 3
• Arba Minch illegal dumpsite 4

n.a. Tesseme et al. 
(2022)

India • Okhla landfill, Delhi
• Ghazipur landfill, Delhi
• Gurgaon landfil, Gurgaon

24
34
<10

Somani et al. 
(2019)

Thailand • Dong Mafai controlled dump
• Nong Lat controlled dump
• Sawang Daen Din controlled dump
• Wanon Niwat controlled dump
• Bong Tai open dump
• Nong Luang open dump
• Song Dao open dump
• Ban Phon open dump
• Kut Bak open dump

n.a. Ruengruehan et al. 
(2021)

Sri Lanka Waste dumping site A, Kesbewa ≈20 Koliyabandara 
et al. (2022)

India Perungudi dumpsite (LS1), Chennai 20 Kuchelar et al. 
(2022)

India Urali-Devachi landfill, Pune n.a. Ingle (2022)

Malaysia Alor Pongsu landfill site, Perak >10 Aziz et al. (2021)

Lebanon Naameh municipal solid waste 
landfill, Naameh village

>10 Sawaya et al. 
(2021)

Iran Saravan landfill, Rasht >10 Farhangi et al. 
(2021)

Malaysia • Ulu Maasop landfill, Senaling
• Kampung Keru landfill, Tampin

>10
>10

Hussein et al. 
(2019)

Ethiopia Landfill site in Mekelle n.a. Alemayehu et al. 
(2019)

India Ramna MSW landfill, Varanasi city <10 Mishra et al. (2019)

India Dapha landfill, Kolkata n.a. De et al. (2019)

Sri Lanka Dumping site in Karadiyana n.a. Nayanthika et al. 
(2018)
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6 Landfill Leachate Management

1.3.4 Leachate quality by region
Figure 1.5 illustrates that landfills in Africa had higher Fe concentrations, but 
lower COD levels compared to the other two regions.

Figure 1.6 shows that COD, BOD5, NH3-N, Fe, and Zn concentrations were 
higher in Asian dumpsites compared to African dumpsites. As in Figure 20.1, 
no studies about Latin America were found. Al does not appear in the figure for 
the same reasons discussed in Figure 1.3.

Figure 1.1 Number of waste disposal sites analyzed according to their typology and 
continent.

Figure 1.2 Number of waste disposal sites analyzed according to their typology and 
climatic zone.
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7Characteristics of leachate in Asia, Africa and Latin America

1.3.5 Pollutant levels by site type
In the previous study (Vaccari et al., 2019a), almost all pollutant levels were 
higher in dumpsites than landfills. In this study, the values were higher in 
dumpsites for some parameters (see Table 1.3). In particular, for COD, BOD5, 
As, Cd, Fe, Mn, and Pb. However, there was a significant difference between 
landfills and dumpsites (p < 0.05) only for Cd and Pb.

In dumpsites, only the average concentrations of BOD5 and COD were 
higher compared to the values obtained in the previous review. All of the other 

Figure 1.3 Biochemical parameters in all landfills.

Figure 1.4 Biochemical parameters in all dumpsites.
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8 Landfill Leachate Management

parameters investigated were higher in the study published in 2019. Focusing 
on landfills, most of the parameters (COD, As, Cd, Cr, Cu, Ni, Zn) were higher 
in this review than in the previous one. Further investigations would be 
necessary. Indeed, heavy metals and metalloids such as As, Cd, and Cr may pose 
significant risks for human health and the environment (Vaccari et al., 2019b). 
However, the previous review (Vaccari et al., 2019a) gathered more data, with 
studies covering about two decades (from 1998). In this review, the influence of 
hot spots, such as the study of Siddiqi et al. (2022), could have influenced the 
results.

Figure 1.5 Biochemical parameters in landfills from Asia, Africa, and Latin America.

Figure 1.6 Biochemical parameters in dumpsites from Asia and Africa.
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10 Landfill Leachate Management

Furthermore, both here and in the previous review, few studies investigated 
Al concentration in leachate from landfills and dumpsites.

Comparing the findings with the previous review (Vaccari et  al., 2019a) 
confirms the differences previously found in the levels of Cd and Pb between 
landfills and dumpsites. Evidently, Cd and Pb are heavy metals that seem to 
be often found in the leachate from dumpsites. The presence of these two 
heavy metals maybe as a result of the dumping of components of electrical and 
electronic goods and batteries. The breakdown of these metals in the dumpsites 
would be exacerbated by the climatic conditions. In turn, higher heavy metal 
concentrations would also lead to greater public and environmental health 
concerns within the urban poor populations who live on and near to the 
dumpsites and poorly maintained landfills.

1.3.6 Pollutant levels by region
In climatic zone A, the pollutants concentration was higher in dumpsites than 
landfills, except for Cr, Fe, Ni, Zn. However, a significant difference was found 
for BOD5, and Pb. In climatic zone B, the pollutants concentration was higher 
in dumpsites, except for Cr, Cu, Ni. Though, a significant difference was found 
in climatic zone B in Pb concentration from landfills and dumpsites. The most 
likely reason for the differences in these two regions was most probably due 
to the influence of climatic conditions (i.e., higher temperatures) on leachate 
characteristics (Ma et al., 2022). In climatic zone C, given the paucity of data, 
the analysis was only conducted for COD, BOD5, Cr and Fe. There were no 
statistically significant differences found.

1.4 CONCLUSIONS
The presence of heavy metals in dumpsites and landfills, particularly Cd and Pb, 
poses a significant risk to the environment and to public health, especially of the 
urban poor. Evidently, the risks are particularly high in Global South countries 
in Asia, Africa, and Latin America. To mitigate these risks, it is vital for there to 
be investments in improving the waste management infrastructure and systems 
in these countries. In addition, there should be improved governance structures 
to enhance the enforcement of the existing policies. Finally, there should also 
be attention paid to facilitating stakeholder engagement and co-design with 
those in the communities who are most at risk from the landfills and dumpsites, 
as a means of enabling the development of more effective initiatives on the 
ground. Future research should include case studies from all over the world. 
Thus, North America, Oceania, and Europe should also be investigated and 
data could also be aggregated according to the income of the country.
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ABSTRACT

Landfill leachate contamination is a major risk to natural resources and public health. 
Sustainable treatment techniques are therefore essential to protect the environment 
and living beings’ health. Biological processes using microorganisms have proven to be 
successful and cost-effective techniques and could be aerobic or anaerobic processes. 
In particular, aerobic treatment techniques involve the biodegradation of the organic 
and nitrogenous material to produce CO2 and sludge. Aerobic systems have shown to 
be efficient in treating young and medium-aged leachates but could be limited to the 
treatment of old highly loaded leachates. Among different aerobic treatment processes, 
the ones that are commonly used are activated sludge process, sequencing batch 
reactors, aerated lagoons, and those including suspended biomass growth such as 
rotating biological contactors, membrane bioreactors, biofilm reactors, and so on. This 
chapter discussed the most adopted aerobic treatment and from the findings of this 
document, it was deduced that the effectiveness of each technology is influenced by 
several factors such as the leachate characteristics, the process variables, and even the 
site/area in which the technology is implemented.

Keywords: Aerated lagoons, activated sludge process, sequencing batch reactors, biofilm 
reactor.

2.1 INTRODUCTION
The infiltration of rainwater mainly generates leachate through the landfill, 
chemical and biological processes within the landfill, and the water content 

Chapter 2

Aerobic treatment of landfill 
leachate
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16 Landfill Leachate Management

of the waste itself. As a result of these processes, leachate is typically a very 
complex mixture (Bilgili et al., 2007; Ritzkowski et al., 2006). Factors that 
influence the composition and concentration of these contaminants are the 
type of waste, the age of the landfill and the quality of refuse (Shi et al., 2007; 
Zhao et al., 2006).

Research has proven that leachate contains toxic and sometimes even 
carcinogenic compounds. Thus, the unchecked release of leachate into 
the environment poses significant risks to the human population and the 
surrounding flora and fauna (Saviour, 2012). The main characteristics of the 
leachate are the high chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), variable pH values, varied amount of ammonia, nitrogen, and 
diversity in heavy metals (Table 2.1). It is a colored liquid with a foul odor. The 
sum of all factors plays a role in the treatment complexity of landfill leachates 
(Maiti et al., 2016).

Table 2.1 Leachate characteristics of varied aged landfills of different countries.

Landfill 
Site

Age pH BOD COD SS TKN NH3-N

Canada Y 5.8 9,660 13,800 — 212 42

MA 6.9–9.0 — 3,210–9,190 — — —

China Y 6.6 4,200 15,700 — — 2,260

MA 8.2 1,436 7,439 784 — —

Greece Y 6.2 26,800 70,900 950 3,400 3,100

MA 7.9 1,050 5,350 480 1,100 -

Italy Y 8 4,000 19,900 — — 3,917

MA 8.3 1,270 5,050 — 1,670 —

South 
Korea

Y 7.3 10,800 24,400 2,400 1,766 1,682

O 8.5 62 1,409 404 141 1,522

Turkey Y 7.3–7.8 10,800–
11,000

16,200–20,000 — — 1,120–
2,500

MA 8.1 — 9,500 — 1,450 1,270

O 8.6 — 10,000 1,600 1,680 1,590

Germany MA — 1,060 3,180 — 1,135 —

Poland MA 8 331 1,180 — — 743

Taiwan MA 8.1 500 6,500 — — 5,500

Brazil O 8.2 150 3,460 — — 800

Estonia O 11.5 800 2,170 — — —

Finland O — 62 556 — 192 159

France O 7.5 7.1 500 130 540 430

Malaysia O 7.5–9.4 48–105 1,533–2,580 159–233 — —

Y: young; MA: medium age; O: old; all values except pH and BOD/COD are in mgl−; TKN: total Kjeldahl 
nitrogen; SS: suspended solids.
Source: adapted from Renou et al. (2008).
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17Aerobic treatment of landfill leachate

For years, research on landfill leachate treatment has typically been based 
on wastewater and drinking water technologies (e.g., aerobic and anaerobic 
biological treatment, coagulation–flocculation, membrane processes, and 
adsorption processes (Figure 2.1). Leachate treatment plants are coming 
up at new waste processing facilities and sanitary landfills (SLFs). Mostly, 
leachate treatment technology is based on a combination of different processes 
depending upon the discharge conditions (Vij, 2012). The selection of suitable 
technology for specific leachate problems finalizes after considering various 
aspects and parameters such as the generation/flow rate of leachate, physical 
and chemical characteristics, capital investment, and operational expenses.

While analyzing different treatment technologies, it has been perceived that 
biological methods are suitable for leachate with high organic and nutrients 
content, which favor the growth of microorganisms, while they are not the 
best option to remove heavy metals and other toxic compounds from leachates, 
nor for leachate with low nutrient contents (Salami et al., 2015). Nevertheless, 
the combination of biological processes with other technologies has also been 
identified as suitable for leachate heavily loaded with recalcitrant toxicants 
(Luo et al., 2020; Renou et al., 2008).

Biological treatment processes are reliable, simple, and highly cost-effective 
for removing high COD and BOD concentrations from leachate (Oller et al., 
2011). These processes can be classified into aerobic and anaerobic, depending 
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Figure 2.1 Overview of different treatment processes for MSW leachate.
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18 Landfill Leachate Management

on oxygen requirement. In aerobic treatment systems, the pollutants in the 
presence of oxygen, are distorted into CO2, other solid biological products 
and sludge (Grady et al., 2011). However, in an anaerobic process, the organic 
matter is converted to biogas consisting mainly of carbon dioxide, methane, 
and biological sludge. It has been observed that biological processes are very 
effective in removing organic and nitrogenous materials from immature (i.e., 
young) leachate when the BOD/COD ratio has a high value (>0.5) (Naveen 
et al., 2017). However, the presence of refractory compounds (e.g., humic and 
fulvic acids) might limit the effectiveness of the process over time (Abbas 
et  al., 2009). Despite being advantageous due to methane generation during 
anaerobic treatment of leachate, which could be used as an energy source in the 
plant, some drawbacks of anaerobic systems emerge such as odor generation, 
the amount of the sludge generated and the required logistics to discharge it, 
as well as the quality of the final effluent, mainly when the continuous supply 
of fresh leachate over an old one already treated is carried out. Overall, after 
the treatment, leachate quality should meet the admissible standardized 
characteristics for discharge into natural bodies (Lebron et al., 2021).

2.2 AEROBIC TREATMENT OF LANDFILL LEACHATE
The traditional biological process (aerobic) is used as the effective landfill 
leachate treatment technique in which biodegradable organic pollutants are 
eliminated and the ammoniacal nitrogen is converted into nitrite through 
nitrification, resulting in efficient organic material degradation and enabling 
easy removal of nitrogenous compounds (Ilmasari et al., 2022a, 2022b; Luo 
et al., 2020).

Among different aerobic treatment processes, the ones that are commonly 
used are activated sludge process (ASP), sequencing batch reactors (SBRs), 
aerated lagoons (ALs), and those of suspended biomass growth such as rotating 
biological contactors (RBCs), membrane bioreactors (MBRs), biofilm reactors, 
and so on (Amin et al., 2014; Ghaitidak & Yadav, 2013; Jafarinejad, 2017). 
Table 2.2 depicts the removal efficiencies of organic pollutants and toxics from 
landfill leachate during aerobic treatment methods.

2.2.1 Aerated lagoons
ALs are kind of basins commonly used efficiently with reduced cost for removing 
the microbial and organic load through biological oxidation by a continuous 
air supply. Low maintenance with low operational costs encourages operators 
and decision-makers to use them for landfill leachate treatment in developing 
countries (Mara, 2013).

Moreover, the N, P, and Fe removals through this technique were reported 
to surpass 70% for diluted leachate (Luo et al., 2014). Lagoons’ feasibility 
in treating phenolic compounds together with the organic matter was also 
reported (Luo et al., 2014). Thus, a 55–64% reduction was achieved for COD 
and 80–88% for phenol through the AL method (Sil & Kumar, 2017). Similarly, 
ammonia nitrogen removal of around 75–80% was achieved using AL (Frascari 
et al., 2004; Mehmood et al., 2009).
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A significant limitation of this method is temperature dependence, as it 
mainly affects microbial activity because it was observed that temperatures 
under 15–20°C decelerate bacterial growth and hence slow down the treatment 
process (Abbas et al., 2009). Furthermore, retention time is another critical 
factor in the treatment efficiency as it determines the residence time of microbes 
in the lagoons and the organic material degradation rates (Frascari et al., 2004; 
Renou et al., 2008; Robinson & Grantham, 1988).

Table 2.2 Removal efficiencies of organic material and nutrients contained in landfill 
leachate using aerobic technologies.

Aerobic Treatment Removal Efficiency (%) References

ALs COD:40%; BOD: 64%; N-NH3: 77%; 
TKN: 77%; P: 42%; Fe: 30%
COD: 97%; BOD: 99.5%; N-NH4

+: 
92.8%; Fe:98.7%;
COD: 75%; Total N: 80%

Frascari et al. (2004)
Robinson and Grantham 
(1988)
Mehmood et al. (2009)

ASP COD: 85–90%*; BOD: 90–94%; 
TKN: 77–90%*; N-NH3: 78–90%*; 
P: 66–70%.
COD: 70%; BOD: 98%;

Boonnorat et al. (2021)
Bae et al. (1999)

SBRs COD: 90%; N-NH4
+: 70%

COD: 98%; BOD: 97%; TKN: 80%
Neczaj et al. (2005)
Neczaj et al. (2005)

RBCs COD: 53–59%
NH3: 70–99%

Castillo et al. (2007)
Kulikowska et al. (2010)

Biofilm reactors COD: 92–95%; NH3: 97%
COD: 85%; N: 80%; P: 70%

Chen et al. (2008)
Eldyasti et al. (2010)

Membrane reactors COD:75%; BOD: 90%; NH3: 90%
COD: 54–78%; BOD: 97%

Ahmed and Lan (2012)
Sadri et al. (2008)

Constructed 
wetlands

COD: 39–92%; BOD: 61–79%; TN: 
34–67%; N-NH4

+: 30–54%
COD: 53%; BOD: 75%; NH3: 70%; 
NO3: 74%; TN: 74%

Akinbile et al. (2012)
Bakhshoodeh et al., 2020

Fungus COD: 13–49%; BOD: 48–82%; 
N-NH4

+: 71–99%
COD: 61%; DOC: 41%

Zegzouti et al. (2020)
Kalčíková et al. (2014)

Phytoremediation COD: 80%; TN: 70%; P: 95%
COD: 19–55%; BOD: 7–60%**; Zn: 
80–90%; Fe: 83–87%; Pb: 76–84%

Lavagnolo et al. (2016)
Abbas et al. (2019)

Combined 
treatments

RBCs and hybrid constructed 
wetlands = COD: 46%; N-NH4

+: 
95%; P: 41
ASP and Anaerobic process = COD: 
94%; Zn: 50%; NH3: 48–65%

Hu et al. (2022)
Kheradmand et al. (2010)

*According to the contaminant load of leachates, with high removals for moderate loaded leachates.
**According to the plant species and leachate dilution, being the highest values observed at 75% 
leachate dilution and water hyacinth specie.
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2.2.2 Activated sludge process
The ASP is a common technology used for the treatment of sludges and 
wastewater at WWTPs and it mainly consists of using a mixed microbial 
consortium that degrades organic pollutants contained in wastewater to give 
rise to gases such as CO2, water, and new residual biomass. ASP was also used 
for treating domestic wastewater or the co-treatment of leachate and sewage. 
For leachate treatment, ASP has shown to be feasible with sufficient treatment 
performance in terms of removing organic carbon and ammonia, as well as 
inorganic nutrients and phenolic compounds (Ilmasari et al., 2022a, 2022b).

However, this method has proved inadequate in handling landfill leachate 
treatment and as a result, treating leachate through the ASP method is scarcely 
applied (Kamaruddin et al., 2017). Some of the drawbacks of this technique are 
as follows:

• The need for longer aeration times of about 20 h and inadequate ability of 
the sludge settlement (Wanner, 2014).

• The excess production of sludge and high demand for energy (Pant et al., 
2010).

• The inhibition of microbial growth is due to the high nitrogen content of 
most leachates (Bernard, 2011).

• The non-compliance of the resulting sludge requires a subsequent 
treatment technique to fulfil established standards (Ilmasari et al., 2022a, 
2022b).

2.2.3 Sequencing batch reactors
SBR technology is a non-steady-state, variable-capacity and suspended-growth 
biological treatment method that uses the fill and decant-ASP with and without 
a clarifier. Typically, SBR is divided into five stages: fill, react, settle, draw, and 
idle (Mahvi, 2008; Rekabi et al., 2007).

Generally, SBR is operated in an intermittent aeration mode where all 
metabolic reactions and solid–liquid segregation take place in a unit tank 
through a timed control sequence (Alattabi et al., 2017). The traditional SBR 
is an integrated nitrification–denitrification process (Duan et al., 2020). It 
blends both anaerobic and aerobic stages to successfully achieve nitrification, 
denitrification, and phosphorous removal concurrently.

Many modified approaches are being used in the SBR process for the 
leachate treatment to enhance biological nitrogen removal, including utterly 
autotrophic nitrogen removal over nitrite (CANON), anaerobic ammonium 
oxidation (ANAMMOX), oxygen-limited autotrophic nitrification–
denitrification (OLAND), simultaneous nitrification and denitrification (SND) 
via nitrite, simultaneous nitrification–anammox–denitrification (SNAD), single 
reactor system for high activity ammonium removal over nitrite (SHARON), 
and deammonification (DEMON) (Arun et al., 2019). Moreover, combined 
treatment technologies for leachate treatment using SBR coupled with an MBR 
were used to treat young leachate. In addition, SBR can be enhanced by the 
addition of plastic media into the reactor through coagulation to increase the 
specific surface area of the reactor (Yong et al., 2018).
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2.2.4 Rotating biological contactors
An RBC is considered a secondary treatment and it consists of a series of 
rotating disks containing fixed media filters and aims to remove organic 
material and ammonia from wastewater and leachates. The rotating disks are 
partially submerged in wastewater and their rotation allows the degradation 
of the organic material contained in leachate, 40–50% of their surface area is 
submerged while the other surface is intermittently in contact with atmospheric 
air for oxygen absorption. In these conditions, specific microorganisms are 
continuously growing by forming attached membranes on the disk’s surface. 
The dead cells fall off the disks and together with excess sludge are removed 
from the system throughout the treatment process (e.g., by a subsequent 
clarification in a clarifier) (Ilmasari et al., 2022a; Miao et al., 2019). In RBC, the 
organic material elimination is determined by analyzing BOD and COD, and 
different forms of nitrogen are analyzed determining the ammonia conversion 
to nitrates. The RBC efficiency depends mainly on the amount of media surface 
as well as the leachate’s characteristics. Furthermore, operational parameters 
such as the speed of rotation, hydraulic loading rate, organic loading rate (OLR), 
dissolved oxygen (DO) level, temperature, and so on are also detrimental to the 
process (Chen et al., 2006; Ghalehkhondabi et al., 2021; Hassard et al., 2015; 
Hiras et al., 2004; Maheepala et al., 2022).

RBC systems were used for leachate treatment earlier and currently, but 
the resulting treatment efficiencies have differed from one study to another, 
according to the applied operational conditions. Spengel and Dzombak (1991) 
studied the treatment of high-strength ammonia leachate with low BOD using 
RBCs. They applied low substrate loading rates to promote nitrification and 
they obtained complete ammonia oxidation while a low COD removal of 38% 
was observed. Similarly, Kulikowska et al. (2010) investigated the treatment 
of high-strength ammonia nitrogen leachate using RBC. They found that at 
OLR of 1.9 g N-NH4/m2 d, successful complete nitrification was achieved 
while increasing the OLR two-fold required the use of two subsequent RBCs 
for complete nitrification. Analyzing the effect of temperature conditions in 
RBC systems, a recent study by Fuchigami et al. (2021) found that nitrogen 
removal decreased by 0.1 kg N/m3 day for each 12°C decrease in temperature. 
Furthermore, they reported BOD removal up to 90% when the temperature 
was above 20°C, which decreased to 76% when decreasing temperature below 
15°C. In another attempt, Castillo et al. (2007) applied different configurations 
to an RBC system for the treatment of landfill leachate. First, they aimed to 
select the disk’s type considering the criteria of a high COD removal (65%) 
and biological stability. They used three different disk supports with the same 
diameter, same OLR, and same rotational speeds (RSs), being the supports 
corrugated, perforated, or covered with a polyester mesh. Subsequently, they 
tested different hydraulic retention times (HRTs) in a continuous system, 
different RS, and different OLRs. Their findings showed that the highest COD 
removal of 74% and 69% were obtained by using covered supports with polyester 
mesh and perforated acetate disks, respectively. However, they reported that 
due to their high mechanical resistance and stability characteristics, the latter 
ones were selected for the treatment. Regarding the RS parameter, their results 
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showed that COD removals of around 58% were reached at RS of 6 and 9 at the 
same HRT of 34 h. The lower COD removals of 40% and 14% were observed at 
RS of 9 rpm at HRTs of 18 and 14 h, respectively. Thus, higher removals were 
found for high RS and HRT. In another study, Hiras et al. (2004) found that 
a high RS prevents the solids accumulation in the system and led to elevated 
DO concentrations. However, the suitable RS depends on each system, as 
elevated RS may also lead to washing out the detached biomass. From these 
studies, it can be deduced that different operational parameters influence the 
process performance of RBCs for leachate treatment, which need to be studied 
separately and in combination to find out the best strategy in each situation. 
Besides, the leachate age also played an important role when selecting RBC. 
RBCs are suitable for the treatment of young leachate, and as the leachate age 
gets mature as these systems show weak treatment efficiency (Kamaruddin 
et al., 2015).

In general, among RBC’s advantages compared to other aerobic systems, the 
low energy requirement, the simple design and operation, in addition to the low 
space requirement, are an added advantage. Moreover, the high contact time 
between biofilms and leachates allows for reaching a high effluent quality and 
a low excess sludge production. Specifically, RBC systems have been shown 
to have a high nitrification ability (Ghalehkhondabi et al., 2021; Hassard 
et al., 2015; Hiras et al., 2004; Maheepala et al., 2022). Nevertheless, the main 
drawback of this technology is that RBC systems should be protected from 
extreme weather conditions such as excessive sunlight, wind, rain, and snow 
(Wang et al., 2022).

2.2.5 Biofilm reactor
As RBC systems, all biological or biochemical reactors involve the activity of 
specific microorganisms for wastewater or leachate treatment. This function 
could be boosted by the use of a support media as growth systems inside the 
reactors, which are commonly referred to as biofilms, manufactured by different 
materials such as plastics, metals, ceramics, and so on. The biofilm formation 
occurs naturally through the formation of thick layers of microbial cells, which 
adhered to the supporting media or form flocs (i.e., granules). Biofilm formation 
has the advantage of increasing cell density in the reactors, which enhances the 
performance of any reactor, regardless of its configuration (i.e., CSTR, MBBR, 
UASB, PBR, RBC, etc.) (Qureshi et al., 2005).

The performance of these reactors also depends on operational parameters. 
In this line, Ismail et al. (2011) studied leachate treatment in a biofilm reactor 
and observed that increasing OLR led to a decrease in microorganisms’ 
activity and an inefficient treatment. They also studied the effect of pH in the 
process and reported that pH values close to neutrality led to the formation 
of a dense biofilm of microbes increasing their proliferation, which conducted 
in high organic matter and nitrogen removals (60% and 80%, respectively for 
each parameter). Regarding the role of biofilm thickness on organic pollutants 
removal, recent research by Sanchez-Huerta et al. (2022) found that increasing 
biofilm thickness and cell density improved the process performance, reaching 
up to 96% in nitrification and 80% overall COD removal. However, Taşkan et al. 
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(2020) found that an excessive biofilm formation inhibited gas diffusion into 
the biofilm, which significantly reduced the performance of leachate treatment. 
Therefore, the control of biofilm formation and thickness is detrimental to 
a stable process and a successful long-term operation (Lackner et al., 2009). 
In the same context, Pechaud et al. (2022) assessed the effect of different 
configurations on the biofilm function and effectiveness. They found that 
increasing HRT in the reactors led to increasing shear stress and a decrease in 
biofilm thickness. Moreover, they observed that the biofilm density increased by 
increasing shear stress and OLR and that low HRTs decrease the concentration 
of suspended biomass, which favors microorganisms agglomeration in thick 
and dense biofilms. They highlighted that operational conditions strongly affect 
biological aggregate properties, which influence the stability and performance 
of the whole process.

2.2.6 Membrane reactors
MBR technology involves the retention of biomass in bioreactors to separate 
the biosolids from the mixed liquor, which results in a final effluent with much-
reduced pollutants content (Lindamulla et al., 2022; Remmas et al., 2017). 
Membrane technology combines the use of ASP and membrane units for efficient 
treatment, mainly applied to highly loaded leachates that are difficult to treat 
using other technologies (Gu et al., 2023). Moreover, membrane technology 
has proved to be efficient for the treatment of mature landfill leachates with 
recalcitrant pollutants (Zhang et al., 2020) and offered a stable process with 
low sludge production (Iorhemen et al., 2016).

Nevertheless, the most challenging aspect of membrane technology is the 
fouling occurrence due to the use of high organic strength leachate, excessive 
formation of biosolids, or excessive microbial growth, among other reasons. 
These challenging aspects substantially increase the operating cost (Abuabdou 
et al., 2020; Remmas et al., 2017; Werkneh, 2022).

The material used for membrane construction can be different (e.g., 
polymeric, metallic, ceramic). Some materials are more advantageous due 
to their possible reutilization through their regeneration, such as ceramic 
membranes (Wu et al., 2023).

2.2.7 Constructed wetlands
Constructed wetlands (CWs) are implemented to emulate natural wetland 
ecosystems, in which the following components are involved to depurate 
leachates and wastewater from pollutants and toxics: Aquatic plants, hydric soils, 
associated microorganisms, and a filter bed (i.e., sand, gravel, etc.) (Stottmeister 
et al., 2003; Wdowczyk et al., 2022). Compared to other technologies, CWs 
have been considered environmentally friendly and of low cost (Siddiqi et al., 
2022). In CWs, the extended root system of the plant allowed microorganisms’ 
attachment on the large surface area and increased the decomposition of the 
organic material. Thus, nitrogen and phosphorous are eliminated via the plant’s 
absorption and ammonia is eliminated via volatilization and nitrification/
denitrification (Vymazal, 2007).
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CWs have been classified into two categories, free water surface flow CWs 
(i.e., water flows on the surface of basins) or subsurface flow CWs (i.e., water 
flows under the surface basins). The latter could be configured for vertical or 
horizontal flow systems according to the direction of the water flow in the 
subsurface (Hu et al., 2016; Kivaisi, 2001; Yalcuk and Ugurlu, 2009). Vertical 
subsurface flow CWs are the most applied configurations in comparison to 
horizontal systems (Bakhshoodeh et al., 2020).

The substrate used in filling CWs systems is an important parameter for the 
leachate treatment performance due to its effect on bacterial growth. Wdowczyk 
et al. (2022) studied vertically constructed wetlands for leachate treatment 
using Phragmites australis species, known for their high capacity in nutrient 
and micropollutants accumulation, and they tested the effect of different 
filling materials (organic: pine bark; inorganic: zeolite and expanded clay). 
They observed that depending on the leachate characteristics and charge on 
micropollutants one material can perform better than the other. Furthermore, 
they found that inorganic filling material (i.e., zeolite) performed better in 
terms of high ion exchange capacity, due to their high affinity for ammonium 
nitrogen ions and their porosity, which increased the growth of microorganisms 
in the system. They found that for ammonium removal, higher performance 
with all materials (>96%) could be achieved, while for total nitrogen removal, 
it ranged between 43% and 67%, with the lowest values for organic filling 
material, likely due to that these materials can release organic matter, increasing 
concentrations at the outflow. Furthermore, they found that nitrogen was not 
completely removed in all systems due to the presence of other cations in the 
leachate (e.g., K+, Na+, Mg2+, etc.), which likely competed for ion exchange sites, 
inhibiting ammonium nitrogen adsorption. On the other hand, they found that 
for phosphorous removal, expanded clay and zeolite slightly outperformed bark 
due to their high adsorption capacity compared to bark pine.

The vegetation used in CWs is another important parameter in the leachate 
treatment performance as they are responsible for nutrients and heavy metals 
uptake, hence affecting removal efficiencies (Klomjek & Nitisoravut, 2005; 
Mbuligwe, 2005). Therefore, selecting the suitable vegetation type according 
to CWs site include consideration of the inlet strength in terms of organic 
material and contaminants, as well as climate conditions and the hydrology of 
the site. The mostly studied vegetation species are Phragmites australis, mainly 
in European countries (O’Connor & Courtney, 2020). However, other plants 
have shown their effectiveness for specific contaminants such as Diplachne 
fusca Kunth (Kallar grass) for high salinity content (Bakhshoodeh et al., 2020). 
Other studies tested a combination of different species, which also showed high 
performance (O’Connor & Courtney, 2020).

One of the challenges of implementing CWs in some countries relies on their 
poor performance in winter, due to that process performance is affected by 
temperature conditions (Bove et al., 2015).

2.2.8 Fungal and yeast treatment
Bioremediation of landfill leachate using fungi and yeasts has been widely 
studied in recent years, mainly for mature leachates, due to its simplicity and 
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efficiency (Collado et al., 2019; Kalčíková et al., 2014). Fungi treatment occurred 
through the release of extracellular enzymes that allow the decomposition of 
complex material into simpler substances (Collado et al., 2019). Therefore, 
fungi utilize the organic material of the leachate as a source of carbon for 
their growth leading to the removal of the organic matter contained in 
landfill leachate. Kalčíková et al. (2014) evaluated the potential of using the 
white rot fungus, Dichomitus squalene, and its extracellular enzymes for the 
treatment of a mature landfill leachate from an old closed landfill and reported 
COD and dissolved organic carbon (DOC) removals of 60%, in addition to a 
detoxification of the leachate to the bacterial stain Aliivibrio fischeri. However, 
they observed that the used white fungus was inhibited when using leachate 
from an active landfill, showing COD and DOC removals of only 23%. Besides, 
they stated that the use of extracellular ligninolytic enzymes in this latter case 
allowed removing 61% and 44% of COD and DOC, respectively. Their findings 
highlighted the promising use of fungus as a suitable treatment of mature 
landfill leachates or as a post-treatment of leachates produced after landfill 
closure but not for young leachates.

Fungi strain selection is an important parameter for the process and it depends 
mainly on the characteristics of the treated leachate in terms of contaminants 
and toxic compound contents (Collado et al., 2019). In this context, Spina 
et al. (2018) compared autochthonous (i.e., from contaminated wastewater) 
and allochthonous fungi strains (e.g., Porostereum spadiceum MUT 1585) 
performance on landfill leachate treatment and they found that allochthonous 
fungi strains outperformed autochthonous ones that are supposedly adapted 
to pollutants and toxic compounds. However, for the decolorization effect, 
autochthonous strains showed a rapid response compared to the allochthonous 
ones, although both strains reached a similar removal (around 50%) for some 
bacterial species. From their results, they concluded that landfill leachates are 
selective substrates for allochthonous fungal strains. In another study, Islam 
et al. (2019) assessed the effect of lignocellulosic enzymatic activities, which 
were obtained from six selected fungi species, on the removal efficiency of COD 
from mature landfill leachate. They found that higher COD removals could be 
obtained by some fungal strains that were able to produce a high amount of 
ligninolytic enzymes. They observed that COD removal efficiencies were highly 
correlated to lignocellulosic extracellular enzyme production.

Some studies suggested the use of co-substrates in the treatment process 
for the best performance (Bardi et al., 2017; Díaz et al., 2022). In this context, 
Bardi et al. (2017) stated that the use of a co-substrate, such as glucose, for 
the treatment of old leachate with high recalcitrant content improved COD 
removals (63% and 53% for total COD and soluble COD, respectively).

Fungi application for leachate treatment is a novel technology that started 
growing and it could be used in combination with other aerobic treatment 
methods such as those discussed in previous sections of this chapter, being 
compliant with many types of bioreactors (del Álamo et al., 2022; Ghosh et al., 
2014). Using white rot fungi has shown to be an environmentally friendly and 
economic treatment strategy for landfill leachates and wastewater. However, 
the challenge of using fungi for landfill leachate treatment resides in the lack 
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of research on fungi’s effect on ammonia removal, as nitrogen is also a concern 
for the treatment of landfill leachates. In addition, investigating other fungi 
species than white rot ones should be performed to extend the feasibility and 
performance of this biological treatment. Furthermore, studies scaling up the 
processes using fungi are limited.

In the same line as fungi application, leachate treatment using yeast 
individually or in combination with fungus has been investigated. Brito et al. 
(2012) found that for the treatment of high-strength landfill leachate, the use 
of yeasts (i.e., Saccharomyces cerevisiae) is an efficient strategy, reaching 74%, 
82%, and 67% removals for COD, color, and humic substances, respectively. 
Ghosh et al. (2014) treated landfill leachate by using fungi (Phanerochaete sp.) 
and bacteria (Pseudomonas sp.), they obtained high removal efficiencies of 
COD and color of 77% and 45.4%, respectively.

Wichitsathian et al. (2004) studied medium-age landfill leachate treatment 
in bioreactors comparing operation with a mixed bacterial culture and a mixed 
yeast culture. They found that although both bioreactors showed similar COD 
removal efficiencies, the one using yeast outperformed the one with bacteria 
in terms of BOD removal. Furthermore, they observed that the bioreactor 
operating with yeasts showed a better performance in terms of fouling with 
lower trans-membrane pressure and longer operating time. They deduced that 
the high performance of the bioreactor with yeast addition could be related 
to the yeast cell structure that is larger, in addition to the reduced soluble 
extracellular polymeric substances (EPS) that cause membrane biofouling. 
Similarly, Reis et al. (2017) analyzed the performance of a commercial bakers’ 
yeast (Saccharomyces cerevisiae) versus conventional bacteria-based MBR 
for the treatment of landfill leachate and reported higher removal efficiencies 
when using yeasts in bioreactors, reaching values of 69%, 54%, and 34% for 
COD, color, and ammonia removals, respectively. Thus, conventional bacteria 
allowed removal efficiencies of 27%, 33%, and 27%, for COD, color, and 
ammonia, respectively.

In the same way as fungi, yeast allowed the degradation of recalcitrant 
pollutants that are present in medium and mature-aged leachates. In addition, 
the use of yeast in membrane reactors is promising due to their low adhesion in 
surfaces in comparison to conventional bacteria, avoiding fouling occurrence. 
In addition, some studies found that yeasts are highly resistant to extreme 
environmental conditions (Buzzini et al., 2018), which make them advantageous 
in comparison to other technologies that are affected by weather conditions.

2.2.9 Phytoremediation
Phytoremediation technology consists of the use of plants (e.g., trees and 
grassland) to eliminate pollutants from soil, water, or air. It has been widely 
studied for leachate treatment due to its relative simplicity with low operational 
and maintenance costs, as well as being an environment-friendly system 
(Ilmasari et al., 2022b; Luo et al., 2020).

Leachate treatment through phytoremediation occurred when plants uptake 
contaminants and accumulate them in their foliar plant tissue, which allows 
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subsequent harvesting and removal of these pollutants. Moreover, contaminants 
are also uptaken by plant roots and biodegraded by soil microorganisms. Besides, 
phytoremediation involves the stabilization of inorganic contaminants around 
the root zone avoiding their leaching into groundwater (Kim & Owens, 2010). 
The phytoremediation concept is somehow similar to CWs. The vegetation type 
in phytoremediation is an important factor for the process efficiency. Abbas 
et al. (2019) used aquatic plants for the phytoremediation of landfill leachate 
and reported high efficiencies in terms of COD, BOD, and heavy metals. They 
observed that the transport of heavy metals from roots to the aboveground 
parts of the aquatic plants was low due to their accumulation inside the plants’ 
bodies, without affecting their growth. In another study, Lavagnolo et al. (2016) 
evaluated landfill leachate phytoremediation using three oleaginous species 
and they obtained high removal efficiencies of COD (>80%), total nitrogen 
(>70%) and total phosphorous (>95%). Moreover, they observed that the 
plants irrigated with leachate performed a greater plant mass in comparison 
to control systems with plants irrigated with water and a synthetic nutrient 
solution. Furthermore, they found that the soil type also influences the process 
of reaching high total biomass from oleaginous plants irrigated with leachate 
and grown on clayey soils, compared to sandy soil. The authors deduced that the 
differences observed in plant development were likely related to the interaction 
between the studied plants and the chemical composition of the leachate soils.

Phytoremediation is efficient in eliminating contaminants from landfill 
leachates, reducing leachate volumes due to evapotranspiration, and even 
recovering water and nutrient after the treatment (Lavagnolo et al., 2016; 
Nagendran et al., 2006). Nevertheless, it has been reported to be suitable for 
weak leachates from old leachates or low or medium-charged leachate, but not 
for highly contaminated leachates. In this latter case, leachate should be diluted 
for a better phytoremediation performance.

2.3 CONCLUSIONS
The release of leachate into the environment poses significant risks to the human 
population and the surrounding flora and fauna. Aerobic biological treatment 
processes are reliable, simple, and highly cost-effective for removing high COD 
and BOD concentrations from leachate. The suitable aerobic process for landfill 
leachate treatment may depend on the leachate characteristics in terms of its 
age (young, medium, or mature leachate) and its physicochemical composition. 
Aerobic systems in which suspended biomass supports is included to enhance 
microorganisms’ growth have been identified as advantageous. However, each 
aerobic process should be analyzed carefully for a better treatment process.
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ABSTRACT

Anaerobic technologies are the most suitable treatment processes of the landfill leachate, 
and offer advantages, that is, application of high organic loading rates (OLRs), low 
operational costs, and biogas productivity. However, the efficiency of anaerobic reactors 
are highly dependent on the temperature, OLR, ammonia loading rate, sludge loading 
rate, and reactors configurations. Those factors affect the microbial activities, hydrolysis 
of leachate and enzyme activities. Moreover, the anaerobic reactors are subjected to 
biomass washout that impairs the efficiency of the technology. Therefore, intentional 
sludge discharge is necessary to control the food-to-substrate ratio that highly affects the 
performance of anaerobic process. The removal of organics is quite high (>90% of BOD) 
from the leachate by anaerobic digesters where low requirement dose of phosphorous are 
needed for anaerobes growing, low excess sludge productivity, low energy consumption, 
and usage. Moreover, the technology produces hydrogen and methane from leachate. 
Nevertheless, the presence of high concentrations of ammonia in the leachate could 
highly inhibit the anaerobes and leads to process failure. Therefore, two-stage anaerobic 
reactors are recommended at low OLR to achieve a good effluent quality complying for 
discharge and/or reuse.

Keywords: Ammonia toxicity, anaerobic technologies, landfill leachate, operation mode.

3.1 INTRODUCTION
Municipal solid waste is produced in abundance everywhere due to human 
activities creating environmental damage (Elsamadony & Tawfik, 2018; 
Farghaly et al., 2017) (Figure 3.1). This waste is mainly organics and inorganics 
and their microbial biodegradability is acceptable (Tawfik et al., 2013; Tawfik 
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& Salem, 2012). Landfilling of municipal solid waste is most common in 
developing countries (Mahmoud et al., 2018). The process is highly considered 
the most economical and environmentally acceptable technique all over the 
world (Ismail et al., 2020; Meky et al., 2019, 2017). However, landfill of wastes 
generates leachate-rich organics and inorganics due to percolation of rainfall 
resulting in high strength slurry containing biological and chemical by-products 
in waste’s cells (Figure 3.2). The leachate containing biodegradable and non-
biodegradable organics causes serious environmental, health and economic 
problems due to contamination of surrounding groundwater and soil (Ismail 
& Tawfik, 2016a; Li et al., 2019). Therefore, treatment of landfill leachate is 
certainly necessary to avoid the ecosystem failure and overcome the adverse 
impacts of such dangerous leachate (Meky et  al., 2019). Fortunately, landfill 
leachate contains a huge chunk of organics, ammonia-nitrogen, suspended and 
dissolved organic matter and high fraction of refractory molecules (El-Bery 
et al., 2013; Khodary et al., 2018; Meky et al., 2017).

Several biological treatment processes have been proposed for the treatment 
of landfill leachates, that is, anaerobic and/or aerobic biological degradation 

Figure 3.1 Municipal solid waste sources and generation.

Figure 3.2 Proper landfill leachate management.
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(Ismail & Tawfik, 2016a, 2016b), chemical and photo-chemical oxidation 
(Deng & Englehardt, 2007; El-Gohary et  al., 2009; Gar Alalm et  al., 2015; 
Kurniawan et  al., 2006; Tauchert et  al., 2006), adsorption (Foo & Hameed, 
2009), coagulation–precipitation (Vedrenne et  al., 2012) and combination of 
those technologies (Vedrenne et al., 2012). Consequently, an appropriate and 
low-cost treatment technique of heavily polluted landfill leachate is essential to 
remove the majority of pollutants.

Biological treatment methods are usually preferred over physicochemical 
ones due to its high efficiency and do not consume chemicals and intensive 
energy. However, application of biological treatment alone is not an appropriate 
process due to the existence of the micro pollutants, refractory compounds, 
and so on in the leachate. Neither biological process nor chemical treatment 
method separately achieves high treatment efficiencies of the leachate 
particularly high variables of contaminants in the slurry stream. There are two 
reasons for the low removal efficiency of each treatment system: (1) significant 
presence of high-molecular weight organics that are difficult to remove and 
(2) inhibitory effects of organics, inorganic salts and heavy metals to activated 
sludge microorganisms.

Anaerobic treatment of landfill leachate is still the most acceptable 
technology due to the produced intensive energy and low consumption 
of chemicals and energies. The anaerobes hydrolyzed the macro-organics 
into simple amino acids and simple sugars. The acidogenic bacteria convert 
such hydrolyzed by-products into fatty acids and hydrogen energy. The fast-
growing methanogens are converted to short-chain fatty acids and hydrogen 
into methane via methanogenesis. This process depends on the leachate 
composition, characteristics, and organic and nutrient contents.

The main objective of this chapter is to emphasize biodegradability of landfill 
leachate and anaerobic system used for conversion of this leachate into energy 
in the form of hydrogen and methane.

3.2 LEACHATE GENERATION FROM LANDFILLING OF MUNICIPAL 
SOLID WASTES AND THEIR CHARACTERISTICS
Leachates are defined as the aqueous slurry rich with organic and inorganic 
contaminants generated due to dumping of wastes that diluted with natural 
rainwater (Galeano et al., 2011). The leachate is complex liquid containing high 
organic, nitrogen, inorganic non-refractory and refractory compounds. The 
presence of water in the landfill facilitates a good opportunity for combination 
of physical, chemical, and microbial activities to hydrolyze the solid waste 
content into the liquid namely leachate-rich high concentrations of ammonia, 
nitrogen compounds, soluble organic matter, and inorganic ions (Calli et al., 
2005a; Li et al., 1999). The major parameter affecting the formation of leachate 
from landfill is the availability of water (i.e., rainfall, moisture content, etc.) 
and water distribution in the landfill site (refuse, compaction, age, etc.). The 
water content in the landfill facilitates the formation of leachate due to an 
increase in microbial biodegradation. Leachate quantity (volumetric flow rate) 
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and quality (composition) are the main characteristics required to select the 
proper treatment process and leachate management. The leachate flow rate 
from landfill sites highly fluctuates from site to another site and seasonally 
varies at each site. The volumetric flow rate of the leachate is substantially 
influenced by waste landfilling methods, that is, geotextiles and/or plastics, 
liner requirements (clay), and waterproof covers, which remain processes to 
control the water quantity entering the landfill tip and hence decreasing the 
resultant liquefied waste (Lema et al., 1988).

The local climate conditions have also a great influence on leachate quantity 
and quality because it affects the precipitation input and liquid losses via 
evaporation. Finally, leachates from landfill also depend on the liquefaction 
process, type, nature, quantity, water content, degree of compaction, and 
composition of the solid waste landfilling (Renou et al., 2008). Furthermore, 
the leachate composition depends on seasonal rainfall, soil and waste type, 
and compaction degree and landfill age. The age of landfill reflects stabilization 
degree of the discharged waste (Kjeldsen et al., 2002). The interaction of these 
factors produces highly variable leachate compositions. Organic fractions of 
the discharged wastes in the landfill undergo partial and/or complete anaerobic 
degradation resulting in leachate containing intermediate by-products with 
hardly biodegradable soluble pollutants (Mahmud et  al., 2012). Landfill 
leachate is usually characterized by high organics content with large molecules 
(humic and fulvic acids), inorganic salts, high ammonia-nitrogen, heavy metals 
and offensive odor (Altin, 2008).

The leachate from landfilling of municipal solid waste are rich in chemical 
oxygen demand (COD), biochemical oxygen demand (BOD), the BOD/COD 
ratio, color, pH, alkalinity, oxidation–reduction potential, ammonia nitrogen 
(NH4-N), total Kjeldahl nitrogen (TKN), solids (TSS and VSS), and heavy metals. 
The data presented by Umar et al. (2010) show a wide variation of the leachate 
composition from sanitary landfills of wastes. These results show the high 
fluctuation of leachate composition resulting from the landfills. Average COD 
concentrations were 23,878, 5,249, and 2,125 mg/L for young, intermediate, 
and old landfills respectively, varying from 100 to 70,900 mg/L due to the age 
of the landfill and the degree of solid waste stabilization. With few exceptions, 
the pH of leachates lies between 5.8 and 8.5. This can be explained by the 
biological and microbial degradation activity inside the landfill (Yoon et al., 
1998). It is also important to note that the majority of TKN is ammonia-N, than 
can vary from 0.2 to 13,000 mg/L as NH3-N. Based on the BOD/COD ratio, 
landfill leachate is classified into three biodegradation characteristic phases: 
acid degradation phase (BOD/COD > 0.4); transient transformation phase 
(0.2 < BOD/COD < 0.4) and the methanogenic conversion phase (BOD/COD 
≤ 0.2) (Nakashimada et al., 2008). The ratio of BOD/COD highly varies from 
0.04 to 0.70 in the older landfills that have the lower values (Lin et al., 2011) due 
to the release of the large recalcitrant organic molecules from the landfilling 
of solid waste. Consequently, old landfill leachate that has low BOD/COD 
ratio is defined as stable methanogen conversion phase and contains hardly 
biodegradable organics.
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3.3 BIOLOGICAL TREATMENT METHODS
Biological treatment processes are mainly proposed to treat the dissolved and 
colloidal organics (Tawfik et al., 2008). The main goal of the biological treatment 
processes are to coagulate, agglomerate, remove, or reduce the non-settling 
organics solids and the dissolved organic load from the leachate using various 
microbial communities that have the capability to degrade such contaminants 
via biochemical reaction pathways (Kettunen et  al., 1996; Smith, 1995). As 
a result of its reliability, simplicity, and high cost-effectiveness, biological 
treatment (suspended/attached growth) is commonly used for reducing the 
organic content of leachate, particularly when complete onsite treatment 
is required. Biodegradation is carried out by microorganisms as shown in 
equation (3.1), which can degrade organics into carbon dioxide and sludge 
under aerobic conditions and into biogas (CO2 and CH4 or H2) under anaerobic 
conditions (Loukidou & Zouboulis, 2001; Morgan, 1990). Biological processes 
were proved to be very effective in removing organics and nitrogenous matter 
from immature leachates when the BOD/COD ratio exceeding 0.5. However, 
the presence of refractory compounds (humic and fulvic acids) tends to limit 
the effectiveness of biological treatment processes.

Organicmatter O NH P New cells CO H O+ + + → + ++
2 4

2
2 2  (3.1)

The performance of biological treatment processes to treat the leachates 
is highly influenced by hydraulic, organic loadings, and presence of toxic 
compounds (Smith, 1995).

3.4 ANAEROBIC TREATMENT PROCESS
Anaerobic process is the oldest technology ultimately used for wastewater 
treatment that was started since the end of nineteenth century. Anaerobic 
treatment process involves microbial conversion of organic matter and uses 
inorganic elements such as N, P, S, K, Ca, and Mg for buildup of microorganisms. 
These microbial anaerobes are active in the absence of molecular oxygen. The 
anaerobes has the capability to transform the leachate into hydrogen (H2) 
and carbon dioxide (CO2) by acidogenesis process and methane (CH4) by 
methanogenesis process (Tawfik & ElBatrawy, 2012) (Figure 3.3).

Various factors would affect the anaerobic technologies treating landfill 
leachate, that is, temperature, organic loading rate (OLR), ammonia loading 
rate, sludge loading rate, and hydraulic retention time (HRT). These factors 
affect the microbial activities, hydrolysis of substrate, and enzymes activities 
(Sosnowski et  al., 2003; Termorshuizen et  al., 2003). Most of the anaerobic 
reactors are subjected to biomass washout that impairs the efficiency of the 
technology. Therefore, intentional sludge discharge is necessary to control 
the food-to-substrate ratio that highly affects the performance of anaerobic 
processes.

The main advantages of anaerobic technology are presented in Figure 3.4. 
The removal of organics are quite high (>90% of BOD) by anaerobic digesters, 
low requirement dose of phosphorous are needed for anaerobes growing, low 
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excess sludge productivity, low energy consumption and usage. Moreover, 
the technology produces hydrogen and methane from leachate. However, the 
presence of high concentrations of ammonia and heavy metals in the leachate 
could highly inhibit the anaerobes and leads to process failure.

Usually, an anaerobic reactor has commonly been installed in leachate 
treatment process for treating high loading organic compounds discharged 
from young landfill sites (Im et al., 2001). Different reactors can be used, such 
as anaerobic filters (Henry et  al., 1987), anaerobic sequencing batch reactor 
(Timur, 1999), or up-flow anaerobic sludge blanket (UASB) (Kennedy & Lentz, 
2000).

3.4.1 Anaerobic technologies
Anaerobic processes are efficient for organics conversion into energy. However, 
the efficiency of the anaerobic digesters for treatment of landfill leachate depends 
on its configuration (Figure 3.5). Anaerobic filters, anaerobic sequencing batch 
reactors, UASBs, anaerobic submerged membrane bioreactors (MBRs) and 
anaerobic moving-bed biofilm reactors (MBBRs) were employed for treatment 
of landfill leachate with emphasis on the energy productivity and produced an 
effluent quality for reuse.

3.4.1.1 Anaerobic filters
The anaerobic filter depends on a bed of packing material to reduce washout of 
biomass from the reactor at short HRT. This system is a high-rate technology 
that gathers the advantages of other anaerobic methods and minimizes 
the disadvantages. The leachate may pass through the anaerobic filter by 
either up-flow or down-flow mode. Although the up-flow mode appears to 
be more common and preferable. Even distribution of the leachate across 

Figure 3.4 Advantages of anaerobic degradation of the leachate containing organics.
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the cross-sectional face of the support media is important to reduce risk of 
channeling and hence a deterioration of process performance. Henry et  al. 
(1987) investigated the organic removal from landfill leachates by up-flow 
anaerobic filter. Landfill leachates were collected from two different sites. The 
strong raw leachate from the new landfill had a COD of 14,000 mg/L, a BOD/
COD ratio of 0.7 and a COD/P value of 17,900. The partially stabilized leachate 
from the older landfill had a COD of only 3,750 mg/L, a BOD/COD ratio of 
0.3 and a COD/P value of 30,640. The results revealed that the anaerobic filter 
could reduce the COD of the leachate from landfills of different ages by 90%, at 
OLRs of 1.26–1.45 kg COD/m3 d. The total biogas production ranged between 
400 and 500 L gas/kg COD and methane content was between 75% and 85%. 
No addition of phosphorus was required over the loading range studied (Henry 
et al., 1987).

3.4.1.2 Anaerobic sequencing batch reactor
The anaerobic sequencing batch reactor (AnSBR) is very similar in concept to 
the aerobic one except the absence of aeration. AnSBR has the capability to 
achieve solids capture and transform organic matter in one vessel into biogas, 
eliminating the need for a clarifier. AnSBR has five operating steps: fill, react, 
settle, draw, and idle process. Timur and Ozturk (1999) studied the anaerobic 
treatability of municipal landfill leachate using a lab-scale AnSBR. They found 
that the COD removal efficiencies were in the range of 64–85% depending on 
volumetric and specific imposed loading rates. The results showed that about 
83% of COD were removed during the treatment process and were converted 
into biomethane.

3.4.1.3 Up-flow anaerobic sludge blanket
The UASB module is considered a breakthrough in the process development 
and application of high-rate treatment technology. In addition, the UASB offers 
unique design where liquid, gas, and solid phases can be separated within 
one vessel. Because of the easy operation, minimal sludge productivity, and 

Figure 3.5 Anaerobic treatment technologies treating landfill leachate.
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high energy efficiencies, the UASB reactor is taken into consideration for 
leachate treatment. Additionally, during the operation process, methane and/
or hydrogen is produced and could be used as fuel. However, pre-treatment 
of landfill leachate for solids removal might be needed to improve the reactor 
performance. It is necessary to combine post-treatment with UASB reactor to 
produce an effluent quality complying for discharge (Tawfik et al., 2006).

Kennedy and Lentz (2000) investigated the treatment of landfill leachate 
using continuous UASB reactor. Their research study demonstrated the high 
ability of UASB reactor for the treatment landfill leachate. The continuous 
UASB reactor achieved a soluble COD removal efficiencies between 77% and 
91% at all HRTs of 24, 18, and 12 h and OLRs between 0.6 and 19.7 kg COD/
m3 d. Also, Kettunen and Rintala (1998) demonstrated that leachate can be 
treated on-site UASB reactor at low temperature. A pilot-scale UASB reactor 
was used to treat the landfill leachate containing COD of 1.5–3.2 g/L at 
temperature of 13–23°C. The removal efficiencies by the reactor were 65–75% 
and up to 95% for COD and BOD7, respectively at OLRs of 2–4 kg COD/ m3 d. 
García et al. (1996) concluded that COD rejection efficiency was not affected 
by temperature between 15 and 35°C. These promising results by UASB showed 
that high-rate treatment at low temperature could minimize the need for heating 
the leachate thereby providing an interesting cost-effective option. The main 
disadvantages of such a treatment are that it stays sensitive to toxic substances 
such as ammonia and heavy metals (Timur & Özturk, 1997).

3.4.1.4 Anaerobic submerged membrane bioreactor
Recently, membrane technology has obtained a great potential for application 
in environmental issues particularly landfill leachate treatment (Tawfik et al., 
2022a). Membrane technology is efficient for solids separation and produces 
good water quality complying for discharge standards. A submerged membrane 
reactor is the most popular process for landfill leachate treatment where the 
technology is efficient, compact and an energy saving system. The submerged 
MBR is similar to activated sludge process and/or sequential aerobic batch 
reactor where the suspended growth bacteria oxidize organics and ammonia 
into CO2 and NO3-N. The submerged membrane separates the bacteria 
(biomass) from water and keeps high sludge residence time for accomplishment 
of the biological process. Membrane unit replaces the classical secondary 
clarifier in the activated sludge process and has some biological metabolism 
activities. MBRs can be either ultrafiltration or microfiltration unit to reduce 
the sludge productivity and cells residence time for biological metabolism 
activities. The diluted leachate with wastewater 5–75% (v/v) was treated by 
anaerobic submerged membrane bioreactor (Bohdziewicz et al., 2008). Ninety-
five percent of the COD was removed by anaerobic submerged membrane 
bioreactor at dilution ratios of 10% and 20% (v/v). Addition of 25% of leachate 
to wastewater reduced the COD removal efficiency to 80%. A significant drop 
in COD removal occurred with addition of leachate to the wastewater by values 
exceeding 30% due to the microbiological activity inhibition. This indicates 
that membrane technology is efficient for treatment of diluted landfill leachate 
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and is not recommended for application in the raw or native landfill leachate. 
However, the technology could be applicable at long HRT and low imposed OLR. 
Anaerobic membrane bioreactor treating landfill leachate achieved COD removal 
of 62.2% at ammonia concentration of 3,000 mg/L, COD of 13,000 mg/L and 
OLR of 4.87 kg COD/m3 d (Xie et al., 2014). The methane content was 70– 90%, 
and yield of 0.34 L/g COD was removed. The archaeal microbial community 
was almost stable while bacterial community was significantly varied, that 
is, Alkaliphilus, Petrimonas, Fastidiosipila and vadinBC27. Moreover, 
phylum TM6 was the most dominant bacterial community at a level of 32.9%. 
Methanosarcina was the dominant Archaea genus.

3.4.1.5 Anaerobic moving-bed biofilm reactors
MBBR is an effective treatment process. The biological process is a typical 
activated sludge technology but in MBBR the bacteria are attached to the carrier 
materials to minimize the limitations of suspended growth systems (Tawfik 
et al., 2012, 2010). The MBBR is the combination of both fluidized-bed reactor 
and activated sludge process. The process is a completely mixed operational 
mode. The biomass (biofilm) is attached onto the carrier and carries out their 
biological and metabolism processes. The carrier materials should not exceed 
50% of the total reactor volume and has a lower density than water to be kept 
in a movement mode in the reactor. The anaerobic MBBR is supplied with 
mechanical mixer to increase the contact between the substrate and bacteria. 
The MBBR possesses high biomass retention, high organic loading, tolerance 
to shock loading, compact reactor, and no sludge washout problems. Anaerobic 
MBBR system was successfully employed for treatment of landfill leachate 
by Chen et al. (2008). The module achieved COD removal of 91% at OLR of 
4.08 kgCOD/m3 d that was slightly reduced to 86% at OLR of 15.7 kgCOD/
m3 d. Furthermore, the excess sludge yield from the MBBR reactor was only 
0.0538 gVS/gCOD removed.

3.4.1.6 Integrated anaerobic reactors (two-stage system)
The landfill leachate containing micro- and macro pollutants needs integrated 
process to accomplish the treatment process and reduces the most dangerous 
pollutants (Ahmad et al., 2021; Tawfik et al., 2022b). Fortunately, combinations 
of different anaerobic configuration system, that is, anaerobic filter and 
membrane bioreactor would offer a unique process for treatment of hazardous 
landfill leachate (Ismail & Tawfik, 2016a, 2016b). Yiping et  al. (2008) 
investigated integrated system consisting of anaerobic filter and membrane 
bioreactor for treatment of hazardous landfill leachate. The anaerobic filter 
removed 4-nitrophenol (NP), organochlorine pesticides (OCPs) and polycyclic 
aromatic hydrocarbons (PAHs), COD, TOC and BOD. The combined anaerobic 
filter–MBR technology achieved better removal, that is, 99% for BOD, 89% for 
COD, 87% for TOC, 94% for OCPs, 77% for 4-NP and 59% for PAHs. Aǧdaǧ and 
Sponza (2005) achieved COD removal of 80% using two-stage UASB reactors 
treating landfill leachate.
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3.5 FACTORS AFFECTING ANAEROBIC DEGRADATION OF LANDFILL 
LEACHATE
The anaerobic treatment processes are effective for bioenergy productivity 
from landfill leachate. However, the biodegradation of organics by anaerobes 
are highly affected by several factors, that is, temperature, OLR, HRT, and 
substrate concentration (Figure 3.6). 

3.5.1 Effect of temperature
The temperature could affect the anaerobic degradation of landfill leachate. 
The enzymatic and microbial degradation activities of the leachate could be 
highly affected by temperature. Anaerobic degradation of leachate was feasible 
at low temperature of 11°C (Kettunen et  al., 1996) where 60% COD was 
removed by UASB and the hybrid reactor at loading rate of 0.7–1.5 kg COD/
m3 d and HRT of 1.5–2 days. This removal efficiency was increased up to 75% 
by the same reactors at higher temperature of 24°C and OLR of 10 kg COD/
m3 d. Increasing the temperature from 11 to 24 improved the COD removal 
efficiency and reduced the HRT from 1.5 to 2 days to 10 h. Anaerobic lagoon 
treating landfill leachate at temperature of 10°C and HRT of 160 days achieved 
COD removal efficiency of 80% at initial COD concentration of 13,700 mg/L 
(Zaloum & Abbott, 1997). Only 22% removal efficiency of COD was achieved 
in a digester from leachate containing COD 8,300 mg/L at HRT of 12.5 days 
HRT and OLR of 0.67 kg COD/m3 d (Boyle & Ham, 1974). The COD removal 
efficiency from leachate by anaerobic digester was 60–80% at temperature of 
20–25°C (Henry et al., 1987). However, the OLR was quite high at 3.0 kg COD/
m3 d. Similar COD removal efficiency by anaerobic digestion of leachate was 

Figure 3.6 Factors affecting anaerobic degradation of landfill leachate.
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obtained at temperature of 30–35°C (Ismail & Tawfik, 2016b). This indicates 
that at low temperature, low OLR is preferable to achieve a high anaerobic 
degradation of organics in the leachate. Increasing the OLR up to 10.0 kgCOD/
m3  d required a high operational temperature to enhance the microbial 
degradation activities. Moreover, the short HRT is required for treatment of 
leachate at high temperatures of 24–35°C.

3.5.2 Effect of reactor operation mode
The operation mode of the anaerobic digesters treating highly fluctuated landfill 
leachate is important. Completely mixed semi-continuous anaerobic digester 
treating leachate was investigated by Lin (1991). They found that the digester 
removed 92% of COD at initial concentration of 22,750 mg COD/L, OLR of 
1.1 ± 2.8 kg COD/m3 d and HRT of 8.0 days. Kennedy et al. (1988) compared 
two reactors namely down flow stationary fixed film and UASB for leachate 
treatment. Better COD removal efficiency of 95% was achieved by UASB reactor 
at OLR of 4.8 kg COD/m3 d and HRTs of 4.0 days. Kennedy and Lentz (2000) 
found that the performance of the continuous UASB reactor and AnSBR module 
treating landfill leachate were quite similar at low-to-medium imposed OLRs. 
COD soluble removal efficiencies by AnSBR was varied from 71% to 92% at 
HRTs of 24, 18, and 12 h and OLRs of 0.6 –18.4 g COD/L d. The UASB reactor 
achieved soluble COD removal ranged from 77% to 91% at similar operational 
conditions. This indicates that reactor operational mode has no effect for 
treatment of landfill leachate at the same imposed operational conditions. 
Nevertheless, avoiding the failure of AnSBR treating landfill leachate, OLR 
should not exceed 3.0 g COD/g VSS d. The efficiency of an UASB reactor, a 
hybrid-bed reactor, and an anaerobic up-flow filter was compared for treatment 
of landfill leachate (COD = 18,800–47,800 mg/L) for a period of 230 days 
(Inanc et al., 2000). The OLR was gradually increased from 1.3 to 8.2 kg COD/
m3 d for all reactors resulting in COD removal efficiencies between 80% and 
90%. However, anaerobic filter and hybrid-bed reactor was the best technologies 
tolerant for ammonia inhibition compared with UASB. This is mainly due to a 
high imposed sludge residence time in the attached growth anaerobic reactors.

3.5.3 Effect of organic loading rate
The OLR is an important design parameter for application of anaerobic 
technology for leachate treatment (Ismail et al., 2020; Ismail & Tawfik, 2016a). 
The OLR is defined as the organics (COD or BOD) multiply the landfill leachate 
flow rate divided by the digester volume in case of classical reactor or by the 
digester surface area in case of fixed-bed biofilm module. A hybrid anaerobic 
digester treating landfill leachate at different OLRs at temperature of 35°C was 
investigated by Chang (1989). The module removed 92% of COD soluble at OLR 
of 13 kg COD/m3 d that was highly reduced to 70% at higher OLR of 21.77 kg 
COD/m3 d. This is mainly due to the deterioration of food by microorganisms in 
the digester (Ismail & Tawfik, 2016a, 2016b). Moreover, increasing the loading 
rate will increase the accumulation of solids in the reactor reducing the sludge 
residence time required for accomplishment of the anaerobic degradation 
process (Meky et al., 2017, 2019). Anaerobic MBBR treating landfill leachate 

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



49Anaerobic treatment of landfill leachate

removed COD by 91% at OLR of 4.08 kgCOD/m3 d, and slightly reduced to 
86% at higher OLR of 15.70 kgCOD/m3 d (Chen et al., 2008). The anaerobic 
submerged membrane bioreactor treating diluted landfill leachate removed 
90% of COD at OLR of 2.5 kg COD/m3  d (Bohdziewicz et  al., 2008). Two 
anaerobic digesters treating landfill leachate (COD = 48,552–62,150 mg/L) for 
8 months was investigated by Kheradmand et al. (2010). The digesters showed 
a COD reduction of 94% at OLR of 2.25 g COD/L d and 93% at OLR of 3.37 g 
COD/L d. Two-stage UASB reactor operated in series achieved COD removal of 
80% from leachate at OLR of 4.3–16 kg/m3 d with methane content of 64–43% 
(Aǧdaǧ & Sponza, 2005)

3.5.4 Sulfate concentration
The presence of sulfate ions in the landfill leachate at high concentrations 
will impair the efficiency of the anaerobic digester. As portions of organics 
are consumed for the reduction of sulfate into sulfide ions the bioenergy 
productivity was highly reduced. However, the presence of the sulfide ions in the 
anaerobic reactors would precipitate the iron to certain extent. Fe accumulated 
in the anaerobic digester by treating landfill leachate at concentrations of 160–
515 mg/L, where the sludge contained Fe concentration of 7,100 mg/L after 
an operational period of 185 days (Chang, 1989). Furthermore, increasing the 
sulfate loading of rate from 102 to 683 mg/L d, reduced the energy recovery 
from 90% to 52% due to the toxicity effect of ions and consumption of big 
portion of organics in the reduction process.

3.5.5 Ammonia concentration
The ammonia in the feed of the anaerobic reactors increases buffering capacity 
of methanogenic conditions thus improving the stability of metabolism 
processes. The anaerobic digestion of landfill leachate containing high 
ammonia concentration is a bottleneck in the biomethanisation process 
(Ismail et al., 2019). Microbial communities in anaerobic treatment processes 
are very sensitive to free ammonia under certain conditions (Ismail et  al., 
2021). Inhibition and/or toxicity of the microbial communities producing 
hydrogen/methane could occur due to the presence of free ammonia leading 
to failures of anaerobic treatment process. Fifty percent reduction in the yield 
of methane gas in the anaerobic reactor took place at an initial concentration 
of 11.0 gNH4–N/L (1.45 gNH3–N/L) (Nakakubo et al., 2008). UASB reactors 
performance under high ammonia concentrations was investigated by Calli 
et  al. (2005b). Free ammonia nitrogen gradually increased to 800 mg/L in 
the reactor achieving COD removal efficiencies of 78–96%. However, high 
COD removal efficiencies were observed at low ammonia concentration in the 
feed. The authors discovered that acetogenic bacteria degrading propionate 
were inhibited by free ammonia concentration exceeding 200 mg/L FAN. 
Furthermore, acetogenic bacteria degrading propionate is more sensitive than 
methanogenic Archaea at high concentrations of free ammonia in the feed. 
On the other hand, butyric acid degradation had no problem in the anaerobic 
reactor at any free ammonia concentrations. This indicates that the resistance 
of butyrate bacteria degraders to high concentrations of free ammonia. 
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Procházka et al. (2012) found that the anaerobic process was stable at ammonia 
concentrations of 2.1, 2.6 and 3.1 g/L; however, high ammonia concentration 
of 4.0 g/L inhibited the biomethane productivity. Likely low methane yield was 
obtained at low ammonia concentration of 0.5 g/L in the feed due to insufficient 
nutrients that causes biomass loss, low activity of aceticlastic methanogenic 
microbes and low buffering capacity. Similar results were recorded by Marchal 
and Vandecasteele (1993) who found that ammonia concentrations exceeded 
4 g N/L inhibited biomethanization process. The methane yield was highly 
reduced and acetate concentrations increased from 1 to 3 g/L in the medium 
at high ammonia concentrations. Aceticlastic microbes were highly sensitive 
to high ammonia concentration compared to hydrogenotrophic methanogens. 
Therefore, anammox process is much recommended for ammonia and nitrogen 
removal from landfill leachate in combination with anaerobic pretreatment 
process for organics removal (Ismail & Tawfik, 2017). Anaerobic up-flow filter, 
hybrid-bed reactors and sludge blanket system were compared for treatment 
of landfill leachate containing high ammonia concentrations at OLR of 1.3–
23.5 kg COD/m3 d (Calli et al., 2006). The pH value of the raw leachate was 
decreased to 4.5 to reduce the inhibition of free ammonia. The performance 
of hybrid bed and anaerobic filter was stable compared with UASB reactor 
at high ammonia concentrations. However, acetoclastic methanosaeta species 
were dominant in all reactors indicating that configuration of the reactors did 
not have an effect on the microbial diversity.

3.5.6 Carbon/nitrogen (C/N) ratio
The anaerobic treatment process of the landfill leachate could be accomplished 
at a proper C/N ratio. The balance between nitrogen and organics encourage 
the growing of anaerobes and subsequently increasing the energy productivity. 
The imbalance of nitrogen and organic content could lead to the failure of the 
anaerobic process. COD/N ratios in the feed imposed on an anaerobic reactor 
were 90, 80, 65, and 50, where reactor performance was assessed by Poggi-
Varaldo et al. (1997). The syntrophic bacteria in the anaerobic reactors were 
impaired at increasing ammonia concentration and failed at COD/N exceeding 
50 due to accumulation of propionic, butyric, and valeric acids. Wang et  al. 
(2014) found that ammonia inhibition of the anaerobic digestion process 
occurred at C/N ratio of 15 and 20.

3.6 CONCLUSIONS
Usually, an anaerobic reactor has commonly been installed in leachate 
treatment process for treating high loading organic compounds discharged 
from young landfill sites. Different reactors can be used, such as anaerobic 
filters, anaerobic sequencing batch reactor or UASB. Anaerobic up-flow 
filter, hybrid-bed reactors and sludge blanket system is efficient for treatment 
of landfill leachate containing high ammonia concentrations at OLR of 1.3–
23.5 kg COD/m3 d. The pH value of the raw leachate could be reduced to 4.5 
to mitigate the inhibition of free ammonia. The performance of hybrid bed 
and anaerobic filter was stable compared with UASB reactor at high ammonia 
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concentrations. However, Acetoclastic methanosaeta species were dominant 
in all reactors indicating that configuration of the reactors did not have any 
effect on the microbial diversity at high ammonia loading rate. The imbalance 
of nitrogen and organic content could lead to the failure of the anaerobic 
process. COD/N ratios in the feed imposed on an anaerobic reactor should be 
controlled. The syntrophic bacteria in the anaerobic reactors were impaired at 
increasing ammonia concentration and failed at COD/N exceeding 50 due to 
accumulation of propionic, butyric and valeric acids. Furthermore, anaerobic 
digestion process failed at low C/N ratio of 15–20.
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ABSTRACT

Solid waste disposal is a major problem arising due to urbanization and development 
of the society. Secured landfilling is a scientific practice to manage solid waste for its 
minimum impact on the environment. However, the leachate generated from the landfill 
is a major concern to the environment. There are several off-site treatment technologies 
which are energy and cost-intensive. Additionally, transportation of landfill can cause 
hazardous effects. Bio-electrochemical treatment technologies such as microbial fuel cell 
(MFC) have the capability to treat the landfill leachate on-site, along with production of 
bioelectricity and resource recovery. Vast array of pollutant containing leachate act as 
potential substrate and its high conductivity helps in the electrochemical reactions of 
MFC. The unstable load of pollutants contained in landfill leachate causes toxicity, which 
hampers the performance of MFC. Thus, pre-treatment or dilution of leachate could solve 
this problem and MFC can be used for landfill leachate efficiently at a secondary stage.

Keywords: Microbial fuel cell, landfill, leachate treatment, bio-electricity.

4.1 INTRODUCTION
Rapid urbanization and population growth are generating huge quantity of 
solid waste. The major contribution is municipal solid waste (MSW) which 
consists of organic waste, paper waste, plastic waste, glass waste, metal waste, 
and other wastes. In 2016, the global MSW generation was 2.01 billion tons 
(BT), which is predicted to be 3.40 BT by 2050 (Sharma & Jain, 2020). The 
collection, disposal, and treatment of solid waste is performed by incineration, 
composting, or landfilling (Dantre et al., 2017; Luo et al., 2020). Landfilling 
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is the most suitable method in solid waste management, and it alone disposes 
more than 95% of MSW globally (Luo et al., 2020).

Landfilling is the most suitable method for managing different solid wastes 
generated in society than incineration and composting (Dantre et  al., 2017; 
Luo et al., 2020). Landfills are engineered dumpsites for disposal of different 
solid waste generated from various sections of society. It contains wide range 
of wastes such as food, plastics, papers, metals, glasses, leathers, chemicals and 
pharmaceuticals, and so on. The by-products of these secured landfills are gases 
and highly contaminated leachates (Aziz et al., 2010). The leachates are high 
organic matter and nitrogenous pollutants containing liquid which is generated 
from the percolation of the water through solid waste. The leachate generation 
mainly depends upon the landfill characteristics such as landfill age, geographical 
hydrology, climatic condition, and rainwater infiltration (Chaudhary et  al., 
2021; Elmaadawy et  al., 2020b; Maturi et  al., 2022). The leachate contains 
phenols, dyes, dissolved solids, nitrite, nitrate, ammonia, phosphates, pesticides, 
heavy metals, iron, recalcitrant pollutant, and pathogens (Chaudhary et  al., 
2021; Elmaadawy et al., 2020b). The nature of landfill leachate is mainly basic, 
but it can also be acidic in pH depending on waste types (Aziz et  al., 2010; 
Greenman et al., 2009; Puig et al., 2011). The concentrations of pollutants also 
vary in leachate depending on the contributing waste types. It causes toxicity 
to various ecosystems ranging from groundwater pollution, aquatic toxicity, 
land pollution to desertification, and also to human health (Dantre et al., 2017; 
Gupta et al., 2015). The treatment of landfill leachate is important and the most 
popular techniques to treat leachate is off-site, on-site, and recirculation through 
landfill (Critaria for Landfill Management CPCB.Pdf, n.d.). On the one hand, 
the recirculation process cannot treat the leachate properly; on the other, off-
site treatment is capital intensive and required various materials, infrastructure, 
and their maintenance since it involves reverse osmosis, activated carbon 
adsorption, flocculation, and biological treatment (activated sludge, trickling 
filter, ponding, rotating biological contractors, etc.) (Iskander et al., 2016; Kumar 
et  al., 2013). To replace such intensive technologies, a sustainable and green 
approach-based bio-electrochemical systems (BES) is highly a recommended 
technology to address landfill leachate pollution (You et  al., 2006; Zhang 
et al., 2015a). BES systems are microbes-based system which converts chemical 
energy obtained from organic waste into electrical/chemical energy by 
performing various electrochemical reactions. BES systems such as microbial 
fuel cell (MFC), microbial electrolysis cell (MEC) treat leachates by combining 
biological and electrochemical processes. MFC is a cost-effective BES system 
to decontaminate the leachate, recovers resource, and produces bioelectricity 
(Iskander et al., 2016). Due to high organic content and the presence of various 
inorganic metals, landfill leachate has the potential to be used as a fuel in MFCs 
for energy recovery (Elmaadawy et  al., 2020b). Leachate could also increase 
power generation due to its high electrical conductivity (Iskander et al., 2016).

4.2 POLLUTANT REMOVAL MECHANISM
MFC works on the redox condition at the anode and cathode chambers, which 
helps electroactive bacteria (EAB) in their metabolic activities. The higher 
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concentration and conductivity of landfill leachate helps in maintaining 
redox potential in MFC conducive for electron transfer and oxidation of 
different pollutants (Deng et  al., 2020). The oxidation of pollutants depends 
on the development of microbial community in MFCs, the microbial biofilm 
development on electrodes acts as a bio-cathode and bio-anode (Srivastava 
et al., 2020a, 2020b). The microbial community developed in MFC is known 
as electrogens/exo-electrogens/EAB. The bio-cathode and bio-anode enhances 
the electron transfer rate and helps in the bio-electrochemical reactions of MFC 
systems. However, in some cases such as dual-chambered (DC) MFCs cathodes 
are generally abiotic rather than biotic. In this section, a brief description about 
the MFC to address different pollutants present in landfill based on design and 
mechanism is illustrated.

4.2.1 Biological process for organics/inorganics removal
Landfill leachate is reported as a significant source of nutrient recovery and 
electricity production using MFC (Deng et  al., 2020). Chemically, leachate 
contains high organic and inorganic matter, which helps to develop a 
distinguished redox condition in MFC. Exo-electrogenic bacteria typically 
oxidize these substances (organics and inorganics) at the anode and produces 
electrons and protons. The electrons instantly transfer from anode to the 
cathode electrode via an external electric circuit, while protons pass through a 
cation-exchange membrane to the cathode chamber and interact with terminal 
electron acceptors (such as oxygen) in the cathode chamber (Srivastava et al., 
2020a, 2020b). It results in the production of bio-electricity treating the 
leachate. The leachate contains higher and complex concentration of organic 
and inorganic pollutants; which can affect exo-electrogens and power output 
of MFCs (Wu et al., 2015). The degradability of landfill leachate is very distinct 
than traditional wastewater due to inability of exo-electrogens to metabolize 
complex substrate (long-chain fatty acids and aromatic compounds) (Wu et al., 
2015). Ozkaya et al. (2006) studied that younger landfill leachate (of less than 2 
years) is more biodegradable (in terms of (BOD5/COD) as it contains high COD 
concentration (10,000 ppm) than older leachate. The MFC has been reported to 
remove about 45% of COD from younger landfill leachate having 50,000 mg/l of 
initial COD concentration (Özkaya et al., 2013). However, with increasing the 
age of landfill, bio-inhibitory agents such as imperishable organic matter (fulvic 
acid, humic acid), high strength of ammonium increases in leachates, which 
makes the biodegradability of leachates difficult by decreasing BOD5/COD, 
and BOD5/TN ratios (Hassan et al., 2018). In this way, high concentration of 
ammonia present in mature leachates could hamper the microbial activity in 
BES (Elmaadawy et al., 2020b). This could be resolved with pre-treatment of 
leachate before treating with MFC.

Landfill leachate contains various forms of nitrogen such as nitrite 
(NO2), nitrate (NO3), ammonia (NH3), ammonium ions (NH4

+) and organic 
nitrogen. Some studies have reported that characteristics of landfill leachate 
includes about 80–90% of ammonia among the total nitrogen composition 
(Puig et  al., 2011; Zhang et  al., 2015a). In MFCs, dissimilatory mechanisms 
utilize ammonia present in landfill leachate for biological nitrogen removal, 
whereas assimilation removes nitrogen for cell growth of microorganisms 
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60 Landfill Leachate Management

and represent about 23% of the total cell weight. Such microbial mechanisms 
catalyze the degradation of complex form of nitrogen into simpler form in both 
the chambers of MFCs (Elmaadawy et  al., 2020b). In addition to microbial 
mechanisms several processes such as nitrification and denitrification takes 
place in aerobic and anaerobic region, respectively (Virdis et  al., 2010). The 
oxidation of ammonia into nitrate/nitrite takes place in the aerobic chamber 
via nitrification. The resultant product (nitrite/nitrate) travels through the 
anion-exchange membrane to the anaerobic region where it is further reduced 
to nitrogen gas by heterotrophic denitrifying bacteria (Figure 4.1) (Elmaadawy 
et al., 2020b; Feng et al., 2015; Zou et al., 2018). However, limited availability 
of dissolved oxygen hinders the complete nitrification in MFC (Srivastava 
et  al., 2021b). Sometimes anoxic condition prevails in the cathode chamber 
favors conversion of ammonium ions into dinitrogen (in presence of nitrite as 
electron acceptor) by the action of annamox bacterium facilitating enhanced 
removal of nitrogen in MFC (Lee et al., 2013). Similarly, in anaerobic region, 
electroactive nitrifying microorganism oxidize the anoxic ammonium into 
N2, where hydroxyl-amine serves as substrate for the oxidation reactions 
(Elmaadawy et al., 2020b; Vilajeliu-Pons et al., 2018). Instead of simultaneous 
nitrification–denitrification in MFC (Virdis et  al., 2010), there exist several 
other mechanisms such as anaerobic ammonium oxidation, and ammonium 
volatilization (biological conversion of ammonium ions into non-reactive 
NH3

+), which favours nitrogen removal reported in MFC (Deng et al., 2018; 
Elmaadawy et al., 2020b; Vilajeliu-Pons et al., 2018).

Phosphorus is also an important constituent of landfill leachate. 
Phosphorus removal takes place through precipitation with cations and 
biological accumulation with microorganisms (Elmaadawy et  al., 2020b). The 

Figure 4.1 Biological mechanism for organics/inorganics removal in MFC based on leachate 
pollutants.
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electrochemical precipitation in the form of salts such as struvite at the cathode 
also removes the phosphorus in MFC. Several factors such as pH, calcium, 
and magnesium salts are the limiting factors of struvite formation in MFC. A 
significant amount of phosphorus has been removed through struvite formation, 
which could be a slow releasing fertilizer for agricultural systems (Talboys et al., 
2016). Phosphorus recovery from landfill leachate hase not been studied so far 
since it contains very low level of phosphorus (Elmaadawy et al., 2020b). The 
leachate contains various heavy metals such as Zn, Pb, Cu, Fe, and so on in varied 
concentration depending upon types of landfill (Wu et al., 2015). These heavy 
metals are toxic and persistent in the environment, and needs to be removed from 
the leachate (Ezziat et al., 2019). The deposition and reduction on the surface 
of the cathode is a dominant mechanism in an abiotic cathode, while chemical 
precipitation and electrochemical reduction also remove heavy metals in MFC 
systems. In addition to reduction, accumulation, sorption, and mineralization are 
the major mechanisms involved at biocathode for heavy metal removal in MFC 
systems (Colantonio, 2016; Ezziat et al., 2019; Srivastava et al., 2021a, 2021b).

4.2.2 Leachate toxicity and effects on MFC performance
Leachate has been used as a substrate in MFC because of its high organic 
matter content and nutrient load. The concentration and composition of various 
pollutants in leachates may vary with the age of the landfill (Özkaya et al., 2013). 
The older leachate contains less biodegradable and high refractory organics, 
which causes toxicity to exo-electrogens as they break the biodegradable 
organic matters. Toxicity in leachate arises due to high organic matter, inorganic 
constituents, heavy metals, and various xenobiotic compounds. It is also 
associated with complex organic compounds such as lignin and phenol, heavy 
metals such as Hg, Pb, Cu, Zn, free ammonia, nitrous acid, and so on, which can 
alter the electroactive microbial community of MFC (Adekunle et al., 2019b; 
Bernard et  al., 1997). S. Iskander et  al. (2017) observed poor coulombic 
efficiency generated in MFC relating to the fact that toxicity present in leachate 
retards the activity of electron producing microbes. Landfill leachates are rich 
in ammonium and liberates higher amount of free ammonia and free nitrous 
acid. The toxicity produced due to nitrous acid and ammonia also inhibits 
microbial activity in MFC. The ammonia nitrogen present in leachate creates 
toxic effect on the anodic microbial community which simultaneously decreases 
the nitrogen removal ability of the system (Hassan et al., 2018). The ammonia 
nitrogen decreases the nitrogen removal rate, simultaneously hampering the 
methanogenesis process and generation of bioelectricity (Wu et  al., 2015). 
Additionally, higher toxicity in leachate retards the growth and development 
of algae used in cathodes of MFCs which subsequently reduces the ammonium 
removal potential of the system (Nguyen et al., 2017). Toxicity occurring due to 
dissolved heavy metals of leachate (Mg2+ and Fe2+) also interfere with microbial 
metabolism leading to reduced MFC current (Adekunle et  al., 2019a). The 
higher toxicity could also affect the functioning of proton-exchange membrane 
(PEM). The chemical modifications might occur on PEM surface which would 
lead to development of harmful compounds, causing secondary pollution (Feng 
et al., 2020a). The toxicity present in landfill leachates when treated in MFCs 
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effects the efficiency of the system, for example, the level of toxicity determines 
removal of ammonium ions (Elmaadawy et al., 2020a). It is highly essential to 
treat leachate properly as it contains higher amount of ammoniacal nitrogen 
other than toxic substances (Lakshmidevi et al., 2020). As part of solution to 
the toxicity of leachate, studies have reported use of sulfate/sulfide MFCs which 
imitates the natural metabolism of microbes and produces less toxic effluent 
(Ieropoulos et al., 2013). Using pyrrhotite-cathode in MFC drives bio-Fenton’s 
reaction, which also favors effective reduction of toxicity from landfill leachates 
(Li et al., 2010). The performance of MFCs can also be enhanced by diluting 
the leachate being treated, as it will reduce the level of ammonia and other 
refractory chemicals which deaccelerated bioelectricity generation (Nguyen 
et al., 2017). There are several types of MFC used for leachate treatment such 
as single-chambered MFC (SCMFC), column-type MFC, and DCMFC, (Zhang 
et  al., 2015a). In addition, single-chambered series connection MFC (Gálvez 
et al., 2009), and dual-chambered series and parallel connection MFC have also 
been reported to treat the landfill leachate (Vázquez-Larios et al., 2014).

4.3 TYPES OF MFC FOR LEACHATE TREATMENT
Various types of MFC configuration have been used for removal of pollutants 
and bioelectricity generation from landfill leachate. Several designs such as 
SCMFCs, DCMFCs, up-flow anaerobic sludge blanket (UASB)-MFC, hybrid 
system and many more have been used for treating landfill leachate (Elmaadawy 
et al., 2020b). SCMFC comprises of single chamber, where both the anode and 
cathode electrodes are present. Different electrode material produces different 
treatment efficiency within the system. For example, Ganesh and Jambeck 
(2013) have reported the use of SCMFCs for treating landfill leachate with an 
initial COD concentration of 12,033 ± 3,974 mg/L, where, two different anode 
material were compared, that is, activated carbon and biochar, which removed 
74% and 28% of COD, respectively and no removal of ammonia was observed in 
the system. Instead, Puig et al. (2011) reported use of platinized carbon cloth and 
graphite rod as cathode and anode material, respectively, in a SCMFC, which 
was able to remove about 32% of COD and 16% of NH N4

+ −  from diluted landfill 
leachate having mean COD and NH N4

+ −  concentration of 507 and 802 mg/L, 
respectively. Whereas undiluted landfill leachate was being treated in the same 
system, which removed 4% of NH N4

+ −  and 37% of COD, having 5,449 and 
3,480 mg/L of initial NH N4

+ −  and COD concentration, respectively. Similarly, 
studies have also reported use of MFCs for treating various concentrations of 
landfill leachate in open and closed circuit. Greenman et al. (2009) compared 
the efficiency of open- and closed-circuit MFCs in treating various dilutions 
of landfill leachate. The influent BOD5 concentration was in the range of 
2,400 mg/L which when diluted in the ratio of 1:8, 1:4, and 1:2 produced 222, 
420, and 1,096 mg/L BOD5 concentration in the effluent of closed-circuit 
MFC, whereas open-circuit MFC produced 213, 542, and 1,296 mg/L of BOD5 
concentration in the effluent. Another modification in SCMFC was performed 
by developing up-flow air cathode membrane free MFC using fine powder of 
C/Pt on carbon cloth, as cathode material, which was wrapped around anode 
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and exposed to air. The characteristics of leachate includes COD (3,400 mg/L) 
and NH N 4

+ −  (744 mg/L) having a treatment efficiency of 89.4% and 23.3%, 
respectively (Zhang et al., 2008).

The other design aspect to treat landfill leachate is DCMFC, where MFC is 
made up of two chambers: anode and cathode separated by a cation-exchange 
membrane. Hassan et  al. (2018) reported a use of carbon felt as cathode 
and anode electrode material in a DCMFC separated by a cation-exchange 
membrane and is used to treat various dilutions of a young landfill leachate. 
It is observed that the DCMFC is able to remediate about 90% of COD at 60% 
leachate COD strength (100% COD strength = 16,000 mg/L). The COD removal 
efficiency of this system decreased to 49% when the influent COD strength 
was increased to 100%. Similar trend was observed for removal of NH N4

+ −  
ions, where 59% and 15–17% of NH N4

+ −  removal is observed at 20% and 100% 
(>2,000 mg/L) leachate strength. Similar to SCMFC, comparative study of 
open- and closed circuit for landfill leachate treatment have also been provided 
for DCMFC. Li et al. (2010) reported the use of pyrrhotite-coated graphite as 
cathode electrode in open- and closed-circuit DCMFC for treating real landfill 
leachate with initial COD concentration of 1,022 mg/L, where, closed-circuit 
MFC is found to have better COD removal efficiency (78%) as compared to 
that of open-circuit DCMFC (28%). On the other hand, Özkaya et al. (2013) 
modified the anode and cathode material with Ti–TiO2 in DCMFC for treating 
a young landfill leachate (leachate characteristics: initial COD and sulfate 
concentration of 50,000 and 3,400 mg/L), which was able to remediate about 
40% and 15% of COD and sulfate, respectively, from the influent. Subsequent to 
change in electrode material and circuit type, several changes were also made 
in the connection type, such as series and parallel connection, in and outside 
MFCs, either fluidically or technically, to enhance the power performance of 
the entire system. Vázquez-Larios et  al. (2014) reported series and parallel 
connection of anode within DCMFC, where about 70–86% removal of COD is 
observed with an initial COD concentration of 12,000 mg/L. Whereas, Gálvez 
et al. (2009) have reported about a hydrodynamic series connection where the 
fluid passes through three columns serially within the system. The developed 
system can remove about 79.4% and 81.6% of COD and BOD5 having 7,050 
and 2,962 mg/L of COD and BOD5 as the initial concentration, respectively. 
Also, Feng et al. (2020b) reported series connection outside MFC, where two 
MFCs are connected serially to single MEC in the following manner MFC–
MFC–MEC and MFC–MEC–MFC, which achieved a maximum COD removal 
efficiency of about 60% (about 1,000–2,000 mg/L). However, to increase the 
treatment efficiency of the system, integration of DCMFC had been done to 
various other treatment systems. For example, Lee et al. (2013) developed two 
integrated ammonium oxidation/MFC reactor and anammox/MFC reactor for 
removal of nitrogen and bioelectricity generation. The ammonium oxidation/
MFC was able to remediate more than 92% of total nitrogen (TN) where the 
initial TN concentration was 120 mg/L, whereas, anammox/MFC was able 
to remove 94% TN. Tugtas et al. (2013) developed UASB-MFC design where 
young landfill leachate was pre-treated in UASB and then simultaneously 
treated with DCMFC. It was observed that the initial NH N4

+ −  concentration 
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was in the range of 4,640–7,020 mg/L which on treatment in UASB decreased 
to 950–1,270 mg/L and on further treatment in DCMFC, the concentration 
decreased to 61 mg/L.

Economically, coupling and modifications in MFCs not only enhances power 
output of the system but also helps in reducing the toxicity of pollutants in a cost-
effective and sustainable manner. Moreover, such integrated MFC designs, and 
configurations can treat non-uniform leachate characteristics (e.g., as reported 
in some studies with different dilution ratio having different organics load) with 
least modification and instalment facility, providing enhanced electrical energy 
and wastewater treatment facility.

4.4 BIOELECTRICITY GENERATION FROM THE LANDFILL LEACHATE
Electricity generation from landfill leachate follows a distinct and complex 
process in comparison to single substrate such as acetate/glucose (Wu et al., 
2015). This is due to the fact that it contains large concentration of dissolved 
organic substances (i.e., BOD, COD, VFA, humic, and fulvic acids), xenobiotic 
organic compounds (i.e., phenols, aromatic hydrocarbons, cresols, phthalates, 
and furans), macro inorganic substances (i.e., Ca2+, Mg2+, SO4

2−, Cl−, Na+, etc.) 
and heavy metals (i.e., Ni2+, Cu2+, Cd2+ and Cr3+/6+ etc.) (Renou et al., 2008). The 
volatile fatty acids (VFAs) are easily biodegradable organic fraction of landfill 
leachate, whereas other humic and fulvic acids can dominate methanogenic 
phase (Iskander et  al., 2016). The presence of heavy metals and recalcitrant 
pollutants can also impact biodegradability of leachate resulting into low 
bioelectricity generation. For an instance, Hernández-Flores et  al. (2017b) 
compared two substrates, that is, municipal wastewater and mixture of landfill 
leachate and municipal wastewater. The use of single substrate has performed 
better than mixture of substrate in terms of COD removal and bioelectricity 
generation. Municipal wastewater achieved power density, COD removal and 
CE of 10,380 mW/m3, 72%, 27% compared to mixed substrate of 8,050 mW/
m3, 53% and 9.5%, respectively. Hence, pre-treatment of landfill leachate is 
prerequisite to effectively oxidize the complex organic compounds such as long-
chain fatty acids and other xenobiotic aromatic compounds by exoelectrogens 
(Chaudhuri & Lovley, 2003). MFCs fed with complex organic substrates are 
only able to recover 2–6% of the theoretical voltage (Lee et  al., 2008). This 
indicates that only a limited amount of energy can be harnessed by MFCs (Wu 
et al., 2015). The detailed mechanisms involved to treat landfill leachate and 
interrelation with electron transfer is provided in the following section.

4.4.1 Electron transfer mechanism in MFCs to treat landfill leachate
There are several involved mechanisms for electron transfer in MFC. The detailed 
mechanism is shown in Figure 4.2. The common electron transfer pathway is 
direct interspecies electron transfer (DIET), which is thermodynamically more 
favorable in MFC even for treating landfill leachate. Whereas indirect electron 
transfers, that is, electron transfer through shuttling is also a pathway for exo-
electrogens to transfer electron with the help of fermentative microbes such as 
Pseudomonas chlororaphis, Geothrix fermentans, and Clostridium butyricum. 

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024
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These fermentative microbes can help in shuttling of electrons to electrodes with 
the help of self-produced electron mediators, Fe3+ reduction or abiotic oxidation 
of their products (such as H2) at the anode (Lovley, 2006; Wu et al., 2015). The 
syntropy of hydrogen-mediated electron transfer in landfill leachates is well 
described by Jakobsen et al. (1998). Further increased bioelectricity production 
with the coexistence of hydrogenophage, that is, H2 consuming exoelectrogens 
and fermentative microorganisms is also mentioned by Kimura and Okabe 
(2013). In comparison to indirect electron transfer, which is mainly governed 
by H2-mediated interspecies electron transfer DIET is more thermodynamically 
favorable. It is due to the fact that DIET is energy efficient in terms of: (1) H2 can 
inhibit organics removal and (2) without H2 gradient formation interspecies H2 
transfer cannot take place (Wu et al., 2015). However, DIET needs the physical 
contact between electrodes and microbes for effective electron transfer. Other 
than hydroge- mediated electron transfer and DIET, mediated electron transfer 
(MET) is also a frequently observed mechanism for electron transfer in MFC. In 
MET, electron transfer takes place with the help of redox mediator. In general, 
landfill leachate can favor MET compared to other type of wastewater since it 
has high content of accumulated humic substances, that is, around 60% of the 
dissolved organic matter compared to just <6% in other type of wastewater, 
which act as a redox mediator for electron transfer (Wu et al., 2015).

Furthermore, fresh and intermediate stage leachate are generally preferred 
for bioelectricity generation due to its high organic content ranging between 
4,000 and 40,000 mg/L (Table 4.1). Among which 60–70% COD of fresh and 
intermediate leachate is biodegradable (Wu et al., 2015). Whereas, mature or old 
leachate is avoided due to aging of leachate and the COD/BOD ratio decreases 
from 0.7 to 0.04, which in turn decreases its biodegradability (Ehrig, 1984). 
In addition to that, with aging of leachate it changes its characteristics such 
as elevated levels of toxicants, significantly high levels of ammonium and low 
dissolved organic matter (Wu et al., 2015). Moreover, fresh and intermediate 
leachates also cannot be directly utilized in MFCs due to their dynamic COD 
concentration. In some cases, COD concentration is reported to be too low (e.g., 

Figure 4.2 Electron transfer mechanism to anode by fermentative bacteria while treating 
complex carbon of landfill leachate.
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<150 mg/L), which can be a limiting factor for exoelectrogenic activity; 
whereas, in some cases COD concentration >1,000 mg/L, which can diminish 
coulombic efficiency (CE) of treatment systems (You et al., 2006). Özkaya et al. 
(2013) examined young leachate in MFC with initial COD concentration from 1 
to 50,000 mg/L, the study reported initial rise followed by significant decrease 
in power generation and decline in CE from 57% to 1%. Thus, proper pre-
stabilization and dilution of landfill leachate stream to an optimum COD range 
is strongly recommended (Wu et al., 2015). Similar results are also documented 
by other researchers, where decrease in power density from 2.23 to 1.0 W/m3 
along with decrease in CE from 34% to 20% while treating simulated leachate 
in MFC is observed (Teng et al., 2010). Furthermore, Puig et al. (2011) reported 
that addition of raw leachate in MFC increases power density from 0.15 to 
0.30 W/m3, whereas, CE decreases to approximately 2%. Similar results were 
also observed in a recent study, where fresh and matured (aged) leachate was 
collected from the identical subtropical area of different season and studied in 
MFC (Cheng et al., 2022). Fresh leachate showed enhanced power generation, 
that is, 22.5 –25.6 W/m3 and CE 4.3–7.6% in comparison to 6.61–7.48 W/m3 
from mature leachate and CE of 5.9–11.3% (Cheng et al., 2022). Besides, suitable 
substrate, configuration, and operating conditions also have higher impact on 
electricity generation from leachate-fed MFCs (Iskander et al., 2016; Wu et al., 
2015), as represented in Table 4.1.

Furthermore, electrode selection also plays a crucial role in electricity 
production. Carbon cloth is the most applied anode material in leachate-fed 
MFC systems (Xia et al., 2018). Two studies have achieved different open-circuit 
voltages (OCV) while operating fresh leachate-fed MFC with similar operating 
conditions, that is, 534 mV (Damiano et  al., 2014) and 433 mV (Ganesh & 
Jambeck, 2013). Further with identical substrate conditions and different 
electrodes at the cathode, distinct OCV was achieved by Li et al. (2010). The 
study reported increase in OCV by 120 mV in pyrrhotite cathode compared 
to graphite-based cathode. Recently, activated carbon ceramic-supported 
cathodic electrodes were made utilizing three different techniques, that is, 
wash coat (WC), brush coat (BC) and ultrasound-assisted deposition (SC) and 
further implemented in MFC treating municipal waste leachate. The highest 
electricity generation and COD removal was achieved with electrode produced 
using 20 kHz ultrasound, that is, SC of 10.7 mW/g L and 85%, respectively. 
Highest performance with SC was reported as a consequence of comparatively 
low charge transfer and biofilm resistance compared to BC and WC of 23.71 Ω 
(Pandis et  al., 2022). Electrode surface area is important to consider since 
electrode functions as carrier surface for the growth of microbial communities 
and also as electron donor/acceptor. Several researchers noted positive impact 
of electricity generation with increased surface area while treating landfill 
leachate (Gálvez et  al., 2009; Sonawane et  al., 2017). Gradual increase in 
power density from 0.36, 0.84 and upto 1.7 mW/m3 was reported with increase 
in cathode electrode surface area from 1, 5 and 36 cm2, respectively, while 
treating landfill leachate in SCMFC (Sonawane et  al., 2017). Furthermore, 
Gálvez et  al. (2009) operated three column MFC, fluidically connected in 
series with single feed line and recirculation loop and investigated the effect 
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72 Landfill Leachate Management

of increasing electrode surface with landfill leachate treatment. The study 
revealed increase in power output by 264% for 1st column (i.e., from 500.7 
to 1,822.6 mW/cm2), 118% for 2nd column (i.e., from 443.2 to 964.5 mW/cm2) 
and 151 for 3rd column (i.e., from 683.5 to 1,714.3 mW/cm2) with increase in 
electrode surface area from 360 to 1,080 cm2. Conclusively, MFCs in different 
operation conditions and configurations have represented a huge potential 
towards significant bioelectricity production with distinct forms and stages of 
highly contaminated landfill leachate wastewater.

4.5 RESOURCE RECOVERY FROM THE LEACHATE
As aforementioned, leachate is characterized as a complex wastewater with 
high prospects of polluting soil and groundwater and aggravating other 
environmental problems. Nevertheless, it has been identified as potential 
source for resource recovery as it contains high concentration of ammonium 
nitrogen, low levels of phosphorus, and high concentrations of inorganics and 
metal ions. Thus, the recovery of useful resources, instead of removal is prudent 
for sustainable leachate treatment and management (Iskander et  al., 2016; 
Nancharaiah et al., 2015).

4.5.1 Metal recovery using MFC from leachate
The leachate is featured with high electrical conductivity which is attributed 
to the presence of high concentrations of inorganics and metal ions in it. Thus, 
it favors electricity generation while treating leachate wastewater in MFC 
(Iskander et al., 2016). Along with, it opportunistically recovers metals present 
in leachate at the cathode of MFC (Iskander et al., 2016; Nancharaiah et al., 
2015). Common metals present in the landfill leachate include iron, manganese, 
zinc, cadmium, copper, nickel, silver, and lead, however, their prevalence and 
abundance are specific to the landfill site, source and age (Iskander et al., 2016). 
In general, the metal concentration is below 1 mg/L which makes metal recovery 
from leachate non-economical. Nevertheless, much higher concentrations have 
also been reported in certain cases, for instance, 10 mg/L of copper, 5 mg/L of 
lead, 13 mg/L of nickel, 1,000 mg/L of zinc, and up to 5,500 mg/L of iron (Baun 
& Christensen, 2004; Kjeldsen et  al., 2002). In MFC, oxidation of organics 
happens at the anode, resulting in the flow of electrons to the cathode under the 
effect of redox gradient. Therefore, four strategies have been explored for metal 
reduction and their recovery at the cathode (Iskander et al., 2016). In the first 
approach, the MFC is modified, and the cathode is placed anaerobically such 
that the metals with redox potential higher than the anode potential (e.g., Cu, Fe, 
etc.) can be reduced on the cathode electrode (Modin et al., 2012; Wang & Ren, 
2014). The reaction is thermodynamically favorable and metal acts as terminal 
electron acceptor for direct recovery (Figure 4.3a). The reduction of metals with 
redox potential lower than the anode potential, such as cadmium, lead, nickel, 
zinc and so on, is not feasible in MFC and requires assistance of some external 
power to drive electrons from an anode electrode to a cathode electrode (MEC 
mode), so that metal reduction is accomplished (Figure 4.3b) (Modin et al., 2012; 
Qin et  al., 2012). In the third approach, specialized microbes are inoculated 
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in the cathode (bio-cathode) of MFC which selectively reduce metals over the 
cathode surface which can then be recovered efficiently (Figure 4.3c) (Tandukar 
et  al., 2009). The fourth strategy subject bio-cathode to controlled potential 
such that the microbes attain required energy to reduce the metals (Figure 4.3d) 
(Huang et al., 2011). Depending upon the redox speciation the reduced metals 
get deposited over the cathode surface which can be easily recovered.

The greatest challenge in metal recovery from landfill leachate is its low 
concentration and form in which it is present. Such as most metals are soluble 
at low pH with high organic content in acidogenic phase compared to high 
pH and low organic content in another phase (Harmsen, 1983). Thus, it is 
important to understand the interlinked factors such as leachate age, available 
forms of metals and its concentration to recover precious metals economically 
and strategically in MFC. For this, metals with high concentration are generally 
targeted for recovery. To intensify the process further, leachate is treated at the 
anode chamber and the metal ions are allowed to migrate and concentrate in 
the cathode chamber through a membrane so that they can be directly reduced 
by the electrons received from the anode. This eliminates the risk of decreased 
metal reduction and occurrence of undesired secondary reactions in the 
presence of large amount of organic compounds when fed with anode effluent. 

Figure 4.3 Four bio-electrochemical approaches demonstrating heavy metal reduction 
and recovery by (a) direct reduction at abiotic cathode, (b) abiotic cathode with external 
power supply, (c) reduction at bio-cathode, (d) reduction at controlled bio-cathode.
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Thus, it is important to investigate the migration of multiple ions and methods 
for collecting reduced compounds for the successful operation of this process. 
Recognizing the low concentration of metals, it would be judicious to target 
the recovery of other resources and couple metals along with them. Moreover, 
low amount of metals deposited over the cathode could be utilized to enhance 
other beneficial processes rather than harvesting. For instance, iron can be 
consumed for cathodic bio-Fenton’s reaction that would oxidize recalcitrant 
pollutants (Rozendal et al., 2009).

4.5.2 Nutrient recovery
Nutrient recovery is of high interest from landfill leachate due to the fact that 
leachate has high concentration of both ammonium and phosphate, with 
ammonium concentration higher than phosphate (Shehzad et al., 2016). In BES, 
recovery of ammonium was tested with various distinct approaches such as (1) 
ammonium oxidation at cathode region, (2) denitrification in the anode region, 
(3) ammonium migration through PEM, and (4) ammonium stripping, as shown 
in Figure 4.4 (Kelly & He, 2014; Shehzad et al., 2016). The ammonia stripped 
in the process of ammonium stripping can be recovered through its adsorption 
in diluted sulfuric acid (i.e., H2SO4) to form ammonium sulfate (Iskander et al., 
2016). This end product is very valuable and has a potential for utilization 
in agriculture, polymer or food sector as fertilizer, nitrogen synthesizer and 
source of food production, respectively (Matassa et al., 2015). In contrast, with 

Figure 4.4 Recovery of ammonia in MFC through transport of ammonium to cathode 
followed by ammonium stripping.
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the use of pre-saturated adsorption media, that is, saturated H2SO4 solution 
with ammonium sulfate can result in recovery of pure ammonia in the form of 
ammonium sulfate crystals which can be further used in laboratory chemical 
preparation and for production of fertilizers (Tao & Ukwuani, 2015). A study 
with landfill leachate-fed system revealed enhancement in the recovery of 
ammonia by approximately 11% with aeration in the cathode chamber. The 
highest ammonium concentration collected from stripped ammonia with 
the help of adsorption technique was 0.77 mol/h (Qin et al., 2016). However, 
aeration can be quite energy intensive, thus development of other alternative 
methods is required to drive the ammonium out of the cathode in MFCs. Later, 
it was suggested that in a DCMFC with cation-exchange membrane, phosphate 
can be removed with the help of microbial adsorption and through chemical 
precipitation (Ye et al., 2019). However, ammonium can be removed by current 
generation and recovered through precipitation (Ye et al., 2019).

Phosphorous concentration is generally low in leachate wastewater and its 
recovery can be generally carried out through precipitation inside the cathode 
chamber of MFC (Kelly & He, 2014). The formation of struvite/magnesium 
ammonium sulfate (NH4MgPO4·6H2O) was practiced at high pH values of 9 ± 0.2 
for the recovery of phosphate from mature landfill leachate (Warmadewanthi 
et al., 2021). Damiano et al. (2014) introduced struvite precipitation in DCMFC 
fed with landfill leachate wastewater and achieved phosphorus removal 
efficiency of 80%. Although, there are numerous challenges which still needs 
to be resolved for phosphate recovery in MFCs such as (a) effect of precipitate 
formation on performance of electrode, (b) electrode regeneration with the 
purpose of reuse, (c) adjusting optimal stoichiometry for struvite precipitation, 
(d) amendments in the design of MFC system to recirculate the effluent from 
anode in order to supply phosphate to cathode region for recovery (Iskander 
et al., 2016; Shehzad et al., 2016).

4.5.3 Water recovery
Leachate volume reduction is crucial for sustainable landfill leachate 
management and water recovery/extraction can help in accomplishing this 
goal. In MFCs, filtration membranes such as nanofiltration, reverse osmosis, 
ultrafiltration, and microfiltration can be integrated in two ways (1) internally 
for example: as a separator between the anode and cathode, and (2) externally, 
where membrane unit is separated from MFC and connected hydraulically (as 
shown in Figure 4.5) (Yuan & He, 2015). Li et al. (2014) revealed enhancement 
in terms of water recovery, organics removal and power production with the 
application of ultrafiltration membrane in aerated cathodic chamber of MFC. 
This synergistic cooperation was named as membrane bio-electrochemical 
reactor (MBER) and revealed 90% of COD removal, 69% of total inorganic 
nitrogen removal along with generation of membrane permeate having 
turbidity <2 NTU (Li et al., 2014). The system is also advantageous in terms 
of low energy requirement, that is, 0.09 kWh/m3, which is substantially lower 
than energy requirement in membrane bioreactors (MBRs) and simultaneously 
MBER generates 0.032–0.064 kWh/m3 of bioelectricity. Less fouling rate was 
also obtained in MBER resulting from aeration in the cathodic chamber.
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An emerging membrane technology, that is, forward osmosis (FO) is 
investigated with BES to minimize fouling conditions while operating (Zhao 
et al., 2012). FO is integrated with BES to form osmotic BES (OsBES), which 
can simultaneously remove organics and recover energy and water. FO utilizes 
the naturally developed osmotic gradient pressure between the feed solution 
and draw solution in order to drive water towards the side of concentrated draw 
solute (Iskander et al., 2016). Draw solute plays a very crucial role since it is used 
to draw water across a semi-permeable membrane from anode compartment 
with high osmotic potential (Lu et al., 2014). Ammonium carbonate functions 
as a very attractive draw solute for FO due to its easy recovery by moderate 
heating (McCutcheon et  al., 2005). BES-integrated FO system has been 
investigated for the treatment of leachate and revealed low COD removal and 
ammonia recovery with cathode aeration of approximately 35% and 65%, 
respectively. Further, with the treated leachate acting as feed in FO system 
resulted in extraction of 51% water in the period of 3.5 h with utilization of 2 M 
of ammonium carbonate as a draw solution (Qin et  al., 2016). Furthermore, 
for the application of BES-FO certain challenges need to be addressed: (a) 
membrane fouling: FO membrane receives bio-fouling and pollutants scaling 
due to the presence of large concentration of contaminants in the leachate. Thus, 
to mitigate fouling issues, BES should function as pre-treatment technology to 
reduce the organics concentration and decrease biodegradability of leachate, 
(b) utilization of extracted water should be explored. Since the recovered 
water is free from most of the contaminants, but still quality of water should 
be monitored and accordingly its application should be determined such as 
agricultural irrigation/gardening, landscaping, automobile washing, discharge 
into ground water for water table recharging (c) disposal of brine solution 
used as draw solution during FO operation should be studied further. FO will 
remove the excess water and concentrate the leachate but further this brine 

Figure 4.5 Representing (a) internal integration and (b) external integration of forward 
osmosis membrane in MFCs for water recovery.
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solution also needs disposal. The one solution can be mixing of this solution 
into leachate again but its impact on biological BES degradation should be 
investigated, and (d) successful functioning of FO is critically dependable 
on selection of appropriate draw solution. Sodium chloride/brine solution is 
widely applied in FO studies but it is challenging in terms of reverse salt flux 
and regeneration issues, thus limiting its use in FO studies. Use of ammonium 
carbonate is gaining interest as draw solution, particularly for removing of 
ammonia from leachate (Iskander et al., 2016; Lu et al., 2014; Shehzad et al., 
2016). FO is generally considered advantageous over other membrane filtration 
techniques such as micro filtration and ultrafiltration because it is capable of 
rejecting wide range of contaminants including heavy metals. Besides, reverse 
osmosis and nanofiltration can also recover water to a great extent, but there is 
no report on using BES in combination with these technologies for treatment 
of leachate (Iskander et al., 2016).

4.6 RECENT DEVELOPMENTS IN LEACHATE TREATMENT USING MFC
Since the last two decades, MFCs have proven to be a reliable and sustainable 
treatment technology for treating various types of wastewaters. The 
enhancement of bioelectricity generation in MFCs, brought to attention the 
use of landfill leachate to be used as substrate in MFCs. Till now, the studies 
reported that landfill leachate in MFCs has proved to be a viable option for 
treating various kinds of organic (Özkaya et al., 2013) and inorganic pollutants 
(Greenman et al., 2009; You et al., 2006). Whereas, decreased power output and 
higher installation costs limit the upscaling of this technology. Keeping in view 
the applicability of this technology, several strategies have been developed to 
improve efficiency of MFCs such as using hybridized systems, that is, integrating 
MFC to other treatment technologies such as UASB, anammox reactor, and so 
on. Also, cheaper electrode materials, extending surface area of electrode, and 
optimizing operational parameters helps in improving the functioning of MFCs 
using landfill leachate. Various studies have reported the use of algal cells in 
MFCs for treatment of high refractory organic material leachate associated 
with generation of bioelectricity (Elmaadawy et al., 2020a; Lakshmidevi et al., 
2020; Nguyen & Min, 2020; Nguyen et al., 2017). Lakshmidevi et al. (2020) 
used algal-assisted DCMFC to treat MSW leachate. It is observed that the 
system was able to treat the maximum COD (76.5%) at 50% dilution (initial 
COD = 2,567.32 mg/L). In addition, when such cathodic algal-assisted MFC 
were integrated with a bioactive oxygen consuming unit, the hybridized system 
remediates 86% of biorefractory organic compounds along with 89.4% of 
ammoniacal nitrogen (Elmaadawy et al., 2020a). Additionally, cathodic algal-
assisted MFCs also effectively removed various types of nutrients present in 
landfill leachate. The extractions of nitrogenous and phosphatic nutrients from 
leachate make MFCs a viable option with various field-scale application (Nguyen 
et al., 2017; Nguyen & Min, 2020). MFCs are also integrated with bioelectro-
Fenton systems for treating the recalcitrant organic compounds through 
biochemical processes such as partial nitritation anammox (Hassan et al., 2017). 
Whereas, tubular MFC have also been reported in remediating UV quenchers 
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from landfill leachate to ease UV disinfection in wastewater treatment facility 
(Iskander et al., 2017). The performance of MFC is also improved by coupling 
the technology with various types of physical and chemical processes. When 
MFC is hybridized to osmotic process, that is, osmotic MFC, the technology 
exhibited higher pollutant removal capacity with a power output of 0.44 W/m2 
(Jiang et al., 2021). Coupling of coagulation process with MFC, that is, addition 
of coagulants to anodic compartment treated 99% COD from landfill leachate 
with a higher power generation capacity (Kumar et al. 2019). Apart from this, 
modifications are also done in electrolytes being used in the MFC. For example, 
Elmaadawy et  al. (2020b) used combination of landfill leachate and aerobic 
sludge for treating wastewater of shale gas fracturing unit associated with 
an enhanced bioelectricity generation capacity. Till now very limited studies 
have been reported regarding developments in MFCs for treating various 
concentrations of landfill leachates. Further, extensive research studies should 
be carried out with different modifications in MFC design and configurations 
which will enhance the treatment performance of the system with simultaneous 
bioelectricity generation.

4.7 CONCLUSION
The handling and management of solid waste is challenging due to its bulk 
generation. Landfilling is generally sought as an effective solution for solid 
waste management. BES have shown their potential for leachate treatment 
with simultaneous energy and resource recovery, utilizing the synergy of 
biological and electrochemical processes. Several aspects of MFCs such as 
MFC configuration, electrode materials, integration of several MFCs either 
electrically or hydraulically and hybrid MFC systems have significantly 
affected the MFC performance for leachate treatment. The mechanisms 
underlying the leachate treatment using MFCs are sophisticated and greatly 
depend on the leachate age and biodegradability, thus, needs to be well 
understood for better application. Bio-electricity generation is an additional 
leachate treatment using MFC which eventually minimizes the cost incurred 
in its operation. Moreover, bio-electrochemical leachate treatment facilitates 
resource recovery while treating it. The ammonium and phosphate present in 
leachate have been successfully recovered as valuable ammonium sulfate and 
struvite, respectively, that can be utilized as fertilizers. Iron, manganese, zinc, 
cadmium, copper, nickel, silver, and lead have been recovered. Good quality 
water reclaimed after treatment of leachate can be used for recreational and 
other suitable purposes. Thus, the treatment of leachate in MFCs is viable 
and sustainable. However, few challenges, such as low power output, leachate 
toxicity, low concentration of recoverable pollutants and occurrence of 
undesirable secondary reactions limit its large-scale application. Considering 
these challenges and upscaling of this technology several strategies have been 
developed such as hybridized systems integrating UASB, anammox reactor 
and algal bioreactor that complemented each other and overcome respective 
limitations. Also, integration of MFC with membrane has ensured high-quality 
water reclamation and metal recovery.
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ABSTRACT

Population growth, urbanization, and industrialization are the significant factors responsible 
for generating massive waste worldwide. The generation of solid waste leads to an adverse 
impact on environment security as well as human health. Solid waste management is 
required to minimize environmental drawbacks. Sanitary landfill is considered an ultimate 
disposal method, commonly adopted for solid waste management. However, landfill gas 
and leachate generation have gained social and environmental concerns. The production of 
leachate from the percolation of rainfall into a landfill is one of the major concerns. To meet 
discharge permit criteria, reducing the ammonia concentration in landfill leachate is usually 
necessary. Among the contaminants found in landfill leachate is ammonia-nitrogen (NH3–
N), which is of particular concern due to its high concentration. It is typically essential to 
treat landfill leachate to eliminate ammonia nitrogen (free ammonia and dissolved organic 
nitrogen) because large quantities are known to have detrimental effects on waterways 
and the leachate treatment process. This chapter deals with the technologies adopted for 
nitrogen removal from landfill leachate. Biological, physical, and chemical treatments can 
reduce nitrogen content. However, choosing any of these treatment methods is subjective. 
Therefore, this chapter discusses the treatment methods for nitrogen removal and their 
drawbacks and suggests that treatment efficiencies, system cost, and environmental 
impacts are considered while proposing a suitable treatment method or combination of 
treatment methods for nitrogen removal from landfill leachate.

Keywords: Nitrogen removal, landfill leachate, treatment technologies, leachate treatment.

5.1 INTRODUCTION
Solid wastes were generated from the era of early human beings; since 
the population was much less in early human existence, the environmental 
nuisance in the form of air and water pollution was negligible compared to 
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88 Landfill Leachate Management

modern human life. As humans settled in one location and adopted farming and 
craftsmanship, they became socially organized. The permanent settlement had 
specific unfavorable effects because waste production significantly increased 
and accumulated for more extended periods of time. The rising accumulation 
of remains presented the new communities with additional problems. Higher 
living standards, unsustainable growth of commercials and industries, the 
rapid development of the economy, and drastically increasing population are 
some of the major causes of solid waste production worldwide. According to 
World Bank statistics (Mandal et al., 2017), there are around 2 billion tonnes of 
solid waste produced annually, and by 2050, that number will rise to 3.4 billion 
tonnes. Despite having a small population (16% of the world’s population), 
high-income countries produce 34% of the world’s garbage. Solid waste creates 
an adverse impact on environmental security.

Solid waste management system components are – waste reduction, waste 
collection, handling, transportation, treatment, and finally, safe disposal. After 
the treatment of solid waste by thermal or biological means, leftover inert 
material is called solid waste residues. These residues should be safely disposed 
of in order to reduce the environmental hazard.

Solid waste residues are the waste that is not recycled and remains after the 
material recovery facility, that is left after the recovery of thermal or biological 
conversion products and that remains after energy recovery facilities. Solid 
waste residue disposal is an important component of the integrated solid waste 
management system. The safe disposal of these wastes is essential to control 
environmental hazards. The disposal can be thought of as transforming solid 
waste from one harmful state to an inert state of waste that is less or not harmful 
to the environment. This transformation can be done by various approaches, 
that is, landfilling, incineration, pyrolysis, composting, and so on.

Incineration and landfilling is the waste disposal method commonly adopted 
(Bolyard & Reinhart, 2016). Incineration performs well for waste disposal when 
waste contains mainly combustible materials. Still, approximately 10–20% of 
incoming waste remains in the system in the form of ashes and other forms 
of residues (Wiszniowski et al., 2006). According to a survey, most developed 
countries chose sanitary landfills as an effective means of solid waste disposal 
(Das et al., 2019). Out of these means of solid waste elimination, landfilling is 
considered the most cost-effective and environmentally friendly approach. A 
landfill is the economical method of ultimate disposal of solid waste, which is 
practiced worldwide. Capital cost and extent of environmental exploitation of 
landfill method is minimum amongst other methods of waste management and 
disposal. Landfill contains a variety of solid wastes and residues generated at 
the incineration plant. It allows waste decomposition in a slow and controlled 
manner with minimal environmental pollution.

However, the generation of leachate from the sanitary landfill of solid waste 
is considered a major concern regarding the negative impact on environmental 
quality. Landfill leachate is an aqueous effluent generated from landfill. Leachate 
is composed of internal water in waste, water generated by biodegradation of 
waste, and rainfall water precipitation over landfill areas.
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The composition and contaminants of solid waste depend on the solid waste 
filled in the landfill, waste composition, age of the landfill, and ambient climatic 
conditions (Bandala et  al., 2021). Leachates mainly contain biodegradable 
organic matter, refractory organic matter, humic-type substances, chlorinated 
organic and inorganic salts, heavy metals, and ammonia-nitrogen (Renou et al., 
2008).

Among the different pollutants, there are nitrogen compounds that can be 
inorganic (ammonium ion, nitrite, and nitrate) and organic nitrogen compounds 
present in the landfill leachate, which is a serious concern regarding leachate 
pollution. To reduce nutrient emissions, treatment of such leachate has become 
a significant problem because high ammonia concentration cannot be removed 
by conventional biological treatments. Generally, ammonia concentration does 
not decrease with the landfill age (Miao et al., 2019). Hence pre-treatment/post-
treatment before biological treatment or modification in biological treatment is 
required to reduce the ammonia content.

5.2 LANDFILL LEACHATE
Landfill leachate is an aqueous effluent that has percolated through solid waste 
contained in the landfill. This is the liquid produced by the biodegradation of 
wastes, precipitation over an uncapped landfill, or the natural moisture in solid 
waste; it contains dissolved salts, dissolved organic matter (DOM), and other 
organic substances (Teng et  al., 2021). This aqueous effluent is rich in non-
biodegradable organic substances, biodegradable organic substances, heavy 
metals, inorganic salts, and ammonia nitrogen (Haslina et al., 2021).

5.2.1 Formation
The volumetric flow rate and chemical composition of the leachate are the 
two factors that characterize it (Lema et al., 1988). The volumetric flow rate is 
related to the quantity of leachate generated, and composition is related to the 
quality of leachate. The volumetric flow rate depends on climatic conditions 
and the nature of the waste itself, whereas the composition of leachate depends 
on the physical, chemical, and biological properties of leachate.

Leachate is considered the most harmful by-product of landfill operation. 
Moreover, the design of treatment facilities and operation of the leachate 
treatment plant required data on the leachate amount entering the treatment 
plant. The quantity of leachate generated in a landfill is directly related to the 
quantity of infiltrating water through the landfill. Leachate generation mainly 
depends on the following factors (Abunama et al., 2019; Segweni, 2017):

(a) Composition of solid waste,
(b) The amount of moisture included in waste,
(c) The age and nature of the landfill,
(d) The climatological circumstances,
(e) Compaction rate,
(f) Hydrology of site,
(g) Geology of site.

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



90 Landfill Leachate Management

Based on prediction complexity and result accuracy, several approaches 
have been developed to quantify the generated amount of leachate. Out of 
those approaches, the water balance method (WBM) is considered a simpler 
approach used in various studies (El-Fadel et al., 1997; Fenn et al., 1975).

In addition, the hydrologic evaluation of landfill performance (HELP) model 
is used for evaluating water balance and other disposal methods for landfill. In 
developing countries, the unavailability or deficiency of accurate data makes 
the WBM approach the most reliable leachate quantification model (Abunama 
et al., 2019).

5.2.2 Composition
In the early stages, the waste of landfill is degraded aerobically due to the 
presence of oxygen which is held up in the waste. As soon as oxygen is depleted, 
anaerobic degradation starts. The anaerobic degradation cycle typically consists 
of three steps: acid fermentation, intermediate anaerobic phase, and anaerobic 
degradation. In young leachate, acid fermentation happens quickly. At this stage, 
aerobic processes predominate, producing a significant amount of volatile fatty 
acids (VFAs). Because oxygen-depleted landfills become more acidic, hence 
young leachate is highly biodegradable (Rathnayake & Herath, 2018). When 
VFAs are reduced, and ammonia is released during the intermediate anaerobic 
phase, methanogenic bacteria begin to multiply. Finally, anaerobic degradation 
occurs in the old leachate of the mature landfill, but the degradation process is 
negligible due to the presence of compounds that cannot be treated biologically.

Conventional criteria, such as pH, chemical oxygen demand (COD), 
biochemical oxygen demand (BOD), total organic carbon (TOC), suspended 
solids, ammonium-nitrogen (NH N4

+ − ), and heavy metal concentrations are 
typically used to characterize landfill leachate. The percentages of the BOD5/
COD ratio and the COD/TOC ratio are two common markers of biodegradability 
(Teng et al., 2021).

The operational conditions, waste type, climate, hydrogeology, and age of 
the landfill are some of the elements that affect the quality of the leachate that 
is produced by landfills (Dabaghian et al., 2018). The age of a landfill is a major 
factor that can influence the composition and the qualities of landfill leachate.

According to the age of the landfill, the leachate that is collected can be 
separated into three categories, young leachate (<5 years); medium leachate 
(5–10 years); and mature leachate (>10 years) (Miao et al., 2019). Young leachate 
shows higher biodegradability as compared to mature leachate. Another 
important contaminant in landfill leachate is ammonia. Table 5.1 shows the 
typical composition of landfill leachate.

Leachate from mature landfills has a high ammonia concentration, which 
does not often diminish with landfill age (Teng et al., 2021). Because of high 
concentrations of ammonia and organic compounds, landfill leachate can cause 
severe contamination. Humic and fulvic acid are refractory molecules that 
remain after biodegradable organic components have been completely degraded.

It is important to note that concentrations of heavy metals have a tendency to 
decrease with aging since the higher pH value tends to reduce the solubility of 
metals. DOM can also be subdivided into fractions that are biodegradable and 
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non-biodegradable. Non-biodegradable fractions are predominately composed 
of humic chemicals (Iskander et al., 2018). Condensation and polymerization 
of the by-products of microbial degradation are the processes that lead to 
the formation of these compounds. On the other hand, the vast majority of 
the organic matter that can be broken down into smaller components by 
biodegradation is produced during the early phases of the decomposition 
of organic waste materials. Utilizing biological treatment approaches will 
allow for the effective elimination of this. Emerging organic contaminants 
(EOCs), such as endocrine-disrupting chemicals, persistent organic pollutants, 
pharmaceutical, and personal care products, antibiotic resistance genes, and 
disinfection by-products, have received a great deal of attention in recent years 
due to their detrimental effects on human health and the environment (Teng 
et al., 2021).

5.3 ENVIRONMENTAL IMPACT OF LEACHATE
The sources of landfill emissions are as follows: solid wastes as they are 
transported to the site; transportation emissions; wastes blown by the wind; 
surface dust; landfill gas; and leachate created (Vaverková, 2019a). Landfilling 
is considered an effective disposal method of solid wastes (Chakravarty & 
Kumar, 2019); however, for many reasons landfilling is placed in the least 
preferred method for the integrated solid waste management system. These 
reasons are:

(a) Only a limited amount of waste may be dumped in landfills, and the period 
of landfill reclamation could run for hundreds of years (Białowiec, 2011).

(b) The adverse effect of biogas and leachate on the environment and 
human health.

(c) In many countries, unsorted waste is dumped.
(d) The ‘not in my backyard (NIMBY)’ syndrome for the adjacent areas is 

primarily brought on by adverse odor and air pollution in the majority 
of landfills across the world (Weng et al., 2015).

Table 5.1 Landfill composition vs. age.

SN. Type of Leachate Young Leachate Medium Leachate Mature Leachate

1 Age (years) <5 5–10 >10

2 pH <6.5 6.5–7.5 >7.5

3 NH mg/LN4
+ − ( ) <400 — >400

4 COD (mg/L) >15,000 3,000–15,000 <3,000

5 BOD/COD 0.5–1 0.1–0.5 <0.1

6 TOC/COD <0.3 0.3–0.5 >0.5

7 Biodegradability High Medium Low

8 Organic 
compounds

80% VFAs 5–30% VFAs + humic 
and fulvic acid

Humic and 
fulvic acid
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The environment is made up of a variety of elements that surround one. It 
could include the soil, water, and air environments. Human beings are also an 
integral part of the environment as well. Hence, major environmental damages 
are discussed below.

5.3.1 Leachate impact on soil
Soil pollution is caused by the movement of leachate first through wastes 
dumped in the landfill and then the migration of leachate to the soil. Some 
important points are discussed here (Daniel et al., 2021):

(a) Leachate may contain harmful materials, heavy metals, electronic trash, 
medicinal drugs, and so on. The soil becomes a contaminant sink as a 
result of the migration of these toxic compounds (Şchiopu et al., 2009).

(b) Leachate contains heavy metals such as lead and copper and has a 
detrimental effect on the microbial diversity, population size, and 
general activity of soil microbial communities (Hong et al., 2002).

(c) Leachate from landfills can harm soil quality and safety, contaminate 
the food supply, and endanger long-term health.

(d) Leachate modifies the soil composition, promotes abnormal growth of 
plants, and affects the local economy by having a negative impact on 
tourists.

5.3.2 Leachate impact on water
Landfill leachate severely damages the quality of groundwater and surface 
water quality some important points are discussed here (Daniel et al., 2021; 
Segweni, 2017).

(a) Leachate contains heavy metals, nitrogen species, chlorinated 
hydrocarbon phenols, cyanides, and bacteria, among others which 
affect the groundwater quality.

(b) The ecological balance of the aquatic environment may be severely 
impacted by surface or groundwater contamination, and the diversity of 
aquatic creatures is constrained as contamination levels rise.

(c) Electronic waste dumping makes water unsuitable for drinking purposes 
as it contains heavy metals such as cadmium and lead.

(d) Leachate from landfills includes a high ammonia content. Problems 
associated with a high concentration of ammonia include reduction in 
dissolved oxygen in water bodies, eutrophication in surrounding water 
bodies, toxic to aquatic life if a concentration of ammonia is higher than 
1 mg/L.

5.3.3 Leachate impact on air
One of the major detrimental reasons for environmental health damage is 
landfill gases (LFG). A major part of LFG consists of methane ( CH4 ) and 
carbon dioxide ( CO2 ). However, the small concentration of hydrogen sulfide, 
mercury vapors, and volatile organic compounds (VOCs) are also present in 
small concentrations (Ozbay et al., 2021).
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Some important points are discussed here (Daniel et al., 2021; Segweni, 2017):

(a) LFG extraction is essential since the gases pose a threat of explosion. 
Additionally, exposure to these gases may endanger the surrounding 
population.

(b) LFG can increase the global temperature.
(c) The leachate pollutes the air by promoting a bad smell at the site and in 

the surrounding area.

5.3.4 Leachate impact on human health
Numerous studies have demonstrated the detrimental health effects that 
uncontrolled landfills have on the surrounding population. It is a combined 
effect of air, water, and soil pollution. Some of them are discussed here (Lin 
et al., 2009; Ozbay et al., 2021; Segweni, 2017).

(a) The migration of gases, particles, and chemicals that attach to the air 
near landfills may be a cause of chemical contamination in the air.

(b) Health concerns like respiratory problems, skin irritations, 
gastrointestinal issues, exhaustion, headaches, and psychiatric disorders 
are more common in areas near uncontrolled landfills.

(c) Low birth weight (<2,500 g), fetal and newborn mortality, spontaneous 
abortion, and the prevalence of congenital disabilities are some of the 
reproductive impacts associated with landfill sites (Rushton, 2003). 
High risk of gastrointestinal, esophageal, stomach, colon, and rectal 
cancers are also encountered (Griffith et al., 1989; Rushton, 2003).

(d) Ammonia inhalation directly may result in a number of respiratory issues, 
such as tracheobronchitis, bronchiolitis, laryngitis, bronchopneumonia, 
and pulmonary edema.

5.4 NITROGEN REMOVAL
As far as the treatment of any wastewater is concerned, there are five forms 
of nitrogen that will be considered for treatment purposes: Organic nitrogen 
(complex mixture of amino acids, amino sugars, and proteins), ammonia-
nitrogen (NH3–N), ammonium-nitrogen (NH N4

+ − ), nitrite nitrogen (NO N2
− − ),   

and nitrate nitrogen ( NO N3
− − ). Landfill leachate comprises a variety of 

contaminants, including NH3–N, which is particularly concerning due to its 
high concentration in leachate. Due to the high concentrations of COD and 
nitrogen content, treatment of landfill leachate is extremely difficult and 
typically necessitates a number of process applications. Nitrogen is found in 
high percentages in the majority of landfill leachates and over the period of the 
landfill’s life (Drafts, 2021). High COD concentrations can be treated well by 
anaerobic biological treatment systems; however, biological treatment systems 
are inhibited by high ammonium concentrations. As a result, ammonium pre-
treatment is crucial.

Leachate from landfills is often treated nitrogen using a combination of 
physical, chemical, and biological methods, with performance varied depending 
on dump age. Biological treatment is successful for young leachate (<5 years) 
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but not for mature landfill (>10 years). Physico-chemical approaches generally 
work better in mature landfills (Bandala et  al., 2021). Various physical and 
chemical treatments are used either as a pre-treatment/post-treatment of 
biological treatment or as a total replacement biological treatment. The COD, 
BOD5/COD ratio, and age of the landfill are used to assess the types of 
treatment methods that are most appropriate for landfills leachate. Landfill 
leachate treatment technologies for nitrogen removal are shown in Figure 5.1. 
The complexity of leachate treatment makes universal solutions for treatment 
impossible. Every technology has its own advantages and disadvantages. It is 
advisable that in addition to analyzing the leachate’s composition, volume, and 
treatment susceptibility, consider the costs of potential treatments also.

5.4.1 Biological treatment
5.4.1.1 Nitrification–denitrification
The conventional biological treatment of ammonia is nitrification–
denitrification process. Nitrogen present in landfill leachate is in an aqueous 
form, that is, ammonium ion ( NH4

+ ) and the remaining organic nitrogen is 
converted into NH4

+  through hydrolysis and ammonification processes. This 
NH N4

+ −  is converted into NO N2
− −  in the presence of oxygen by ammonia-

oxidizing bacteria (AOB). AOB is an aerobic autotrophic bacteria. Further, 
NO N2

− −  is converted into NO N3
− −  in the presence of oxygen with the help 

of nitrite-oxidizing bacteria (NOB) (Figure 5.2). The above process can be 
presented as follows:

NH 1.5O NO H H O
AOB

4 2 2 22+ − +→ + ++  
(5.1)

NO O NO
NOB

2 2 30 5− −→+ .  
(5.2)

Figure 5.1 Leachate treatment technologies for nitrogen removal.
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A combination of the above two reactions shown in equations is termed 
nitrification. The nitrogenous matter is used as an electron donor, and oxygen 
is used as an electron acceptor. As nitrification is an autotrophic process, 
nitrifying bacteria have a slow growth rate (Berge et al., 2005). When developing 
nitrification as a method of leachate treatment, this must be taken into account, 
as sufficient detention time must be provided to allow for bacterial growth, with 
average hydraulic residence times for nitrification ranging from 1 to 5 days 
(Yusof et al., 2010). Various factors, including dissolved oxygen concentration, 
alkalinity, pH, and temperature, affect the nitrification process.

Denitrification is a process where denitrifying bacteria convert NO N3
− −  to 

NO N2
− −  and, ultimately, molecular nitrogen gas (N2). This reaction proceeds 

under anoxic conditions. Denitrifying bacteria are heterotrophic in nature. 
During denitrification, the end product of N2 escapes the leachate, lowering 
the nitrogen level of the leachate if denitrification progresses to completion. 
Conversion from nitrite to nitrogen gas is shown in the equations shown below 
(Berge et al., 2005)

NO e H NO H O3 2 22 2− − + −+ + → +  (5.3)

NO e H NO H O2 22− − ++ + → +  (5.4)

2 2 2 2 2NO e H N O H O+ − ++ → +  (5.5)

N O e H N H O2 g+ + → +− +
( )2 2 2 2

 
(5.6)

Figure 5.2 Biological treatment technologies for nitrogen removal.
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As shown in the above equation NO N3
− −  produced from the nitrification 

process is used as an electron acceptor here, and carbon source as an electron 
donor. For denitrification to take place, there must be enough organic carbon 
present. While older leachates with low organic content may need an additional 
source of organic carbon, young leachates high in VFAs have enough organic 
carbon to support the growth of denitrifying bacteria (Price et al., 2003). Since 
denitrification is an anoxic process, excessive dissolved oxygen might inhibit it 
(Qu et al., 2015). For optimal denitrification, the dissolved oxygen concentration 
should be between 0.5 and 1.3 mg O2/L (Medhi et al., 2017).

5.4.1.1.1 Disadvantages of nitrification–denitrification
However, this treatment method has certain operational drawbacks, such 
as high energy requirement in aeration, high greenhouse gas emission, the 
expensive cost of an additional carbon source, and a large area requirement, 
which hinders its widespread adoption. The low COD/N and BOD5/COD 
ratios in mature landfill leachate are incompatible with the nitrification and 
denitrification processes (Deng et al., 2022).

Due to the oxygen present during nitrification, autotrophic bacteria can 
transform the organic molecules in raw wastewater into CO2. Consequently, 
there is no carbon source for more denitrification. This disturbs the normal 
nitrification–denitrification process, leading to the loss of carbon sources and 
energy as well as high disposal costs. Therefore, mature landfill leachate with 
a low COD/N ratio and a low BOD5/COD ratio is incompatible with standard 
nitrification–denitrification procedures.

5.4.1.2 Nitritation–denitritation
In the nitrification–denitrification process, the conversion of NO N2

− −  into 
NO N3

− −  and NO N3
− −  into NO N2

− −  requires more energy and carbon 
sources from the landfill leachate. If nitrification could be managed in the first 
step, when NH N4

+ −  is only oxidized to NO N2
− −  and not further oxidized 

to NO N3
− − , denitrification process may use nitrite ions ( )NO2

−  in place of 
nitrate ions NO( )3

− . This biochemical reaction is called partial nitrification or 
nitritation (Figure 5.2). Nitritation or partial nitrification is the mechanism 
controlling the oxidation of NH N4

+ −  to NO N2
− −  alone, and for denitritation 

this NO2
−  is used as an electron acceptor. The chemical reactions for nitritation–

denitritation process are shown in equations (5.7) and (5.8).
The nitritation–denitritation method provides a number of benefits. First, 

energy can be conserved by reducing aeration use by 25%. Second, the 
procedure lowers expenses by 40% by lowering the carbon source utilised for 
denitrification. Third, both nitritation and denitritation have the potential to 
significantly reduce sludge production, which will make sludge disposal easier. 
Fourth, shorter reaction time reduces the volume of reactors and saves space 
requirements (Miao et al., 2019).

NH NO H H OO4 2 221 5 2+ − ++ → + +.  (5.7)

2 6 6 2 22 2 2NO H e OH N H O− + − −+ + → + +  (5.8)
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Achieving stable nitritation is important for the nitritation–denitritation 
process. The following aspects should be considered for ammonia to nitrite 
conversion (Miao et al., 2019).

(a) On a large scale, partial nitrification is accomplished by preventing 
NO N2

− −  oxidation. From a micro-aspect, the NO N2
− −  accumulation 

is maintained by accelerating AOB growth and activity and limiting 
NOB growth and activity. NOB claimed to have a lower rate of growth 
than AOB. Therefore, limiting SRT could contribute to reducing the 
number of NOB bacteria (Regmi et al., 2014).

(b) According to some research, AOB has a greater affinity for oxygen than 
NOB; hence, low dissolved oxygen concentrations could limit NOB 
activity and growth (Liu et al., 1997).

(c) AOB activity can be accelerated rather than NOB by factors including 
high pH, high-temperature conditions, and high influent nitrogen 
content, which is advantageous for nitrite accumulation.

5.4.1.3 Nitritation–endogenous denitritation
The nitritation–endogenous denitritation treatment is based on intracellular 
polymer storage. It is able to make effective use of organic components in 
landfill leachate and remove nitrogen without adding external carbon sources. 
Phosphorous accumulating organisms (PAOs) and glycogen accumulating 
organisms (GAOs) both work on the same principle that they store carbon 
and convert it into polyhydroxyalkanoates (PHAs) in the cell and use it when 
external carbon source is not available. GAOs could play an important role 
in endogenous denitrification to remove nitrogen content with no need for 
external carbon sources (Miao et  al., 2019). Nitrogen from landfill leachate 
may be removed through endogenous denitrification by increasing the number 
of GAOs (Figure 5.2). Using the nitritation–endogenous denitrification process, 
young and medium landfill leachate, which often contains large amounts of 
biodegradable organics with a high COD/N ratio and a low P/COD ratio, can 
be effectively treated (Miao et al., 2019).

To remove nitrogen, the nitritation–endogenous denitritation method may 
completely use the organics in raw landfill leachate. This results in a longer 
reaction time than with conventional procedures (Miao et al., 2015), but it can 
minimize or eliminate the demand for external carbon sources and energy usage 
for aeration, hence reducing operational expenses. In addition, the generation 
of sludge could reduce as a result of endogenous metabolism (Miao et al., 2019; 
Wang et al., 2015).

5.4.1.4 Anammox
Under anaerobic conditions, NH N4

+ −  is oxidized by NO2
−  (as an electron 

acceptor) to produce N2 and a small amount of NO N Fig3 5 2− − ( ). . , as shown in 
equation (5.9) (Kuenen, 2008).

NH NO HCO H N

NO CH O N

4 2 3 2

3 2 0 5 0

1 32 0 132 0 512 1 02

0 26

+ − − +

−

+ + + →

+ +

. . . .

. . .. .5 22 19+ H O  
(5.9)

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



98 Landfill Leachate Management

First, the approach minimizes oxygen uptake by 60% since only around 50% 
of the NH N4

+ −  in the influent must be converted into NO N2
− −  as opposed 

to NO N3
− −  (Ma et  al., 2016). Second, the technique can save 100% of the 

carbon source used to extract nitrogen because nitritation and anammox are 
autotrophic. Third, the slow development of anammox bacteria substantially 
minimizes sludge generation, hence reducing sludge disposal expenses. 
Anammox bacteria do not create nitrous oxide (NO2) during their metabolic 
processes (Miao et al., 2019). This reduces emissions of greenhouse gases.

However, the anammox technique has downsides as well. The anammox 
procedure, for instance, involves a lengthy accumulation period and SRT. It 
delays the start-up of the anammox system (Miao et  al., 2019). Oxygen and 
organic compounds are two additional variables that are unfavorable to 
anammox. In order to sustain the anammox process, it is necessary to create 
the appropriate reaction conditions. Difficulty obtaining NO N2

− −  in a stable 
manner, theoretically, 11% of the NO N3

− −  produced in the anammox process 
leads to the failure of the effluent total nitrogen (TN), requiring additional 
treatment. Usually, the concentration of ammonia nitrogen in mature landfill 
leachate is greater than 2,000 mg/L. However, a very high quantity hinders the 
activity of anammox microbes. The actual inhibitor is not NH N4

+ − , but rather 
the free ammonia nitrogen (Deng et al., 2022).

5.4.2 Physical treatment
5.4.2.1 Reverse osmosis
Reverse osmosis (RO) is a membrane filtration method. The membrane filtration 
process is a separation technique that makes use of a thin semipermeable 
membrane that, through the pressure gradient, prevents the passage of 
particles and dissolved components in water or wastewater from influent into 
effluent streams. Unlike biological approaches, it divides contaminants into 
two streams: a purified stream known as permeate and a non-purified stream 
known as concentrate. Membrane procedures separate various components 
in a solution through a form of filtration; more precisely, they separate them 
according to the size of the component that needs to be separated.

When a semipermeable membrane separates two solutions, water from the 
less concentrated side permeates to the most concentrated side. The side that was 
initially most concentrated experiences additional pressure. Less than 0.0001 
µm is the membrane’s pore size (Adam et al., 2019). Water can pass through 
the semipermeable membrane by applying pressure to the side with a higher 
osmotic pressure, according to the RO principle. Two types of membranes, 
cellulose acetate (diacetate and triacetate) and aromatic polyamide, are 
typically employed in the use of RO. Pressure, pH, and membrane type are the 
most crucial operational variables. A non-volatile compound is created when 
the ammonia on the shell side combines with the acid on the other interface by 
diffusing from the bulk solution to the interface between the feed solution and 
the membrane (Karri et al., 2018).

Thus, the membrane eliminates contaminants such as NH N4
+ − . It is 

the most promising treatment method because of its exceptional ability to 
remove heavy metals, suspended and dissolved particles, organic materials, 

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



99Nitrogen removal from landfill leachate

and dissolved inorganic species from leachate. Membrane-based approaches 
have certain exceptional qualities, including minimum space occupation, 
large volume loading, good effluent quality, and strong disinfection power. 
The RO system uses a variety of membrane configurations, including tubular, 
spiral wound, frame, plate, and so on (Adam et  al., 2019). However, there 
are many disadvantages associated with RO system (Cossu et al., 2018; Teng 
et al., 2021).

5.4.2.1.1 Disadvantages of RO system
(a) Membrane fouling is produced by the deposition of organic, inorganic, 

or biological substances on the membrane surface or pores. Membrane 
fouling can significantly limit the lifetime of membrane modules and 
result in high operating conditions.

(b) Membrane-concentrated landfill leachate is produced in large quantities.
(c) Retention of small molecules such as ammonia and small halogenated 

organic compounds (AOX) are not entirely acceptable.
(d) As a result of strong operational pressures, energy consumption is high.
(e) The cost of solid residue storage is high.

5.4.2.2 Evaporation
Evaporation, which can happen naturally or can be accelerated by site 
operations, is one possible way to reduce the amount of leachate that needs 
to be handled. By significantly reducing nitrogen concentrations and allowing 
the recovery of a highly concentrated ammonia distillate solution, evaporation 
followed by ammonia condensation is considered an effective process for 
treating landfill leachate. Leachate evaporation is a method for reducing 
volume, concentrating solids, and promoting ammonia and organic chemical 
volatilization (Schwarzwälder Sprovieri et  al., 2020). NH N4

+ − , which may 
be converted into NH N3 −  and then recovered by condensation is a crucial 
component in this process. The amount of leachate that has to be treated has 
been decreased through leachate evaporation. There are direct processes and 
indirect mechanisms for evaporation. When using direct methods, the leachate 
and high-temperature gas come into direct contact. In contrast, energy is 
transported into the leachate using a heat exchanger when indirect evaporation 
procedures are used. In ponds, natural evaporation is influenced by a number 
of variables, including temperature, relative humidity, solar radiation, and pond 
surface area. Physical systems, such as complex evaporation towers or droplet 
sprayers, can also improve evaporation. These methods may assist in reducing 
the amount of leachate, but depending on the type of system, cost of standard 
treatment, and operational costs connected with each, they may ultimately 
prove to be more complicated or expensive than typical leachate treatment. 
Physical technologies include sprinkler/droplet sprayer systems, mechanical 
vapor recompression, wind-enhanced systems, and heat-based evaporators. To 
accomplish considerable and high pollutant removal, evaporation is a common 
treatment procedure that is used in combination with other processes such as 
reverse osmosis and filtration (Drafts, 2021).
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Applications for recovered ammonia from landfill leachates include 
precipitated magnesium ammonium phosphate (MAP), a multi-nutrient fertilizer 
(Li & Zhao, 2003). Due to its high refrigerant power and low stratospheric ozone 
depletion potential, ammonia is used as a source of nitrogen in the production of 
neutralizing agents for the oil industry and industrial refrigeration gas systems, 
as well as raw material in the production of explosives, cigarettes, and nitric 
acid. This allows for the avoidance of the use of organic chlorofluorocarbons in 
large refrigeration machines (Schwarzwälder Sprovieri et al., 2020). However, 
this process has some downsides also.

5.4.2.2.1 Disadvantages of evaporation
(a) The process is quite slow.
(b) It occupies a lot of space.
(c) Water temperature and humidity both affect efficiency.
(d) VOCs evaporate and cause air pollution.

5.4.2.3 Ammonia Stripping
Ammonia stripping is one of the important nitrogen removal methods. Using 
a simple desorption process to reduce the ammonia concentration, ammonia 
removal using air or steam stripping provides a simpler and more affordable 
solution. It involves forcing air through a liquid phase to remove one or more 
volatile components from the liquid phase (Metcalf & Eddy, 2003). This 
approach relies on encouraging non-ionized ammonia volatilization, which is 
generally accomplished by increasing the leachate’s contact with the air and by 
increasing pH (Santos et al., 2020).

As shown in equation (5.10), NH N3 − , which is volatile, and NH N4
+ −  are in 

equilibrium in wastewater.

NH H O NH OHg aq aq3 2 4( ) ( )
+

( )
−+ +�

 
(5.10)

The effluent pH directly affects this chemical equilibrium. Typically, crude 
leachate has a pH below 7.5 (Costa et  al., 2019). As a result, the pH should 
be raised by adding an alkalinizing chemical species such as lime, adjusting 
the pH to 11 units, and raising the temperature to 25°C in order to promote 
the volatilization of NH N3 − , which at pH 9.25 is 50% ionized (i.e., NH N4

+ − ) 
and 50% free i e NH N( . ., )3 − . Therefore, the percentage of free ammonia will 
increase to 99%. According to this characteristic, the air stripping process 
occurs when a liquid effluent containing free-form ammonia comes into contact 
with a driven air stream, hence transforming it from a liquid to a gas phase 
(Metcalf & Eddy, 2003). However, there are some drawbacks to this method 
as well.

5.4.2.3.1 Disadvantages of ammonia stripping
(a) Demands a large stripping tower due to foaming when NH N4

+ −  in raw 
leachate is stripped out.

(b) Excessive time and energy use.
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(c) Scanning and fouling on packaging
(d) Operates at a particular pH, flow rate, and temperature.
(e) The release of NH N3 −  into the atmosphere could result in severe air 

pollution if ammonia cannot be adequately absorbed.
(f) The scaling of the stripping tower is formed by calcium carbonate when 

lime is used to regulate pH. This scaling may cause severe operation and 
maintenance problems.

5.4.3 Chemical treatment
5.4.3.1 Chemical precipitation
To eliminate high concentrations of NH N4

+ − , chemical precipitation is 
frequently employed as a pre-treatment method. The removal of heavy metals 
and NH N4

+ −  is frequently accomplished by the use of chemical precipitation 
as a pre-treatment method. A highly capable, cost-effective, and simple process 
of chemical precipitation has been widely used to treat landfill leachate. 
When treating leachate, struvite, or MAP, and lime are frequently used as the 
precipitants for NH N4

+ −  precipitation. Chemical reactions take place during 
chemical precipitation to transform the dissolved ions in the solution into the 
insoluble solid phase. Eventually, the NH3 in the water will agglomerate, settle, 
and form insoluble chemical precipitation of NH4

+ .
Equal molar amounts of magnesium, ammonium, and phosphorus build up 

the white crystalline substance of MAP. The reaction is shown below (Adam 
et al., 2019)

Mg PO NH H O MgNH PO 6H O

pK C
4 4 2

s

2
4
3

4 26

12 6 25

+ − ++ + +

=↓

� �
�. ( )  

(5.11)

Equations (5.12), (5.13), and (5.14) can be used to calculate the estimated 
amount of chemicals required to cause the NH4

+  to precipitate (Adam et al., 2019).

MgCl H O Na HPO H O NH

MgNH PO H O NaCl
2 2 2 4 2

4 4 2

⋅ + ⋅ +

⋅ ↓ +→

+6 12

6 2
4

 
(5.12)

MgO H PO NH MgNH PO H O H O3 4 4 4 2 2+ ⋅ ↓ ++ →+4 6  (5.13)

Ca H PO H O MgSO H O

NH MgNH PO H O CaSO

2 4 2 2 2

4 4 2 4

( )
→

⋅ + ⋅

+ ⋅ ↓ + ↓+

4

4

7

6  (5.14)

MAP is quickly isolated from the aqueous phase and has a low water 
solubility (0.169 g/L at 25°C). Since MAP has a molecular weight of 245 g/mol, 
the removal of 1 g of NH N4

+ −  should theoretically result in the precipitation of 
17.5 g MgNH4PO4·6H2O. The molar ratio of Mg NH PO2+ : :4 4

3+ −  for the effective 
removal of NH N4

+ −  was discovered to be 1.15:1:1 (Adam et al., 2019). There 
are, however, drawbacks to this method (Teng et al., 2021).

5.4.3.1.1 Disadvantages of chemical precipitation
(a) A poor COD removal efficiency.
(b) A high pH dependence.
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(c) Large quantities of precipitants are required.
(d) The production of a large amount of sludge.

5.4.3.2 Adsorption
The transfer of organic materials from a liquid phase to the surface of a solid 
phase is known as adsorption. Fundamentally, adsorption is a mass transfer 
process. Adsorption is the process by which molecules in an aqueous solution 
are bound to adsorbents with a high internal surface area. The substance that 
provides the surface for adsorption is known as an adsorbent, whereas the 
species being adsorbed is known as an adsorbate. Adsorption is one of the most 
efficient and promising post-treatment methods for removing NH N4

+ −  from 
landfill leachate. In terms of configuration and operation, it is less complicated 
and more cost-effective.

Physical and chemical adsorption are two types. Weak van der Waals 
forces of attraction between the adsorbent and adsorbate result from physical 
adsorption. Chemical absorption, on the other hand, happens when the 
adsorbent and the adsorbate form a chemical bond.

Adsorption by a solid is influenced by a number of elements, including 
surface area, the nature of the adsorbent and adsorbate, the pH of the solution, 
the distribution of the adsorbent’s pore size, temperature, and mixed solutes 
(Segweni, 2017).

Leachate from landfills has been treated using adsorbents having a large surface 
area, microporous structure, surface reactivity, and thermostability. Adsorbents 
used in wastewater treatment might come from either industrial production or 
natural sources. Typical natural adsorbents include natural zeolites, clay minerals, 
and biopolymers. Activated carbon, chitosan, activated alumina, and silica gel are 
some of the adsorbents that are manufactured commercially. Activated carbon, 
biochar, and zeolite are commonly used adsorbents (Teng et al., 2021). Despite 
these facts, there are a few drawbacks associated with this method.

5.4.3.2.1 Disadvantages of adsorption
(a) The requirement for adsorbent regeneration and
(b) High absorbent consumption levels.

5.4.3.3 Ion exchange
Ion exchange procedures are reversible chemical reactions that remove 
dissolved ions from solutions and replace them with additional ions that have 
similar charges. Ions are exchanged using this technique between an aqueous 
solution and a solid known as a resin bed or ion exchanger. It develops a strong 
affinity for NH4

+  and a powerful removal capability. It is additionally a simple, 
inexpensive, and sustainable operation.

The NH4
+  is intended to take the place of the exchanger cation (A+) through 

the reversible process. The ion-exchange process between the exchanger and 
ammonia is as follows:

( )( ) ( ) ( ) ( ) ( ) ( ) ( )M-A+ s Ammonium  aq M Ammonium  s A  aq+ + ↔ − + + +  (5.15)
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Equation (5.16) shows the affinity potential of additional cations relative 
to NH4

+ , and some of these cations have an impact on the removal of ammonium 
ions when present in wastewater or landfill leachate (Karri et al., 2018).

Cs K NH Sr Na Ca Fe Al Mg+ > > > > >> > > >+ + + + + + + + +Rb 4
2 2 3 3 2

 (5.16)

The two most common types of resins used to remove ammonium ions from 
wastewater are zeolite and synthetic resins (silica powder) (Prajapati, 2014). 
Common zeolites found in nature include clinoptilolite, mordenite, chabazite, 
heulandite, laumonite, analcite, and erionite (Montalvo et al., 2012). In addition 
to the natural ion exchanger, other investigations have reports on making 
polymeric ion exchangers that comprise hydrated, scattered metal oxides, like 
manganese(IV) oxide (MnO2), hydrated zirconium(IV) oxide (HZrO), iron(III) 
oxide (HFeO), and hybrid cation exchangers (HCE) and anion exchangers 
(HAIX) (HCIX) (Adam et al., 2019). This method does have a few drawbacks 
to it.

5.4.3.3.1 Disadvantages of ion exchange
(a) It is an expensive method due to chemical reagent regeneration costs.
(b) Desorption frequently happens as a result of an equilibrium shift during 

the ion exchange process for reversible chemical reactions, particularly 
when the influent ammonia concentration is less.

(c) Suitable for specific pH ranges.
(d) Limited reusability.

5.4.3.4 Breakpoint chlorination
Widely used breakpoint chlorination is a conventional method that converts 
NH3 into N2. This method is only useful for polishing effluent, not for removing 
large amounts of nitrogen. This procedure involves chlorinating ammonia-
containing water, which initially raises the combined chlorine residual. The 
combined chlorine residual and ammonia concentration then fall together, and 
finally, the free chlorine residual rises and nearly completely removes the NH3 
as N2.

NH3 removal is done in three steps. The first step involves the reaction 
between chlorine and NH3 to form monochloramines (NH2Cl). The second 
step is associated with the reaction between monochloramine and chlorine, 
results in an increment in dichloramine (NHCl2) and the disappearance of NH3. 
The third step involves the appearance of free chlorine after the breakpoint. 
A breakpoint is used as a reference to show the complete removal of NH3. 
Stoichiometrically NH3 to N2 gas requires a Cl2:NH3–N weight ratio of 7.6:1 
(White, 2010).

The chemistry between chlorine and NH3 has been confirmed by numerous 
reviews and research (Wei, 1972; Yoon & Jensen, 1993). According to studies, 
NH3 and chlorine generally react to generate chloramine in the following ways:

NH HOCl NH Cl H O monochloramine23 2+ → + ( )  (5.17)
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NH HOCl NHCl H O dichloramineCl2 2 2+ +→ ( )  (5.18)

NHCl HOCl NCl H O nitrogen trichloride( )2 3 2+ +→  
(5.19)

The design of a breakpoint chlorination system is quite simple. No unique 
design elements are required for the initial reaction between NH3 and 
chlorine other than ensuring thorough, uniform mixing of the chlorine with 
the wastewater. A recommended standard is 10 min of minimum interaction 
time (Stefán et al., 2019). The amount of influent NH3, as well as the level of 
wastewater treatment, determines the size of the chlorine-producing and feed 
device.

5.4.3.4.1 Disadvantages of breakpoint chlorination
(a) If not enough chlorine is added to reach the breakpoint, N2 gas does 

not develop, and any generated chloramines must be eliminated before 
discharge because chloramines are potent disinfectants.

(b) NH3 removal efficiency will be reduced if there are any chlorine-reducing 
compounds present in the leachate.

5.4.3.5 Electrochemical oxidation
Electrochemical oxidation (EO) is an advanced oxidation process (AOP). In the 
EO process, contaminants are eliminated by (a) direct EO, in which organics 
are oxidized by transferring electrons directly to the anode, or (b) indirect 
EO, in which electro-active species are created that serve as mediators in the 
degradation process.

5.4.3.5.1 Direct electrochemical oxidation
Direct electrolysis degrades organic materials in two steps: (1) organic 
pollutants diffuse from the electrolyte’s bulk to the anode surface, where 
they are adsorbed; and (2) organic contaminants are oxidized at the anode 
surface by an electron shuttle (Figure 5.3). Chemical reactions are shown in 
equation (5.20).

R P e→ + −
 (5.20)

where R is the targeted organic pollutant, P is the oxidized organic pollutant.
In direct EO of contaminants, the electrochemical system is operated at a 

very low potential (below the ‘water discharge’ potential) prior to the oxygen 
evolution process. The reaction rate (pollutant oxidation rate) in direct EO 
is normally modest but can vary depending on the electrocatalytic activity 
of the anode materials used. Certain metallic anodes (Pt, Pd, etc.) and metal 
oxide anodes (IrO2, Ir-TiO2, PbO2, and Ru-O2) exhibit considerably higher 
electrocatalytic activity during direct EO, hence accelerating electron transport 
(Deng & Englehardt, 2007; Gautam et al., 2019; Mandal et al., 2017).

This method may, however, enhance the generation of hydroxyl radicals 
adsorbed on the anode surface and then oxidize organics by indirect electrolysis.
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5.4.3.5.2 Indirect electrochemical oxidation
Indirect electrolysis takes place in the potential zone where oxygen evolution 
originates from water oxidation. As a result of oxygen evolution during water 
discharge, intermediate species are produced, which serve as oxidation spots 
on the anode surface (Figure 5.4). Consequently, organics can be oxidized in 
two ways: organic oxidation at the anode surface and organic oxidation in the 
bulk of the electrolyte solution.

Figure 5.3 Schematic diagram of direct electrochemical oxidation.

Figure 5.4 Schematic diagram of indirect electrochemical oxidation.
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Organic oxidation at the anode surface:

Electrolysis conducted at a potential greater than the stability potential of 
water results in the generation of hydroxyl radicals. On the anode’s surface, 
these hydroxyl radicals adsorb.

S H O S OH H[] [ ]+ → + ++2  (5.21)

S OH S RO H eR[ ] []+ → ++ + + −

 (5.22)

where S [ ] indicates adsorption sites for generated hydroxyl radical
R indicates organic pollutants and RO indicates oxidized organic pollutants.

A decrease in current efficiency is a challenge related to pollutant removal 
via indirect hydrolysis, as a part of the given current is used for oxygen 
generation.

S OH H O S O H e[ ] []+ + +→ + + −
2 2 3 3  (5.23)

Oxidation of organics in the bulk of electrolyte solution:

Certain oxidizing agents may also be produced during indirect electrolysis, 
destroying the contaminants in the bulk of the solution. Certain oxidizing 
agents may also be produced during indirect electrolysis, destroying the 
contaminants in the bulk of the solution. The most common electrochemically 
generated oxidants are chlorine (Cl2), hypochlorite (OCl), hypochlorous acid 
(HClO), hydrogen peroxide (H2O2), peroxodisulfuric acid (H2S2O8), HBrO and 
ozone (O3), and so on (Mandal et al., 2017).

5.4.3.5.3 Mechanism for ammonium nitrogen removal
EO primarily results in the formation of chlorine/hypochlorite, which removes 
ammonium nitrogen. There is a competition between COD and ammonium 
nitrogen to get oxidized, so EO can effectively remove the mature landfills.

HOCl NH NH Cl H O H2+ + +→+ +
4 2  (5.24)

HOCl NH Cl NHCl H O2+ → +2 2  (5.25)

H O NHCl NOH H Cl2 2 2 2+ +→ ++ −
 (5.26)

NOH NHCl N HOCl H Cl+ +→ + ++ −
2 2  (5.27)

5.4.3.5.4 Disadvantages of electrochemical oxidation
(a) The polymer layer formed on the anode surface, which has a ‘poisoning 

impact’ on the electrocatalytic property of the anode material, is the 
most significant disadvantage of the direct EO process.

(b) High operational cost for electricity required by all electrochemical 
techniques.

(c) During chlorine-mediated oxidation, the formation of organo-chlorinated 
molecules is likely.
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5.5 CONCLUSION AND PERSPECTIVES
Globally as massive factories and processing industries continue to grow 
over time, an enormous amount of solid waste will be produced. Landfilling 
is considered the most cost-effective and environmentally friendly method 
of ultimate disposal of solid waste, which is practiced worldwide. Treatment 
efficiency, treatment system cost, and environmental implications are the 
three most essential criteria for selecting a suitable treatment technology 
or combination of sustainable treatment technologies for landfill leachate 
treatment. Biological or physical–chemical therapy approaches on their own 
have been shown to be ineffectual. Combining two or more physical–chemical 
treatments would maximize the removal of refractory organic compounds 
from stabilized leachate, whereas biological and physical–chemical treatments 
are necessary for the successful removal of NH N4

+ −  and COD. None of the 
known biodegradation techniques provide a satisfactory solution on their own. 
Therefore, the integration of these technologies should be given substantial 
consideration. As both municipal wastewater and landfill leachate include 
similar contaminants, the novel methods and materials under investigation for 
wastewater treatment can also be used for leachate treatment. However, leachate 
contains increased concentrations of pollutants in varying amounts. Therefore, 
emerging technologies and materials should be handled with caution and 
applied strategically at each treatment stage. By enhancing the physicochemical 
properties of traditional adsorbents, effective leachate treatment can be achieved. 
Enhanced regeneration capabilities would be crucial for application success.
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ABSTRACT

Due to complex chemical composition and high recalcitrance, the treatment of landfill 
leachate becomes challenging. The conventional wastewater treatment processes 
employed to remediate the landfill leachate necessitate huge operation and maintenance 
costs. For more than two decades, constructed wetlands (CWs) have been successfully 
used to treat landfill leachate. These systems mimic the natural wetland process and 
eliminate pollutants from wastewater. For effective landfill leachate treatment, a 
comprehensive understanding of its chemical composition and the quantitative and 
qualitative changes in its characteristics, and the factors that influence them is essential. 
This chapter reviews the pollutant removal mechanisms, application and performance, 
and the factors affecting the performance of the CW systems during landfill leachate 
management. Furthermore, a detailed analysis of the compatibility of various types of 
CWs for landfill leachate treatment has also been incorporated in this chapter.

Constructed wetland, macrophytes, bed material, biodegradation, phytoremediation.

6.1 INTRODUCTION
Rapid economic growth and rising standards of living have contributed to an 
increase in municipal solid waste production. There are numerous ways of 
disposing of municipal solid waste, including landfilling, composting, and 
incineration. Composting municipal solid waste takes a long time and involves 
plenty of work. Disposal through incineration requires high energy which 

Chapter 6

Constructed wetland for 
landfill leachate treatment
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makes the process highly expensive. Owing to the economic benefits and easy 
monitoring, sanitary landfilling has gained widespread acceptance across the 
globe. However, this technique generates a substantial amount of landfill leachate 
(Butt et al., 2014).

Landfill leachate is produced by biological degradation, natural humidity 
and water from residual organic matter, and precipitation entering the landfill 
sites. A significant amount of inorganic and organic constituents can be found 
in leachate generated in landfills, posing a threat to both surface water and 
groundwater resources. Therefore, the exploration of an effective method for 
treating leachate from landfills is crucial.

The use of constructed wetland (CW) as a leachate treatment method has 
received a significant amount of attention and effort because of its low cost and 
potential for on-site application (Akinbile et al., 2012; Dan et al., 2017; Yalçuk & 
Ugurlu, 2020). CW is an energy-efficient and cost-effective method for treating 
wastewater with available resources (Langergraber, 2008). These are the man-
made wastewater treatment systems that simulate the function of a natural 
wetland in which contaminants are removed through physical, chemical, and 
biological processes, which include precipitation, ion exchange, filtration, substrate 
adsorption, microbial decomposition, and plant uptake due to the combined 
effects of microorganism, substrate, and plant (He et  al., 2017). Adjustment of 
leachate composition, selection of appropriate media, arrangement of wetland 
systems, and plant nutrient uptake rate evaluation are the most important factors 
that must be thoroughly investigated to improve the contaminant removal rate of 
CWs treating landfill leachate (Camaño Silvestrini et al., 2019; Cano et al., 2019).

6.2 LEACHATE CHARACTERIZATION
As rainwater percolates through landfill waste, it washes out by-products of 
degraded organic matter and substances deposited in the landfill, creating 
leachates. The physical and chemical composition of landfill leachate is affected 
by a variety of factors, including solid waste composition, climate, landfill age, 
and site hydrogeology. However, leachate typically contains a large number of 
organic materials, nitrogen, phosphorus, heavy metals, and salts. Generally, 

Table 6.1 Landfill leachate characteristics.

Parameters (mg/L) References

pH* TSS COD BOD5 NH3–N NH4
+–N NO2

−–N NO3
−–N TN TP

8.42 685 923.44 686 — — — — — — Akinbile 
et al. (2012)

7.5 458 2037 635 340 — — 11.4  76 12.3 Bakhshoodeh 
et al. (2020)

8.3 417.50 1275.30 257.10 — 303.4 0.4 11.6 411.2 47.8 Saeed et al. 
(2021)

7.9 2720 2800 204.20 — 198.40 —  1.9  5.5 Lavrova and 
Koumanova 
(2010)

*pH is unitless.
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the landfill leachate shows neutral pH. The concentration of ammonia nitrogen 
in municipal solid waste landfill leachate remains as high as 1000 mg/L (Lott 
et al., 2022). Table 6.1 shows the characteristics of various landfill leachate.

BOD5/COD and COD/TOC are the standard indices of the biodegradability 
of organic compounds and the oxidized state of organic carbon, respectively 
(Teng et al., 2021). BOD5/COD ratios in landfill leachates, less than three to 
five years old, can reach as high as 0.7, whereas BOD5/COD ratios in landfills 
that are five to 10 years old are significantly lesser, ranging from 0.3 to 0.5 
(Bakhshoodeh et al., 2020).

6.3 VARIABILITY IN LEACHATE QUANTITY AND QUALITY
Changes in the qualitative and quantitative characteristics of landfill leachate 
are influenced by landfill age, type of landfilled waste, landfilling techniques 
used, and climate (Wojciechowska, 2017). The age of a landfill is a significant 
element that influences the composition and properties of landfill leachate. 
Depending on the age of the landfill, leachate can be classified into three 
groups: young, medium, and old leachate. Young leachate is less than five years 
old, while medium leachate is five to 10 years old. Leachate older than 10 years 
is considered an old leachate (Miao et  al., 2019). Young landfill leachate is 
predominantly made of hydrophilic organic matter with low molecular weight, 
portraying low pH, and high biodegradability index (BOD5/COD). In contrast, 
the primary components of the old landfill leachate are humic acid and fulvic 
acid with high molecular weights, resulting in a lower biodegradability index 
and elevated pH value. Notably, the concentration of heavy metals tends to 
decrease with leachate age since the increase in pH diminishes the metals’ 
solubility (Teng et al., 2021).

Organic matter concentration and biodegradability of the landfill leachate 
depend on the stage of organic matter degradation, which varies with the 
landfill ages. There are three phases of organic matter degradation: aerobic 
degradation, anaerobic degradation, and humic phase (Wojciechowska, 2017).

The aerobic degradation of organic waste produces a large quantity of 
carbon dioxide and water and continues till the depletion of available oxygen, 
a comparatively short process. Recently, the idea of aerobic landfills with air 
injections has received major attention from the researchers. Introducing air to 
the waste tip promotes the aerobic conversion of wastes, which is anticipated to 
increase the degradation rate, shorten the waste stabilization time, and improve 
NH4+-N removal (Fadel et al., 2013).

When available oxygen gets exhausted, the anaerobic degradation phase 
begins, during which sulfates, nitrates, ferric oxide, and manganese oxide 
are used as electron donors. The anaerobic phase can be further subdivided 
into the acidic phase and the methanogenic phase. Labile organic compounds 
like cellulose are broken down during the acidic phase, which results in the 
formation of volatile fatty acids (VFA) and carbon dioxide, which ultimately 
causes an increase in the BOD of the landfill leachate. During this time, organic 
nitrogen undergoes ammonification and the pH shifts slightly towards the acidic 
range. Landfill leachate is rich in both iron and manganese concentrations 
(Wojciechowska, 2017).
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After 10 years, a landfill enters the phase of methanogenesis when VFA are 
mineralized and the pH rises. Biogas containing carbon dioxide and methane 
is produced until the organic matter is depleted. Iron, bound to low-soluble 
sulfides reduces leachate iron concentration. Typically, the methanogenic 
phase is regarded as the final phase of organic waste degradation. The landfill 
reaches the humic phase after approximately 100 years of operation when the 
ultimate stabilization of organic matter is achieved and the humic substances 
are produced as the end product. (Bozkurt et al., 2000).

6.4 TYPES OF CWS
According to the functioning of the water flow regime, CW systems can be 
classified as surface flow constructed wetland (SF CW), subsurface flow 
constructed wetland (SSF CW), and hybrid systems (Figure 6.1). In SF CW, 
water slowly flows above the bed media, creating a free water surface and a few-
centimeter-deep water column (Figure 6.2a). There are two types of subsurface 

Figure 6.1 Types of constructed wetland.

Figure 6.2 Different configurations of CWs: (a) SF CW, (b) HSSF CW, (c) VSSF CW, (d) 
hybrid CW.
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flow CWs: horizontal subsurface flow constructed wetland (HSSF CW) 
(Figure  6.2b) and vertical subsurface flow constructed wetland (VSSF CW) 
(Figure 6.2c). Beds are intermittently loaded in the VSSF CW by employing a 
significant quantity of water throughout the entire bed surface of the wetland. 
Due to pulse-loading, a satisfactory level of oxygen transfer happens in 
VSSF CW, which provides better nitrification (Chowdhury et  al., 2022; Dey 
Chowdhury et al., 2022).

Within the HSSF CW, the wastewater is kept below the surface of the media. 
The wastewater flows horizontally through the bed until it reaches the outlet. 
The supply of oxygen from plants in the HSSF CW is inadequate which results 
in anaerobic condition development in the saturated bed, where anaerobic 
degradation of organic matter and denitrification occurs (Vymazal, 2005). Due 
to the activity of aerobic microorganisms, VSSF CW removes organic matter, 
total suspended solids (TSS), and ammonium ions more effectively than HSSF 
CW, but provides less denitrification (Lavrova & Koumanova, 2010; Yalçuk & 
Ugurlu, 2020). Various types of CWs (SF, HSSF, and VSSF) may be combined in 
series to form a hybrid system (Figure 6.2d) to increase the removal efficiency 
of contaminants, especially nitrogen by providing both aerobic and anaerobic 
conditions (Dey Chowdhury et al., 2022; Wang et al., 2020).

6.5 MECHANISM OF LEACHATE TREATMENT IN THE CW SYSTEM
CWs have been effectively applied for landfill leachate treatment over the 
last few years (Akinbile et  al., 2012). CWs are natural, easy to operate, and 
economical wastewater treatment systems. They are also capable of treating 
wastewater with low biodegradability with significantly greater efficiency than 
the conventional biological processes (Gajewska et al., 2015).

The removal of pollutants by a CW is accomplished through a combination 
of physical, chemical, and biological processes. CWs are defined as engineered 
systems that use natural processes occurring in the presence of macrophytes, 
microorganisms, and soil for the removal, transformation, and degradation of 
pollutants from wastewater in a synergistic manner. Macrophytes play a major 
role in the removal of contaminants (Figure 6.3).

CWs employ a wide range of operations and processes for the removal of 
contaminants. Biological oxidation, sedimentation, and microbial uptake 
remove organic material (BOD), while organic contaminants like pesticides are 
degraded by adsorption, photolysis, volatilization, and biotic processes. Filtration 
and sedimentation are used to get rid of suspended solids, and plant uptake, 
nitrification/denitrification, sedimentation, microbial uptake, and volatilization 
are used for nitrogen removal (Chowdhury et al., 2022; Dey Chowdhury et al., 
2022). In the CW treatment system, nitrogen removal follows a complex matrix 
of biotransformation processes, such as anammox, simultaneous nitrification, 
and denitrification (Hu et al., 2016). Sedimentation, adsorption, filtration, plant 
and microbial uptake, and ultraviolet (UV) degradation are all effective ways to 
remove phosphorus; sedimentation, natural die-off, filtration, UV degradation 
and adsorption cause elimination of pathogens; and removal of heavy metals 
is carried out by sedimentation, adsorption by vegetation, and UV degradation 
(Swarnakar et al., 2022).
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CWs designed for landfill leachate treatment must contend with several 
challenges such as extremely high ammonium concentrations, high 
concentrations of iron, toxicity to hydrophytes, fluctuations of quantity 
(caused by precipitation), and low quality of the landfill leachate, resulting 
from their specific composition, which can inhibit the growth of hydrophytes 
(Kadlec & Zmarthie, 2010). For a CW to work efficiently, raw leachate is 
introduced with some dilution with potable water to acclimatize the plants 
and biofilm to their new conditions. The dilution is increased incrementally 
over time (Lott et al., 2022).

CW systems used for landfill leachate treatment are mostly surface flow 
(SF) or sub-surface flow (SSF). An SF system offers high and reliable treatment 
efficiency and requires a large area and a year-long hydraulic retention time 
(Wojciechowska, 2017). SSF systems accelerate wetland treatment processes 
for a longer period over a smaller surface area. Horizontal sub-surface flow 
(HSSF) systems are easier to run. However, the treatment of the leachate from a 
landfill often shows trivial nitrogen removal efficiency. A VSSF CW is intended 
to increase aeration and enhance the nitrification process (Saeed & Sun, 2012).

The efficiency of treatment in the CWs also depends upon the properties and 
design of the bed (Albuquerque et al., 2009). Mineral substrates have a high 
adsorption capacity, which allows them to perform well in CW. On the other 
hand, plant establishment and growth are encouraged by organic substrates 
due to their enrichment in nutrients and organic content (Wang et al., 2010). 
pH, along with contact time, is one of the most influential factors, governing 

Figure 6.3 Mechanism of contaminant degradation through macrophytes.

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



117Constructed wetland for landfill leachate treatment

the sorption capacity of bed materials. Maintaining an adequate pH level 
prevents metals trapped on substrates from being released back into the system 
(Nehrenheim et al., 2008).

6.6 APPLICATION AND PERFORMANCE OF THE CWS IN TREATING 
LANDFILL LEACHATE
6.6.1 Organic matter
Organic matter in landfill leachate is made up of a complex blend of biopolymers. 
Some of these components, including carbohydrates, proteins and lipids, are 
easily destroyed by microbes (i.e., labile), but hemicellulose and lignin are 
resistant to breakdown (i.e., recalcitrant). A multi-step process degrades the 
biopolymers. The higher values of the influent COD/BOD5 ratio indicate the 
recalcitrant nature of organics present in landfill leachate. In CWs organic 
matter is degraded by aerobic and anaerobic microbial activity as well as 
filtration and sedimentation of particulate organic matter. Generally, the CW 
system follows first-order kinetics during the degradation of the contaminants 
(Vymazal & Kröpfelová, 2009).

COD removal is observed to be less during the initial stage of treatment 
because of the non-acclimatization of the leachate sample and the immaturity of 
the biofilm that plays a major role in the degradation of organic contaminants. 
Adsorption has no significant role in the degradation of organic matter (He 
et al., 2017).

6.6.2 Nitrogen
Since the aggravated concentration of nitrogen leads to eutrophication which 
has detrimental effects on water quality, removing it from landfill leachate is 
of paramount importance. The predominant nitrogen removal pathways in the 
CWs include ammonification, volatilization, nitrification, and denitrification 
(Yalcuk & Ugurlu, 2009).

In subsurface flow wetland systems, ammonification activates the first phase 
of nitrogen transformation if the wastewater to be treated is rich in organic 
nitrogen. Ammonification is a complex biochemical process that releases 
energy in which amino acids undergo oxidative deamination to produce NH3. 
The rate of ammonification doubles for every 10°C rise in temperature (Saeed 
& Sun, 2012). Nitrification is a two-step aerobic process which results in the 
conversion of NH4-N into nitrite nitrogen (NO2-N) which gets converted into 
nitrate nitrogen (NO3-N) in the second step. Due to the insufficiency of oxygen, 
nitrification is inhibited in horizontal subsurface CWs. The aerobic zone is 
formed around the plant roots in planted CWs, but the region slightly beyond 
the root remains anoxic. The presence of both the aerobic and anoxic zone is 
beneficial for the nitrification–denitrification of NH4

+-N.
  Plant rhizosphere aeration may promote aerobic degradation processes, 

resulting in an increase in nitrification and subsequent gaseous losses of 
nitrogen via denitrification, and a decrease in relative levels of dissimilatory 
nitrate reduction to ammonium. Lott et  al. (2022) studied the removal of 
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NH3-N from landfill leachate using various VSSF planted with Typha latifolia 
and Scirpus californicus and found the best removal efficiency of 53.2% in 
the columns planted with Typha latifolia. In the experiment, consumption of 
alkalinity for the nitrification process reduced the pH of the effluent.

Denitrification is dependent on the presence of organic carbon and nitrate 
nitrogen in the system. Environmental factors such as temperature, pH, 
microbial attachment surface area, and dissolved oxygen concentration also 
influence denitrification (Yalcuk & Ugurlu, 2009). The absence of organic 
substrate can impede denitrification due to the lack of growth of the denitrifiers 
(Dey Chowdhury & Bhunia, 2021). In addition, plant litter and plant root 
exudates are reported to continuously add organic carbon to CWs, preventing 
the complete depletion of the organic carbon inside the system.

It is well known that zeolites are attracted to ammonium ions and other 
cations. There are high concentrations of ammonia and cationic metals in 
landfill leachate, and it is advantageous to use zeolite (clinoptilolite) in the 
CWs used to treat landfill leachate. He et al. (2017) observed a rapid reduction 
in the concentration of ammonia nitrogen and total nitrogen from the initial 
stage of treatment which is due to the effective adsorption and cation exchange 
of the substrate.

6.6.3 Total phosphorous and phosphate
In CWs, the removal of phosphorus (P) takes place through chemical and 
physicochemical processes, including sorption and precipitation (Sim et  al., 
2008). Filtration and sedimentation also contribute to the removal of P to some 
extent in CWs (Bakhshoodeh et al., 2020). The biological removal of P from 
CW is not significant because P is temporarily taken up by microorganisms. 
Apart from the above-mentioned processes, a large fraction of P is taken up 
by the macrophytes, if present in the CWs, thereby cutting down the effluent P 
concentration (Wdowczyk et al., 2022). Variation in media does not affect the 
P uptake capacity of plants (Saeed et al., 2021).

P removal varies significantly depending on the leachate dilution employed. 
Wdowczyk et al. (2022) observed better phosphorus removal in 100% landfill 
leachate as compared to 25% diluted leachate. Increased adsorption of P is 
observed by the substrates rich in aluminium (Al) and calcium (Ca), ensuring 
more effective removal of P (Johansson Westholm, 2006). Akinbile et al. (2012) 
noted almost 100% removal of total phosphorus from 117 to 0.3 mg/L. Saeed 
et al. (2021) observed that P removal for landfill leachate treatment in hybrid 
CWs follows a predominantly media-based adsorption route.

6.6.4 Total suspended solids
The presence of very small solid particles in the form of suspended solids 
increases the turbidity of the leachate. Physical processes, like filtration and 
sedimentation, are largely responsible for the TSS removal in CW.

 Yalçuk and Ugurlu (2020) observed the reactors planted with Canna indica 
and Typha latifolia show the best TSS removal. The observed TSS removal 
after 50 days was, 26–83% in Canna indica and 35–88% in Typha latifolia. 
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The presence of Cyperus haspan reduced the turbidity by 85% from 140 to 18.7 
NTU in the CW treating landfill leachate (Akinbile et al., 2012). Bakhshoodeh 
et al. (2020) observed that the implementation of SF, HSSF, VSSF, and hybrid 
CWs ensured 59.5 ± 36%, 69.3 ± 17%, 55.5 ± 20%, and 51.8 ± 29% removal of 
TSS, respectively.

As clogging progresses with time, the filtration bed becomes denser and the 
rate of removal tends to rise during operation. In HSSF CW, the removal of 
suspended solids is maximum at the beginning of the filtration bed, and it has 
been demonstrated that the majority of suspended solids are retained within 
the starting length of the bed (Wojciechowska et al., 2010).

6.6.5 Heavy metals
Heavy metals are the most toxic pollutants present in landfill leachate. Chromium 
(Cr) (0.0005–1.6 mg/L), cadmium (Cd) (0.0001–0.13 mg/L), manganese (Mn) 
(0.01–65 mg/L), iron (Fe) (0.08–2,100 mg/L), nickel (Ni) (0.03–3.2 mg/L), lead 
(Pb) (0.0005–1.5 mg/L), and zinc (Zn) (0.00005–120 mg/L) are some of the 
common metals found in landfill leachate. Young (acetogenic) leachate often 
has higher metal contents than that of older (methanogenic) leachate (Dan 
et al., 2017).

According to studies, the CWs have the potential to substantially remove 
the heavy metals from landfill leachate (Dan et al., 2017; Khan et al., 2009; Si 
et al., 2014). CW primarily removes heavy metals through biological pathways, 
sorption on the soil surface and plant roots, chemical precipitation, binding to 
organic matter, and filtration of suspended solids by root systems (Bakhshoodeh 
et al., 2020). Adsorption is the most important pathway for the removal of heavy 
metals from leachate in CW, while the contribution of plant uptake is the least 
toward the same (Mohammed and Babatunde, 2017).

According to a study by Wdowczyk et al. (2022), the average reduction of Ni, 
Zn, Cu, and Cr with sand, gravel, and zeolite as media, in VSSF CW systems 
was at the level of 41–56%. In the same study, the average reduction of heavy 
metals in CW without dilution of landfill leachate was 26%, 53%, and 57% 
using expanded clay, zeolite, and bark substrate, respectively.

Akinbile et  al. (2012) observed that the landfill leachate embraced the 
highest concentration of Mg. They reported that the presence of Cyperus 
haspan macrophyte ensured 75.9–89.4%, 51.2–70.5%, 29–75%, and 34.9–59% 
eradication of zinc (Zn), Mg, manganese (Mn), and iron (Fe), respectively.

Dan et al. (2017) reported that the lab-scale VSSF CW facilitated 92–100, 
80–100, 75–99, 68–100, and 54–100% removals of Zn, Cr, Ni, Cd, and Pb, 
respectively while treating the synthetic leachate.

Maine et  al. (2022) studied the removal of Cr, Ni, and Zn from landfill 
leachate using VSSF CW with coarse sand and light expanded clay aggregate 
planted with Typha domingensis and Canna indica. The result showed better 
removal of heavy metals in the wetland planted with Typha domingensis which 
exhibits its high capacity to retain metals (Table 6.2). The removal efficiency of 
heavy metals with higher concentration was higher than the removal efficiency 
for the metals present in low concentration.
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6.7 FACTORS AFFECTING THE PERFORMANCE OF CW
6.7.1 Substrate
The selection of suitable substrate plays a major role in plant growth, microbial 
adhesion, contaminant storage, and chemical and biological transformations by 
microorganisms and plants in the CW system (Chowdhury et al., 2022; Liu et al., 
2014). Significant research has been performed using sand or gravel as a single 
substrate material. Both these filter material has good hydraulic properties and 
pollutant removal capacity, but attributing to the lesser adsorption capacity, 
these materials can hamper the plant acclimatization and even, clog the system 
(Wang et  al., 2020). Clogging would be a serious challenge to the SSF CW 
system. The substrate must have adequate porosity to prevent clogging and the 
ability to filter and absorb contaminants. As the concentration of N and heavy 
metals is very high in landfill leachate, it is not possible to achieve a significant 
level of removal efficiency with single filter material. It has been observed that 
the combination of substrates enhances the adsorption capacity of the bed, 
which results in greater removal of pollutants (He et al., 2017).

The growth of bacteria carrying out nitrification, ammonification, and 
denitrification also depends on the properties of the substrate (Cano et  al., 
2019). Ca- and Mg-rich substrate shows better adsorption of P, resulting in more 
stable and efficient removal (Liu et  al., 2014). Mineral substrates have a high 
adsorption capacity, which allows them to perform well in CW. On the other 
hand, plant establishment and growth are encouraged by organic substrates 
due to their enrichment in organic and nutrient content. Pine bark with a C/N 
ratio of 104.93 is considered the appropriate material for the treatment of landfill 
leachate (Wdowczyk et al., 2022). Soluble organic materials and trace amounts of 
nutrients can be released from bark and other organic substrates. Therefore, while 
employing organic substrates for treatment in CWs, there is always a possibility 
of releasing the organic matter back into the system. The other important 
parameters affecting the selection of the substrate are the universal availability, 
cost, and the requirement of pretreatment of the materials (Lim et al., 2016).

In comparison to a single substrate system, the combined hybrid substrate 
shows a better removal of heavy metals (Huong et al., 2020). Due to the higher 
ion exchange capacity, natural zeolites are one of the most effective substrate 
materials for the removal of various contaminants. He et al. (2017) investigated 
the efficiency of two HSSF CWs, downflow (F1) and up the flow (F2), with the 
zeolite–slag hybrid as a substrate for the treatment of rural landfill leachate. 
The results showed that the CWs were capable of removing NH3-N, COD, TN, 
and heavy metals up to 84.0–99.9% (F1) and 93.5–99.2% (F2), 20.5–48.2% (F1) 
and 18.6–61.2% (F2), 80.3–92.1% (F1) and 80.3–91.2% (F2), and 90% (for both 
F1 and F2), respectively.

6.7.2 Macrophyte
The treatment performance of the CWs depends on the presence of macrophytes 
in the system. The root zone of the macrophytes plays an important role in the 
biodegradation of organic matter and serves as the substrate source for the 
microbes responsible for the biodegradation of the organics (Brix, 1994).
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Photosynthesis by plants generates oxygen which is carried to the root zone 
where aerobic biodegradation takes place. The oxygen produced is used for the 
nitrification and mineralization of the organic matter. The ability of wetland 
plants such as Typha latifolia, Phragmites mauritianus, Nymphaea spontanea, 
Cyperus papyrus, Typha angustifola, Limnocharis flava, Eichhornia crassipes, 
and Pistia stratiotes has been explored by various researchers while treating 
the domestic as well as the industrial wastewaters (Akinbile & Yusoff, 2012; 
Sarafraz et  al., 2009). Cyperus haspan showed a very reliable result in the 
treatment of landfill leachate in a CW system (Table 8.2) (Akinbile et al., 2012).

It is evident that plants provide numerous benefits to the treatment process, 
but their role in the overall effectiveness of treatment remains questionable. 
The plant rhizosphere is thought to be largely responsible for the superior 
performance of planted wetlands compared to their unplanted controls, as it 
provides a growing surface for microorganisms on the roots, a source of carbon 
compounds in the form of root exudates, and a microaerobic environment 
through the rootzone aeration (Chowdhury et al., 2022; Tanner, 2001). Diffusion 
of oxygen depends upon the rhizosphere of plants, which further affects the 
process of nitrification. The rhizosphere of cattail provides favorable conditions 
for nitrification than those of giant bullrush (Lott et al., 2022). Bakhshoodeh 
et al. (2017) studied the effect of vegetation on compost leachate treatment and 
found that the unplanted and the vetiver-planted CWs portrayed 26.2 and 53.7, 
21.8 and 74.5, 34.1 and 73.5, 17.1 and 69.9, and 35 and 73.4% removals of COD, 
BOD5, NO3

−-N, NH4
+-N, and TN, respectively.

There is a significant effect of vegetation on the removal of heavy metals. 
The process of metal uptake by plants occurs at a rapid rate. When compared to 
the uptake of nutrients, the kinetics of metal uptake and the subsequent tissue 
bioaccumulation of the metals in the macrophytes is significantly faster (Maine 
et al., 2022).

6.7.3 Temperature
The performance of CW changes with seasonal variations and temperature. 
The processes involving nitrogen and organics bio-reaction kinetics are highly 
temperature dependent (Saeed & Sun, 2012). Temperature influences both 
the direct and indirect uptake of nutrients by plants and microbial activity in 
wetland ecosystems. In CWs, nitrification is commonly considered a function 
of temperature. Reportedly, nitrification rates in CWs become inhibited at a 
water temperature of approximately 10°C and drop precipitously at around 6°C 
(Werker et al., 2002).

An increase in temperature increases the rate of photosynthesis by the plants 
in water. Water temperature affects the level of BOD5 in leachate samples. 
Water at a higher temperature will have a higher BOD5 than that of cold water 
(Akinbile et al., 2012). Nivala et al. (2007) noted the removal of organics was 
higher in the summer (60–97%) than in the winter (44–88%) in an aerated 
HSSF wetland system. The removal of NH4

+–N followed the same pattern.

6.7.4 Hydraulic retention time
Hydraulic retention time (HRT) represents the contact time between the 
wastewater, rhizosphere, substrate, and microorganisms. A longer HRT permits 
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greater contaminant removal, whereas a shorter HRT reduces the treatment 
efficiency of CW system (Bakhshoodeh et al., 2020; Chowdhury et al., 2022; Dey 
Chowdhury et  al., 2022). The concentrations of bacterial substrates and toxic 
constituents in a particular CW are dependent on design parameters such as HRT 
and mass loading rate (Tao et al., 2006). Akinbile et al. (2012) observed that as the 
HRT increased, the COD reduction efficacy was increased. Yalcuk and Ugurlu 
(2009) compared the performance of VSSF and HSSF CWs for landfill leachate 
treatment and found the COD removal in VSSF and HSSF to 30.6% and 35.7%, 
respectively. The greater COD removal in HSSF CW systems in the experiment 
was due to the higher HRT of HSSF CW than that of VSSF CW systems. Higher 
HRT also facilitates N removal from wastewater due to longer contact with 
microorganisms (Saeed & Sun, 2012). It has been reported that an HRT of 
between 2 and 10 days can improve the amount of N removed by HSSF wetlands 
(Tunçsiper, 2007). However, if anaerobic conditions prevail in the wetlands, a 
significant increase in HRT may not help with nitrate removal because it follows 
a rapid microbiological transformation pathway (Huang et al., 2000).

It is also observed that prolonged HRT results in the remobilization of solids 
in the CWs, which limits the overall effectiveness and longevity of the CWs 
(Akinbile et al., 2012). Despite the longer HRT (16.1 days), Headley et al. (2005) 
found that BOD5 removal was lower in HSSF CW due to the slow decomposition 
of organic solids accumulated in the substrate interstices.

6.7.5 Mode of feeding
The proper selection of feed mode is essential to maximize the wastewater 
mixing through the packed media. For SSF wetland systems, different influent 
feeding modes such as continuous, intermittent, batch, tidal, and step feeding 
have been reported. The removal of organics and nitrogen can be improved 
through the use of intermittent loading in VSSF CW (Gervin & Brix, 2001; 
Saeed & Sun, 2012). Alternating wet and dry periods enhance the diffusion 
of atmospheric oxygen within packed media. Lott et  al. (2022) reduced the 
frequency of loading from 24 to 8 h and found an increase in the NH3-N 
removal, which suggests that NH3-N removal is significantly affected by the 
instantaneous flow rate and HRT.

Recirculation of effluent helps in adjusting leachate composition, oxygenates 
the influent, ensures better distribution of wastewater, and enhances the HRT, 
thereby improving the treatment efficacy of the CWs (Saeed et al., 2021). The 
method of feeding has been significantly modified in recent years (Saeed & Sun, 
2012). The primary goal of this modification was to facilitate N and organic 
removal in the CWs through the efficient utilization of aerobic conditions 
within the media.

6.8 CONCLUSIONS AND FUTURE PERSPECTIVES
The potential of the CW’s treatment of landfill leachate is significant. With 
careful design and planning, CWs can treat landfill leachate to the greatest 
extent possible. In VSSF and HSSF CWs, the prevalence of aerobic and 
anaerobic conditions, respectively, governs the removal of the organics and 
nutrients. Both environmental parameters and operational conditions have 
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substantial effects on the removal of nitrogen and organics from landfill 
leachate in CWs. Future studies should focus on enhancing the life of CW 
systems by alleviating the clogging of bed material. The researchers should 
emphasize implementing various modifications to the conventional CWs 
to mitigate the harmful effects of greenhouse gases. Finally, an in-depth 
evaluation of the sustainability of the CWs concerning the three major 
bottom-lines of sustainability, that is, environmental sustainability, economic 
viability, and social acceptability has to be carried out to reinforce the global 
acceptability of the CWs as a natural alternative for the conventional landfill 
leachate management systems.
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ABSTRACT

Anaerobic digestion (AD), which is considered to be a viable method of disposing of organic 
wastes, is a favorable technology to biologically convert organic waste into energy. Landfill 
leachate, a major organic waste stream, can be reliably treated through the AD process 
in which both pollution control and energy recovery can be achieved simultaneously. 
Food waste (FW) is an easily biodegradable substrate for AD with high carbohydrate, 
lipid, protein, and moderate moisture content. Although FW can be converted into useful 
bioenergy in the form of methane through the AD process, sole AD of FW has several 
challenges, including volatile fatty acids inhibition, trace elements deficiency, and poor 
digestate dewaterability. Compared to mono-digestion of these substrates, co-digestion 
of FW with landfill leachate provides better treatment performance and is expected to 
provide better nutrient balance and biogas production, since the high ammonia nitrogen 
concentration in landfill leachate could enhance the buffering ability of the AD process 
that ensures the stable operation of AD. Besides, landfill leachate having rich trace 
elements could improve the nutrient balance for AD bacteria. Co-digestion of FW with 
landfill leachate could promote refractory organics degradation. Moreover, the divalent 
cations in the leachate could improve the dewaterability of the digestate and facilitate 
the subsequent treatment of liquid and solid digestates. Co-digestion of FW with landfill 
leachate has the potential to greatly increase biogas yield owing to these synergistic 
effects. Hence, co-digestion of FW with landfill leachate can be considered as a feasible 
and promising approach.

Keywords: Anaerobic digestion, co-digestion, food waste, landfill leachate, synergistic 
effects.

Chapter 7

Anaerobic co-digestion of 
food waste with landfill 
leachate
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7.1 INTRODUCTION
Leachate is a by-product of sanitary and domestic landfills, and it contains 
wastewater with various compositions and high-level pollutants; ordinarily, it 
contains four groups of pollutants including dissolved organic matter (DOM), 
macro inorganic compounds (Ca2+, Mg2+, Na+, K+, NH4

+, Fe2+, Mn2+, HCO3
−), 

heavy metals (Cd2+, Cr3+, Cu2+, Pb2+, Ni2+, Zn2+, Hg2+), and xenobiotic organic 
compounds (XOCs) from chemical and urban waste at low concentrations 
(aromatic hydrocarbons, phenols, and pesticides) and hence, it must be 
properly treated before being discharged. Globally, around 30 million tons 
of leachate are generated per year by solid waste landfills (Ma et  al., 2022; 
Moody & Townsend, 2017; Ndao et al., 2022). Discharging leachate into the 
surrounding environment would lead to severe contamination of groundwater 
systems. Concentrations of organic components in leachate can be quite high 
in the early aerobic phase of landfilling, then decrease and stabilize throughout 
the methanogenic phase (Ndao et al., 2022). Differently, the concentration of 
ammonia nitrogen in leachate will not be significantly reduced over the various 
phases of landfilling, which may lead to long-term contamination (Kjeldsen 
et al., 2002). Moreover, concentrations of heavy metals and XOCs in leachate are 
modest and vary dramatically among different landfills, posing environmental 
risks to nearby water and soil (Christensen et al., 2001). Thus, it is should be 
properly treated to comply with environmental legislation.

Several different methods are currently in use to treat landfill leachate. The 
majority of these methods can be classified into two main categories: physical/
chemical treatments and biological treatments. In the physical treatment 
technologies used for landfill leachate treatment, air stripping, adsorption, 
and membrane filtration are the major ones, while coagulation–flocculation, 
chemical precipitation, and oxidation are the common chemical treatment 
methods. Biological treatment is classified into two main groups: (1) aerobic 
biological treatment (i.e. aerated lagoons and activated sludge) and (2) anaerobic 
biological treatment (i.e. anaerobic lagoons and reactors). Anaerobic biological 
treatment generally demonstrates better treatment performance than aerobic 
biological treatment owing to the high chemical oxygen demand (COD) and high 
biochemical oxygen demand (BOD)/COD ratio of leachates (Azreen & Zahrim, 
2018; Raghab et al., 2013). Anaerobic digestion (AD) technology is one of the most 
effective systems for the biological treatment of organic waste as it has a variety 
of advantages, such as solid reduction and biogas production, which makes it 
an attractive technology (Klavon et al., 2013). Anaerobic co-digestion provides 
potential benefits such as dilution of toxic compounds, improved nutrient balance, 
development of synergy in the microbiota, an increased biodegradable organic 
matter loading rate, and improved methane production kinetics and yield, which 
can lead to higher digestion rates (de Castro et  al., 2020). Hence, food waste 
(FW) can be used as a substrate for anaerobic co-digestion of landfill leachate. 
FW can be defined as a product from the whole food supply chain, including 
the production, processing, distribution, storage, sale, preparation, cooking, and 
serving of food. It is also used specifically for the consumer stage FW, such as the 
FW generated from homes, restaurants, and schools (Xu et al., 2018).
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This chapter intends to bring together the knowledge obtained from different 
applications of anaerobic co-digestion of FW with landfill leachate. The first 
part of the chapter covers brief essential information on the fundamentals of 
landfill leachate treatment and co-substrates used in the digestion of leachate. 
The remainder of this chapter focuses on the co-digestion of FW with landfill 
leachate. Examples of applications that reflect the state-of-the-art in co-digestion 
of FW with landfill leachate are also provided.

7.2 STRATEGIES APPLIED FOR THE IMPROVEMENT OF LANDFILL 
LEACHATE TREATMENT
Numerous methods have been applied for the effective treatment of landfill 
leachates involving aerobic/anaerobic biological treatment, physical and 
chemical treatments. Among them, the AD method has proven to be the most 
efficient due to faster and higher degradation of toxic substances or pollutants, 
biogas production, and minimal sludge formation. The types of feedstocks and/
or substrates used are also very important in the process of AD. For this reason, 
the substrate types used in AD and the pretreatment methods applied prior to 
AD significantly affect both the performance of the AD process and the end 
products produced.

Pretreatment of the leachate prior to AD is aimed to accelerate the 
hydrolysis process during digestion and thus, achieving complete degradation 
of the toxic organic substances. This essentially is a consequence of greater and 
faster uptake/utilization of smaller organic molecules as substrate by microbial 
cells (Luste et  al., 2009). Moreover, pretreatment of leachate prior to AD 
offers several advantages including improvement of sludge dewatering, fewer 
pathogens, reduced foaming, and reduction of bioreactor size (Müller, 2001; 
Pilli et al., 2011). The pretreatment methods can involve thermal, chemical (acid, 
alkali, and ozone), physical/mechanical (sonication/ultrasonic, high-pressure 
homogenization, and other milling processes), and biological techniques 
resulting in hydrolysis of the large organic molecules in the leachate. Thermal 
treatment, one of the most studied pretreatment methods, has been successfully 
applied on an industrial scale (Li et al., 2016). Thermal pretreatment also leads 
to pathogen removal and enhanced dewatering performance. There is a wide 
range of temperatures (60–270°C) that are available as thermal treatment to 
enhance the efficiency of AD. Acids, alkalis, and oxidants in chemical treatment 
is effective in the breakdown of organic constituents. Among the chemical-based 
methods, oxidation has been found useful in pretreatment resulting in sludge 
solubilization. Acid and alkaline methods are mostly applied in combination 
with other methods for sludge solubilization. Physical/mechanical pretreatment 
aids in reducing the particles of the organic residues, without generating 
any products that may have an inhibitory effect. Ultrasonication is efficient 
in organic waste pretreatment prior to AD. Using a frequency of 20 kHz for 
ultrasonication at a different time on leachate treatment showed higher organic 
matter solubilization based on an increment in the ratio of soluble COD (sCOD) 
to total COD of 63% after 45 min sonication with supplied power of about 

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



134 Landfill Leachate Management

600 W/L. AD of the pretreated sample led to 40% higher biogas production 
compared to control with a methane production rate of 107 m3 CH4/day. This 
demonstrated that low-frequency ultrasonication as a pretreatment step affects 
the overall performance of the AD process (Oz & Yarimtepe, 2014). Lei et al. 
(2018) showed that magnetite dosing in the AD of leachate enhanced methane 
production and treatment performance. Methane production rates increased 
from 3.7 m3/(m3 day) to 4.8 m3/(m3 day) at an organic loading rate (OLR) of 
18.2 kg COD/(m3 day) (Amiri et al., 2017; Ariunbaatar et al., 2014; González-
Fernández et al., 2012; Nazimudheen et al., 2018).

As an alternative, co-digestion which simultaneously uses more than one 
organic waste stream as substrates seems promising for improving digestion 
efficiencies and has a lot of advantages. These include dilution of the toxic 
substances coming from any of the substrates involved, an improvement of 
nutrient balance, synergetic effects on microorganisms, and a high digestion 
rate. In addition, the addition of suitable organic waste increases the digester 
loads, both hydraulic and organic, favoring more effective stabilization and 
enhanced biogas production (Cecchi et  al., 1996). Anaerobic co-digestion 
processes require the proper conditions with regard to substrates. FW is an 
appropriate substrate for the AD process due to the high organic fraction and 
high moisture content with high biodegradability (Pagliaccia et  al., 2019). 
Moreover, FW is more advantageous ın terms of accessibility than other 
possible co-substrates for the co-digestion process.

Li et al. (2009) mention that a mixing ratio of 3:1 was found to be optimum 
for the co-digestion of cattle manure and kitchen waste, with a methane yield 
of 233 ml/g volatile solids (VS). For the digestion of FW, it is important to 
maintain suitable pH during the anaerobic process and maintain the balance 
between volatile fatty acids (VFA) and methane production. Co-digestion of 
FW with other organic waste would ensure an improvement of nutrient balance 
and the development of synergetic effects on microorganisms (Hartmann & 
Ahring, 2005; Sosnowski & Ledakowicz, 2003). While fresh landfill leachate 
can be treated by AD due to the high concentration of organic matter, it is hard 
to treat mature leachate alone; therefore, co-digestion of landfill leachate and 
co-substrates might promote treatment of mature leachate as well as increase 
the efficiency of the AD process. Co-digestion of leachate has recently gained 
interest using different substrates such as wastewater, sewage sludge, and FW.

7.3 HISTORICAL DEVELOPMENT OF LEACHATE CO-DIGESTION
Although the anaerobic co-digestion concept has become more popular in the 
21st century, it was initially investigated around 1987 (Mata-Alvarez et  al., 
2014). In the first study related to anaerobic co-digestion of leachate recorded 
in the literature conducted by Lin et al. (1999), the co-digestion of leachate and 
septage within a continuous stirred tank reactor (CSTR) in terms of operation 
parameters and treatment performance was investigated. Thereafter, Lin et al. 
(2000), operated the up-flow anaerobic sludge blanket (UASB) reactor for 
co-digestion of leachate and septage to determine treatment performance and 
start-up period compared to CSTR. Anaerobic co-digestion of leachate and FW 
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have been studied recently. Shahriari et al. (2012) used untreated leachate to 
provide supplemental water for the AD of FW. The results showed that although 
an excess amount of leachate recirculation inhibited the methanogenic activity, 
a certain amount of leachate recirculation successfully improved the biogas 
production. In another study on co-digestion of leachate and FW conducted 
by Liao et al. (2014), it was found that landfill leachate addition to the AD of 
FW can be effective to adjust pH and providing water supplementation. Zhang 
et al. (2015a) investigated the advantages and synergistic effects of co-digestion 
of FW and landfill leachate. It was found that co-digestion of FW provided 
better system stability compared to mono-digestion of FW. Moreover, it was 
found that methane yield was increased with co-digestion compared to mono-
digestion. In literature, various studies have been carried out based on such 
synergistic effects of co-digestion of FW with landfill leachate. Currently, there 
is one review paper that covers related studies in literature prepared by Lv et al. 
(2021). Figure 7.1 illustrates studies on the co-digestion of leachate and FW that 
have started to acquire importance in recent years. Obviously, further studies 
are expected on the co-digestion of leachate and FW.

7.4 CO-SUBSTRATES USED IN THE DIGESTION OF LEACHATE
AD is an appropriate process to treat fresh leachate because it contains a 
significant amount of biodegradable organic matter. However, mature leachate 
contains organic matter with low biodegradability such as humic and fulvic 
substances (Kulikowska & Klimiuk, 2008). Moreover, mono-digestion is a 
challenging treatment option because of the high ammonia nitrogen and 
refractory organic compounds present in leachate (Bonu et al., 2023). Therefore, 
anaerobic co-digestion is applied both to overcome the problems associated with 
mono-digestion of leachate and take the advantage of co-digestion (Liao et al., 
2014). Anaerobic co-digestion can be defined as the simultaneous digestion of 
two or more substrates. Substrates utilized in the anaerobic co-digestion are 
called co-substrates.

Figure 7.1 Evolution of the number of papers published related to co-digestion of leachate 
and FW  (source: Web of Science, 01.08.2022).
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In literature, there are several co-substrates used in the AD of leachate. 
These studies were mainly focused on sewage sludge and FW as co-substrates. 
Berenjkar et  al. (2019) investigated the co-digestion of leachate and sewage 
sludge by applying different mixing ratios. It was reported that low doses of 
leachate addition (up to 20% leachate out of total mixture volume) enhance 
biogas production. Montusiewicz and Lebiocka (2011) focused on the 
co-digestion of intermediate leachate and sewage sludge. It was found that the 
addition of intermediate landfill leachate enhanced the biogas and methane 
yields as 13% and 16.9%, respectively. Mesophilic co-digestion of leachate and 
sewage sludge was found feasible in terms of technical aspects such as methane 
production by Hombach et al. (2003). In this study, an increase of about 28% in 
daily methane production was observed through a stable operation. Moreover, 
the dewaterability of the digestate was improved by co-digestion. Recently, Gao 
et al. (2022) investigated the impact of salinity on the co-digestion of landfill 
leachate and sewage sludge. It was found that when salinity increased from 
10 to 30 g/L, biogas production, and methane yield decreased, and treatment 
performance of the digester deteriorated. In this study, it was reported that the 
microbial community was not able to adapt to the high salinity and significantly 
changed, therefore, process stability was adversely affected. Gao et al. (2021) 
expressed that the addition of leachate can improve solubilization, hydrolysis, 
and acidification of waste activated sludge (WAS). Briefly, a proper amount of 
leachate addition to WAS can improve process stability and enhance the biogas 
yield. However, excess amounts of leachate addition can be detrimental to the 
microbial community. Liao et al. (2014) investigated the co-digestion of leachate 
and FW in a single-phase batch reactor. It was found that leachate addition 
enhanced biogas production since it stimulated the methanogenic activity 
and led to a balance between methanogenic and acidogenic microorganisms. 
Guven et al. (2018) investigated the methane yield of the combination of several 
waste components including the leachate, sewage sludge, reverse osmosis (RO) 
concentrate, and organic fraction of municipal solid waste (OFMSW), including 
FW with different mixing ratios. It was determined that the methane yield 
of mono-digestion of leachate was much lower than co-digestion with other 
waste components. Moreover, it was indicated that leachate addition can be a 
good solution to adjust the optimum total solids (TS) content of an anaerobic 
digester. Jayanth et al. (2020) successfully operated an industrial-scale digester 
for co-digesting of OFMSW and leachate. Zhang et al. (2015a) and Zhang et al. 
(2015b) investigated treatment performance and methane yield of co-digestion 
of leachate and FW. In general, leachate was mixed in certain amounts with 
mentioned co-substrates to provide a synergistic effect for the AD process in 
terms of both treatment performance and methane yield. Therefore, studies in 
the literature mostly have focused on the mixing ratio which can be defined as 
optimum.

Although sewage sludge and FW are generally considered as main 
co-substrates for leachate co-digestion in the literature, several studies have also 
been carried out for different substrates. Han et al. (2012) studied the feasibility 
of co-digestion of leachate and piggery wastewater. Methane yield was examined 
with the optimization of different parameters such as salinity, mixing ratio, 
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and alkalinity. Based on the results, optimum conditions were indicated as the 
salinity of 3.4 g/L sodium chloride (NaCl), alkalinity of 2,850 mg CaCO3/L, and 
mixing ratio of 33:1 (leachate: piggery wastewater in terms of VS, w/w). Zhou 
et al. (2020), successfully operated a UASB reactor for co-digestion of leachate 
and acid mine drainage. It was reported that the synergistic effect between 
sulfate-reducing bacteria and the methanogen archaeal community contributed 
to treatment performance and biogas production. Takeda et al. (2022) utilized 
crude glycerol, which is the main by-product of biodiesel, as a co-substrate in 
the AD of leachate to overcome the obstacles born with the mono-digestion 
of leachate. The synergistic effect between the characteristics of leachate and 
glycerol resulted in stable operation with more than 20 times biogas production 
compared to mono-digestion of leachate. Kim and Kang (2015), utilized 
microalgal biomass and sewage sludge as co-substrates of leachate. Methane 
yield with a value of 176 ± 6.8 CH4/g VS was obtained from co-digestion 
of microalgal biomass and sewage sludge for a mixing ratio of 1:1 (V/V). It 
was observed that methane yield for co-digestion of microalgal biomass and 
sewage is higher compared to the AD of each substrate individually. Therefore, 
by considering the energy conversion of waste components, co-digestion was 
detected as a more feasible way compared to mono-digestion. Leiva et  al. 
(2014) evaluated the co-digestion of different waste components, including 
leachate, WAS, municipal sludge cake, and screen cake obtained from a winery 
industrial wastewater treatment plant. Darwin et  al. (2019) utilized starch 
waste as a co-substrate in leachate co-digestion. It was found that two-stage 
anaerobic co-digestion provided higher methane yield compared to single-stage 
anaerobic co-digestion. Moreover, in this study, biofilm was used in order to 
enhance methane yield with the degradation of organic matter. It was found 
that the methane yield of two-stage co-digestion was 77.60 mL CH4/g VSadded 
while methane yield of single-stage co-digestion was 20.57 mL CH4/g VSadded. 
Methane yield of two-stage co-digestion that biofilm used was superior with 
125.11 mL CH4/g VSadded among the other methods. Many studies showed the 
potential utilization of different types of co-substrates in leachate digestion 
such as swine waste (Kim & Ju, 2012), pineapple peel (Jaroenpoj et al., 2015), 
glycerin (de Castro et al., 2020), domestic wastewater (Moujanni et al., 2019), 
leather fleshing waste (Lee et al., 2020).

To summarize, there are various co-substrates used in the co-digestion of 
leachate in literature. However, most of the studies focus on sewage sludge 
and FW as co-substrates because of both technical and economic feasibility. 
Especially, with the optimization of process parameters, co-digestion of FW 
and leachate may be a widespread application in the future. Therefore, in the 
following title, the co-digestion of FW and leachate was investigated in different 
aspects.

7.5 CO-DIGESTION OF LANDFILL LEACHATE AND FW
7.5.1 Synergistic effect and opportunities
AD is a process that provides biogas generation from organic matter 
used in leachate management. However, studies in the literature showed 
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that mono-digestion of leachate causes some problems related to process 
performance, microbial activity, treatment performance, and methane yield. 
Complementary properties of FW and leachate create a synergistic effect for 
the AD process. Therefore, co-digestion of FW with landfill leachate is used as 
a solution to overcome the problems by utilizing the synergistic effects of both 
substrates. The general synergistic effects of co-digestion of landfill leachate 
and FW were illustrated in Figure 7.2.

Various studies in the literature show that FW is deficient in trace elements 
to perform a stable AD process (Ariunbaatar et al., 2016; Zhang & Jahng 2012; 
Zhang et al., 2012). Trace elements are important for cell growth and thus for 
the methane formation and stable operation of the AD process (Ma et al., 2018). 
Zhang et al. (2011) evaluated the feasibility of co-digestion of FW and piggery 
wastewater. It was found that piggery wastewater provided trace elements, in 
which FW was deficient, to the co-digestion process. Hence, the treatment 
performance of the system was enhanced for long-term operation. Considering 
the trace elements in the leachate, it can be concluded that FW and landfill 
leachate can create a synergistic effect through the co-digestion process. 
Zhang et  al. (2015a) investigated this synergistic effect, especially regarding 
biogas production and process stability. Four different anaerobic reactors (R1, 
R2, R3, and R4) were operated with different mixing ratios of leachate and 
FW in three different OLRs (4.0–4.1; 6.1–6.2; 8.1–8.3 g VS/(L day)). Reactors 
were operated in three phases based on the OLRs. Phase 1 was operated with 
the OLR 4.0–4.1 g VS/(L day), phase 2 was operated with the OLR 6.1–6.2 g 
VS/L day and lastly, phase 3 was operated with the OLR 8.1–8.3 g VS/L day. 
The proportions of fresh leachate basis of VS in the mixed feedstock of R1, R2, 
R3, and R4 were determined as 0%, 5.8%, 11.6%, and 22.7%, in order. R1 fed 
only with FW, faced the failure of the process due to the VFAs accumulation 
and pH decrease in phase 2. However, reactors fed with a mixture of leachate 
and FW were operated without failure. Moreover, the methane yield of R4 was 
452.2–506.3 mL/g VSadded while the methane yield of R3 was 419.1–466.4 mL/g 

Figure 7.2 Synergistic effects of co-digestion of FW with landfill leachate.
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VSadded. The results showed that methane yields increased significantly when 
leachate addition was increased while the process could be operated with 
stability. According to the results, it was noted that trace elements played a key 
role in maintaining the stability of the co-digestion process. Especially, high 
concentration of ferrous (Fe), cobalt (Co), molybdenum (Mo), and nickel (Ni) 
in the leachate improved process performance and co-digestion stability. The 
deficiency of trace elements in FW had been overcome with leachate addition 
and thus, synergistic relation between FW and leachate was constructed. 
Similarly, Zhang et al. (2015b) also investigated the effect of different mixing 
ratios in the co-digestion of FW and leachate. Four reactors were fed with the 
feedstocks containing between 0% and 22.1%, respectively, leachate on VS basis. 
Results showed that removal efficiency of VS in 0% leachate-containing reactor 
was 72.8%. However, VS removal in 22.1% of the leachate-containing reactor 
was 77.6%. It was indicated that higher trace element concentration in leachate 
compared to FW improved AD. Trace elements (Fe, Co, Mo) supplementation 
was responsible for enhancing methane production by the synthesis of enzyme 
cofactors. Even if, trace elements can be inhibitory beyond certain limits, Lv 
et al. (2021) indicated that there is no inhibition risk in co-digestion of leachate 
and FW.

Methane production through AD was significantly improved with 
co-digestion compared to mono-digestion of leachate. Guven et  al. (2018) 
determined methane yield obtained from mono-digestion of leachate as 110 L 
CH4/kg VSadded. On the other hand, when they investigate the methane yield 
of co-digestion of leachate and FW, it was found to be 232 L CH4/kg VSadded. 
Jayanth et al. (2020) also compared mono-digestion of leachate and co-digestion 
of leachate with FW. Three anaerobic gas lift reactors were operated for 47 
weeks. The first and second reactors were used to perform mono-digestion 
of FW and leachate, respectively, whereas the third reactor was used for 
co-digestion of leachate and FW. Biogas yield of mono-digestion of leachate 
was determined as 0.39 m3/kg VSreduced. Higher biogas yield was obtained from 
the third reactor with a value of 0.48 m3/kg VSreduced. Liao et al. (2021) showed 
that FW addition into the AD of the leachate system significantly increased 
methane production and DOM degradation. It was found that co-digestion 
increased gas production by 117.69% compared to mono-digestion of leachate. 
Likely, Guven et al. (2018) reported that methane yield was increased by 109% 
with co-digestion compared to mono-digestion of leachate.

Co-digestion is a method that can be used to improve pH buffering capacity 
of the anaerobic system (Lin et al., 2011; Wu et al., 2016). Another important 
benefit of co-digestion is improving the carbon to nitrogen (C/N) balance 
which is vital for the performance of the AD process (Lee et al., 2019). The 
C/N ratio is in the range of 13.9–19.6 to properly conduct the AD process, 
and the optimum C/N ratio was recommended as 15 (Kumar et  al., 2010; 
Zhu, 2007). Zhang et  al. (2013) reported that co-digestion of cattle manure 
and FW improved both pH buffering capacity and C/N ratio and thus, process 
performance. In this study, the C/N of cattle manure and FW were determined 
as 5.2 and 21.1, respectively. It is known that the alkalinity of leachate is high 
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and the C/N ratio is low. Therefore, a similar synergistic effect can be created 
between leachate and FW. Ma et al. (2018) reported that co-digestion of FW 
and landfill leachate is an important method to improve the AD of FW since it 
can improve the pH buffering capacity. Zhang et al. (2015b) reported that the 
high ammonia nitrogen concentration of leachate contributed to the synergistic 
effect that arose through the co-digestion process by promoting the buffering 
capacity. Therefore, suitable pH was able to be maintained during the process 
without an inhibition caused by VFA accumulation. The synergistic effect of 
FW and leachate on the co-digestion process in terms of buffering capacity was 
indicated also by Liao et al. (2014). In the study C/N ratio of FW was 25.39 while 
the ammonia nitrogen concentration of leachate was 3,625 mg/L. In the study, 
different amounts of leachate were added to the FW in six different reactors. 
Two control reactors were used in order to examine mono-digestion of leachate 
and FW separately. Reactors introduced with a sufficient amount of leachate 
(initial value for ammonia nitrogen was between 2,000 and 3,000 mg/L) were 
able to maintain the pH value in the desired range which is proper for activities 
of methanogenic microorganisms in the AD process. On the other hand, VFA 
inhibition was observed in the reactors that are fed with an excess amount of 
FW. It showed that ammonia nitrogen in leachate provided a buffer effect so 
that VFA inhibition could be prevented. Results obtained in different studies 
from the literature indicated that ammonia nitrogen-rich leachate improves the 
process performance of co-digestion with FW.

High solid concentration of FW causes limitations in using different reactors 
for the AD process. Although expanded granular sludge bed (EGSB) or UASB 
reactors provide numerous advantages, CSTR is the main reactor type used 
generally because of the high solid concentration of FW (Braguglia et al., 2018; 
Ma et al., 2018). Although the quality and quantity of leachate are significantly 
variable, suspended solid concentration is very low compared to FW 
(Yusmartini et al., 2013). Ma et al. (2018) suggested using FW as co-substrate in 
leachate co-digestion to provide dilution for suspended solids and decrease the 
concentration. By reducing the suspended solids concentration of feedstock, 
reactors like EGSB and UASB can be used, and thus advantages can be 
provided such as high OLR and pH buffering capacity. Therefore, dilution of 
the suspended solids is one of the most important and promising synergistic 
effects of leachate and FW co-digestion. Preliminary studies conducted by Ma 
et al. (2018) showed that the synergistic effect of dilution made it possible to use 
EGSB reactors for co-digestion of FW with leachate. It was found that reactors 
where mono-digestion of FW were applied failed when OLR was increased to 
7.2 kg COD/m3 day. However, the reactor, where co-digestion took place, was 
able to be operated even at 22.4 kg COD/ m3 day. Therefore, co-digestion was 
the proper solution for dilution of FW with high suspended solid concentration. 
Moreover, toxic compounds can be diluted with the synergistic effect of 
co-digestion. Jayanth et al. (2020) showed that potentially toxic substances in 
leachate were diluted with the co-digestion of FW and leachate. This increased 
the stability of the digester and provided process safety.
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Hombach et  al. (2003) showed that co-digestion of sewage sludge with 
leachate improved the dewaterability of the digestate. This was probably because 
of the leachate’s high calcium (Ca2+) and magnesium (Mg2+) concentrations. 
Various studies in the literature showed that Ca2+ and Mg2+ ions improved 
dewaterability (Liu et al., 2017; Sajjad & Kim, 2015). In parallel, Lv et al. (2021) 
suggested co-digestion of leachate with high Ca2+ and Mg2+ concentrations and 
FW to improve the digestate dewaterability compared to mono-digestion.

Co-digestion of FW and leachate provides various advantages because 
of the complementary characteristics, as shown in Figure 7.3. When two 
substances are used management of the co-digestion process becomes easier 
compared to other co-digestion options because of transportation problems. 

Figure 7.3 Complementary characteristics of leachate (Venn schemes at right) and FW 
(Venn schemes at left): positive outcomes for anaerobic co-digestion (Adapted from Lv 
et al., 2021).
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In addition to this, strict regulations are applied from day to day regarding 
the source-separated collection of municipal solid wastes it is therefore likely 
that OFMSW would contain less impurity in the coming days. Therefore, 
co-digestion is a promising method for the management of FW and leachate 
when considering the synergistic effects. Lv et al. (2021) indicated that energy 
conversion efficiency can be 12–18% more in co-digestion compared to mono-
digestion. Guven et al. (2018) suggested farm-based anaerobic digesters in order 
to decrease the pollution load of leachate to the environment. Moreover, it was 
indicated that the leachate can be treated with this integrated management 
which can be considered as a synergistic effect as well (Figure 7.2).

7.5.2 Challenges and obstacles
Co-digestion of FW and leachate is attracting more and more attention, 
addressing the challenges of mono-digestion of FW. FW is an ideal substrate for 
AD treatment due to its high organic matter content (VS/TS: 0.8–0.9) with easy 
biodegradability; however, AD of FW faces many challenges. VFAs inhibition 
and absence of trace elements are the main challenges in AD of FW. Moreover, 
the poor digestate dewaterability is also a challenging issue in engineering, 
which necessitates extra physical or chemical treatment with additional cost. 
Besides, in AD of leachate, the major problems are high ammonia nitrogen 
and low phosphorus concentrations, high organic acid production, unstable 
characteristics of leachate, and refractory organic matters present in leachate. 
These challenges might be overcome with the synergistic effects of co-digestion 
of leachate and FW (see Section 7.5.1). However, ammonia, and VFAs, which are 
particularly abundant in leachates, are most likely methanogenesis inhibitors 
linked with co-digestion. The biodegradability and biomethane potential of 
leachate is relatively low because of the recalcitrant compounds it contains 
(He et  al., 2007). High calcium, ammonia, and heavy metal concentrations 
of leachate lead to VFA accumulation in the bioreactor, which may limit the 
process performance. Therefore, it is suggested to consider the inhibition 
threshold and accordingly decide the mixing ratio of FW and leachate for the 
co-digestion based on the characteristics of each substrate.

VFA, alkalinity, and pH are typical indicators used to evaluate the stability 
of an anaerobic digester (Cook et al., 2017). In general, the ideal pH range for 
methanogens is 6.8–7.2 (Fu et al., 2018). Excessive accumulation of VFAs in an 
anaerobic digester leads to a rapid pH decrease affecting methanogenic activity 
(Fisgativa et al., 2016). The AD system is stable when the concentration of VFAs 
is maintained between 50 and 250 mg/L. But, when it exceeds 8,000 mg/L 
for total VFAs concentration in an anaerobic digester, it will exert toxic 
inhibition on methanogens, then lead to reduce the amount of biogas produced 
(Karthikeyan & Visvanathan, 2013). Besides, the components of VFA are 
acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric 
acid, caproic acid, and heptanoic acid, and the inhibition thresholds of acetic 
acid, propionic acid and butyric acid in VFAs are 2,000, 1,000, and 3,456 mg/L, 
respectively (Nayono et al., 2010; Rocamora et al., 2020; Wang et al., 2009). 
The fast conversion of easily digested FW to VFAs leads to a drastic decrease 
in pH if no sufficient buffering capacity is present, resulting in the instability 
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of the anaerobic digester. Furthermore, the high protein and lipid contents in 
FW easily lead to inhibitory levels of ammonia, hydrogen sulfide, and long-
chain fatty acids (Chen et al., 2008) or cause digester foaming (Subramanian 
& Pagilla, 2015). Stable anaerobic digesters usually have alkalinity exceeding 
2,000 mg CaCO3/L (Cook et  al., 2017). Liu et  al. (2012) reported that the 
anaerobic process is considered stable and there is no risk of VFA accumulation 
when VFA to alkalinity ratio is less than 0.3.

In addition, the digestate, which is the end product of the AD process, can 
be converted into biofertilizer after applying the additional treatment process, 
so the whole process achieves zero-solid discharge. Nonetheless, some toxic 
substances like heavy metals in the leachate may limit the application of this 
digestate for agricultural purposes. Therefore, it is necessary to conduct a more 
comprehensive study on the subsequent treatment of the digestate.

7.5.3 Applications
As shown in Table 7.1, only a few studies were performed in co-digestion of 
FW with landfill leachate, it was found that co-digestion of FW with landfill 
leachate has a higher digestion efficiency than mono-digestion. The details of 
the applications related to the co-digestion of landfill leachate and FW in the 
literature were summarized in Tables 7.1–7.2. Table 7.1 summarizes the results 
and synergistic effects detected in the applications, and Table 7.2 summarizes 
the experimental conditions and operating conditions.

7.6 CONCLUSIONS AND FUTURE PERSPECTIVES
Anaerobic treatment is an energy-generating process, in contrast to aerobic 
systems that often require a significant energy input for aeration reasons. The 
anaerobic treatment technology is an appealing alternative to existing treatment 
methods thanks to net energy production from biogas. By treating medium and/
or high-strength wastewaters, such as landfill leachate, anaerobic treatment 
offers great potential for the recovery of biomethane. Fresh leachates have a 
notable potential for the recovery of biomethane in landfills. Fresh leachates 
are commonly highly biodegradable compounds and were reported to be more 
suitable for AD compared to the old leachates. However, these leachates are 
highly acidic and present a high COD load, which makes them not suitable for 
the AD process. Thus, AD sometimes tends to be inefficient when some organic 
waste such as leachate or FW is used as the sole substrate. Co-digestion which 
simultaneously uses multiple organic waste streams as substrates appear to be 
a feasible solution for enhancing digestion efficiency.

It has been extensively shown that the co-digestion of several substrates and 
wastes has a synergistic effect and significantly boosts methane production 
during the AD process compared to mono-digestion. Co-digestion presents 
various benefits as it could lower the operational cost of waste management, 
enhance digestion efficiency, and also could increase the buffer capacity to 
stabilize the process of AD. Landfill leachate has been proved to be a promising 
co-substrate for AD with FW since the high ammonia nitrogen concentration in 
leachate could improve the buffering ability, and leachate is always rich in trace 
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elements which can enhance the stability of anaerobic digester. Thereby, the 
deficiency of trace elements in FW had been overcome with leachate addition. 
The mixing ratios of FW and landfill leachate that produces the highest 
methane yield varied in a large range depending on the properties of FW and 
leachate. Co-digestion of FW with landfill leachate ensures a lot of advantages 
thanks to the complementary characteristics involving improved pH buffering 
capacity, stable operation of the anaerobic digester, and improved digestate 
dewaterability. The divalent cations in the leachate can effectively enhance the 
digestate dewaterability and facilitate the subsequent treatment of digestate. 
Moreover, dilution of the suspended solids is one of the most significant 
synergistic effects on co-digestion of FW with landfill leachate. By reducing 
the suspended solids concentration of feedstock, reactors like EGSB and 
UASB can be used, and thus benefits can be provided like high OLR and pH 
buffering capacity. Toxic compounds can also be diluted with the synergistic 
effect of co-digestion and hence, the stability of the digester can be increased. 
Considering these complementary features of FW and leachate, it appeared to 
be feasible for co-digestion of FW and landfill leachate.

Co-digestion applications of landfill leachate and FW have the potential 
to greatly increase biogas yield. Thus, it could be a promising way for energy 
recovery in the foreseeable future. Nevertheless, it is necessary to choose an 
appropriate co-digestion proportion in order to promote the synergistic effect 
of co-digestion for industrial applications. Besides, the digestate from FW can 
usually be converted into biofertilizer after further treatment, resulting in 
zero-solid discharge throughout the whole process. Additionally, the concept 
of co-located treatment facilities in FW treatment is favorable in case FW 
treatment facilities are close to the landfill leachate treatment plant. In this 
respect, it can be an economically viable and sustainable, and feasible option 
that landfill leachate and FW can be co-digested.
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ABSTRACT

A significant municipal solid waste is managed by disposition in a landfill. This kind of 
management system makes producing leachate with toxic characteristics unavoidable. 
Landfill leachate is a potential pollutant source containing several types of organic and 
inorganic pollutants that can induce risk toward public health and ecosystems if they are 
not appropriately treated. Among the parameter affecting the landfill leachate, the age of 
the landfill is considered to be a determinant factor controlling the leachate composition. 
Conventionally, the leachate has been treated by an individual or combination of biological, 
physical, and chemical methods. Recently, electrochemical methods have paid particular 
attention to the treatments of landfill leachate, presenting high efficacy for the degradation 
of refractory compounds. Electrochemical methods offer several advantages: small 
space requirement, short treatment time, low requirements of chemical reagents, and 
easy automation. Electrochemical methods commonly used for the treatment of landfill 
leachates are: electro-oxidation, electro-coagulation, and electro-Fenton. Each of these 
methods can be affected by different parameters. Commonly, electrochemical processes 
are influenced by several operating parameters such as electrode material and design, 
the inter-distance between electrodes, treatment time, initial pH value and conductivity of 
the solution, applied current density, mixing and electrolytes added. The electrochemical 
process can also be combined with biological and physicochemical processes as pre-
treatment or post-treatment to enhance the treatment of landfill leachate.

Keywords: Anodic oxidation, electrochemical treatment, electrocoagulation, electro-
Fenton, electro-oxidation, landfill leachate.

Chapter 8

Electrochemical treatment 
of landfill leachate
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8.1 INTRODUCTION
Industrialization and the economic development have made the society reach 
a lifestyle based on a constant increase in consumption. The immediate 
consequence of this is the generation of a series of urban waste and the problems 
derived from its inadequate management that can have a detrimental effect on 
the environment.

Landfilling is one of the main methods of waste management in many 
countries around the world. In 2020, the world is estimated to generate 2.24 
billion tonnes of solid waste, amounting to a footprint of 0.79 kg/person/day 
(World Bank, 2022). It is estimated that up to 95% of total municipal solid waste 
collected worldwide is disposed in landfills (Gao et al., 2015). In addition, the 
decomposition process for 1 ton of solid waste produces approximately 0.2 m3 
of landfill leachate (Christensen et al., 2014).

Landfilled waste undergoes various processes of chemical and biological 
transformations. A significant drawback of this kind of waste management is 
that the percolation of rainwater through the landfill produces a heavily polluted 
effluent loaded with organic and inorganic matter. This effluent, called leachate 
must be contained in a controlled pond (Luo et al., 2020). Given the negative 
impact of leachate on the environment, such as an unpleasant odor and high 
toxicity, which can cause a significant threat, correct management is of utmost 
importance to avoid contamination of soil, surface water, and groundwater.

Leachate is a liquid produced by the decomposition of organic matter and 
percolating water (rain, runoff, or the fluid generated in the decomposition of 
waste). The quantity and composition of the leachate depend on the type of 
waste, the average rainfall, and the evapotranspiration on the landfill. However, 
it always has a high content of suspended and dissolved matter that makes it a 
dangerous contaminant that must be treated to avoid it to cause contamination 
of aquifers, rivers, and soil, which in turn poses risk to the natural ecosystem 
and public health (Keyikoglu et al., 2021).

In particular, leacheate’s physicochemical and biological characteristics 
vary from one landfill to another. The age of the landfill strongly influences 
the composition of pollutants in the leachate. According to the landfill age, the 
leachate can be classified into three types: young, intermediate, and mature.

To comply with strict discharge standards, the search for the appropriate 
types of treatments for landfill leachate depending on the age of the landfill 
is a great urgency to avoid environmental pollution problems. Generally, the 
leachate characteristics such as chemical oxygen demand (COD), biological 
oxygen demand (BOD), the BOD5/COD ratio, and landfill age are crucial 
determinants for selecting suitable treatment technologies (Luo et al., 2020). 
Developing new processes for treating landfill leachate with an organic 
load must be guided by sustainability criteria that bring together economic 
profitability, social acceptance, and environmental protection.

Traditionally, biological processes such as aerobic and anaerobic treatments 
are the most used for the treatment of leachates. The main advantage of biological 
processes is the efficiency of treating biodegradable organic pollutants present in 
young leachate at a reasonable cost. However, their use is limited with increased 
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leachate ages characterized by a large percentage of refractory compounds. 
To deal with this limitation, some physicochemical processes have been 
experimented to treat leachate from sanitary landfills. These processes include 
physical adsorption, chemical coagulation (Wu et  al., 2021), nanofiltration 
(Meier et al., 2021) and reverse osmosis (Anna Tałałaj et al., 2021). The physical 
and chemical treatment are limited by the large amount of sludge produced and 
the need to consume a large amount of coagulant (Verma & Kumar, 2017) or 
need the combination with other processes (Meier et al., 2021).

Electrochemical processes allow the transformation of organic matter into 
carbon dioxide and water or its conversion into simpler compounds that can 
be subsequently treated. The advantages of such processes lie in their non-
polluting aspects, ease of automation, reduced treatment times, low reagent 
requirements, and the possibility of generating electrochemically reactive 
agents capable of effectively eliminating pollutants (Guo et al., 2022). Electro-
oxidation (EO), electrocoagulation (EC), and electro-Fenton (EF) processes are 
effective solutions for removing and separating a wide range of contaminants 
such as remove COD, ammonia nitrogen, and heavy metal pollutants (Liu et al., 
2022; Tang et al., 2022).

Hence, this chapter focuses on landfill leachate generation, their 
characteristics, and their treatment by EO, EC, and EF. Meanwhile, it will 
provide the state of the art, the fundamental principle, and the operating 
parameters influencing these processes.

8.2 LANDFILL LEACHATE
8.2.1 Generation and characteristics of landfill leachate
Landfill leachate is a liquid produced by decomposing organic matter and 
percolating water (rain, runoff, or the fluid generated in the decomposition 
of waste). The quantity and composition of the leachate depend on the type 
of waste, the average rainfall, and the evapotranspiration on the landfill. 
However, it always has a high content of suspended and dissolved matter that 
makes it a dangerous contaminant that must be treated otherwise, and it can 
cause contamination of aquifers, rivers, and soil, which in turn poses risk to 
the natural ecosystem and public health (Keyikoglu et  al., 2021). Luo et  al. 
(2020) reported that approximately 200 hazardous compounds are identified 
in landfill leachates.

The composition of landfill leachate varies notably with the age of the 
landfill. According to the landfill age, landfill leachates are commonly classified 
into three categories: (1) young (<5 years); (2) intermediate (5–10 years); and (3) 
mature (>10 years) (Luo et al., 2020). As the landfill age increases, the leachate 
parameters (pH, BOD5, COD, and BOD5/COD ratio) change significantly 
(Fernandes et al., 2015).

8.2.2 Landfill leachate treatment
Generally, the landfill leachate characteristics such as age, COD, BOD5/COD 
ratio, salinity, and toxicity are critical factors for the selection of adequate 
treatment processes (Keyikoglu et  al., 2021). Conventional treatments of 
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landfill leachates are generally divided into three major categories: (1) biological 
processes, (2) physical and chemical processes, and (3) a leachate transfer 
method. There are two types of landfill leachate transfer methods: (a) combined 
treatment with domestic sewage, and (b) recycling leachate (Anqi et al., 2020). 
The effectiveness of leachate treatments methods according to the landfill age 
is presented in Table 8.1.

In recent years, electrochemical methods have been applied for the 
treatment of wastewater with a high non-biodegradable organic load. These 
methods have a promising future because they use readily available robust 
and compact instrumentation that offers the possibility of easy distribution 
and can potentially replace sophisticated processes since they require low-
capacity content. The advantages of these methods are environmental benefits, 
compatibility, versatility, energy efficiency, safety, selectivity, ease of process 
automation, and low costs (Mollah et al., 2004). Also, given its relative ease 
of operation and its proven effectiveness in removing organic compounds that 
are difficult to biodegrade, especially in treating industrial wastewater (Yu 
et al., 2020a).

Table 8.1 Efficiency of process for leachate treatment vs. leachate type

Process Landfill Classification Average Removal (%)

Young Medium Old BOD COD TKN SS Turbidity

Ultrafiltration Poor- Fair — — — 50 60–80 >99 >99

Nanofiltration Good Good Good 80 60–80 60–80 >99 >99

Reverse 
osmosis

Good Good Good >90 >90 >90 >99 >99

Recycling Good Fair Poor >90 60–80 — — —

Coagulation/
flocculation

Poor Fair Fair — 40–60 >30 >80 >80

Chemical 
precipitation

Poor Poor Fair — <30 <30 30–40 >80

Adsorption Poor Fair Good >80 70–90 — — 50–70

Oxidation Poor Fair Fair — 30–90 — — >80

Stripping Poor Fair Fair — <30 >80 — 30–40

Aerobic 
processes

Good Fair Poor >80 60–90 >80 60–80 —

Anaerobic 
processes

Good Fair Poor >80 60–80 >80 60–80 —

Membrane 
bioreactor

Good Fair Fair >80 >85 >80 >99 40–60

Source: Reprinted from Journal of Hazardous Materials, Vol. 150, Issue 3, S. Renou, J.G. Givaudan, S. 
Poulain, F. Dirassouyan, P. Moulin, Landfill leachate treatment: review and opportunity, pp. 468–493 
(2008), with permission from Elsevier.
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8.3 EO TREATMENT OF LANDFILL LEACHATE
In a broad sense, electrochemistry includes the study of chemical reactions 
that produce electrical effects and chemical phenomena caused by the action 
of currents or voltages. Electrochemical methods for wastewater treatment 
involve an electrolytic cell and a pair of metallic electrodes whose physical 
and chemical characteristics are essential variables within the process through 
which an electric current is circulated. Figure 8.1 shows a conceptual diagram 
of an electrochemical reactor for wastewater, which includes a power supply, a 
cathode, an anode, and an electrolyte.

The electrooxidation process is attractive since electrons provide a 
versatile, efficient, and profitable solution, to which the ease of automation 
must be added. In addition, it achieves pollutant removal mainly through two 
mechanisms: direct oxidation (direct transfer of electrons to the oxidizing 
anode surface) and indirect oxidation (by generating electroactive substances) 
(Fernandes et  al., 2015). The main difference between both mechanisms is 
related to the electrode material. Direct oxidation and indirect oxidation will 
destroy the morphology and stability of most pollutants in the electrolyte 
solution to achieve better removal. The specific electrode reaction is shown 
in Figure 8.2.

Figure 8.1 Conceptual diagram of an electrochemical reactor.
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8.3.1 Direct EO processes
Direct oxidation of pollutants follows two steps: (1) diffusion of pollutants from 
the bulk solution to the anode surface where they get adsorbed and (2) oxidation 
of pollutants at the anode surface (equation (8.1)). Therefore, the efficacy of the 
process depends on the relationship between the mass transfer of the substrate 
and electron transfer at the electrode surface. In addition, the rate of electron 
transfer is determined by the electrode activity and current density (Anglada 
et al., 2009).

M R M( R) ne P+ → ⋅ + →−  (8.1)

where R is an organic pollutant, M is an active site on the anode surface, and 
P is the product.

The major drawback of this mechanism is forming a layer over the anode 
surface, ‘passivation of the electrode,’ which decreases the electrocatalytic 
activity of the anode material. However, this mechanism may promote the 
formation of hydroxyl radical adsorbed on the anode surface, further oxidizing 
organics through indirect electrolysis (Mandal et al., 2017).

8.3.2 Indirect EO processes
The indirect oxidation of wastewater may occur on the electrode surface in 
two ways: first, the formation of hydroxyl radicals by water oxidation on the 
electrode surface, and the organic matter is indirectly oxidized by equations 
(8.2) and (8.3) (Panizza & Cerisola, 2009)

M H O H e+ → ++ −
2  (8.2)

M( OH) R M RO H e⋅ + → + + ++ −
 (8.3)

The efficacy of this degradation mechanism depends upon selected electrode 
material and experimental conditions (Guo et  al., 2022; Mandal et  al., 

Figure 8.2 Schemes for (a) direct and (b) indirect EO treatment of pollutants. (Adapted 
from Deng and Englehardt, 2007.)
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2017). Second, it takes place on the bulk of the solution by other powerful 
electrogenerated oxidants, such as active chlorine and persulfate. The most 
common electrochemical oxidant is chlorine, which is formed by the oxidation 
of chloride at the anode (Anglada et al., 2009). As in the electro-Fenton, metal 
catalytic mediators (Ag+, Co3+, Fe3+, Ce4+, and Ni2+) are also used to generate 
hydroxyl radicals. Hence, this approach must operate in highly acidic media and 
need separation steps to recover the metallic species (Chen, 2004; Martínez-
Huitle & Ferro, 2006; Martínez-Huitle et al., 2015).

8.3.3 Influence factors of EO in the treatment of landfill leachate
For the removal rate and current efficiency of pollutants in landfill leachate, the 
efficiency of the EO process also depends on anode material, reactor design and 
various operating parameters.

8.3.3.1 Anode material
The choice of electrode material is crucial in the reactor’s design, focusing on 
high activation energies to avoid undesired side reactions. Cathode materials 
should have high over-voltages for hydrogen evolution, while anode materials 
should have over voltages for oxygen-evolution (Deng & Englehardt, 2007). 
The electrode material is of great importance that affects the selectivity and the 
efficiency of the EO process.

The anode material must have the following properties (Anglada et al., 2009):

• High physical and chemical stability; resistance to erosion, corrosion, 
and formation of passivation layers.

• High electrical conductivity.
• Catalytic activity and selectivity.
• The use of electrode materials that are inexpensive and durable must be 

favored (low cost/life ratio).

The anodic activity depends on the value of the overpotential of oxygen 
evolution. In Table 8.2, several electrode materials are presented. The EO 
anode materials divided into two categories are as follows:

• Low O2 overvoltage ‘active’ anodes are characterized by a high 
electrochemical activity toward oxygen evolution and low chemical 
reactivity toward oxidation of organic. Some examples of ‘active’ anodes 
are Pt, RuO2, and graphite. The efficiency of oxidation of pollutants on 
these anodes occurs at very low current densities or in the presence of 
high concentrations of chlorides or metallic mediators (Chen, 2004).

• High O2 overvoltage ‘non-active’ anodes: higher current densities 
may be applied with minimal contribution from the oxygen evolution 
side reaction. Some examples of ‘non-active’ anodes are boron-doped 
diamond (BDD), PbO2, SnO2 (Mandal et al., 2017) Ti/SnO2-Sb2O5 (Chen 
et  al., 2003). These types of anode are more preferred (Anglada et  al., 
2009). A ‘non-active’ electrode does not provide any catalytic active site 
for the adsorption of reactants and/or products from the aqueous medium 
(Fernandes et al., 2015).
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160 Landfill Leachate Management

Several anodes were used on the landfill leachate treatment, such as boron-
doped diamond anodes (Agustina et  al., 2019; Urtiaga et  al., 2022), titanium, 
ruthenium, iridium, tin oxide-based anodes (DSA) and lead dioxide (PbO2) anodes 
(Guo et al., 2022). In particular, boron-doped diamond (BDD) anode is widely 
used, due to the high organic oxidation rates and greater current efficiencies than 
other commonly used metal oxides such as PbO2 and Ti/SnO2-Sb2O5 (Anglada 
et al., 2009). DSA anodes have high catalytic activity to release active chlorine, 
and are highly stable and widely used (Turro et al., 2011). For PbO2 anodes, a 
large number of hydroxyl radicals can be generated under acidic conditions, and 
it has a great advantage from the perspective of economic feasibility, so it has 
been widely used in wastewater treatment (Panizza & Cerisola, 2009).

Chiang et al. (1995) reported that the COD removal rate decreased according 
to this order of different anodes used SPR > DSA > PbO2/Ti > graphite. COD 
removal rate of 92% and almost complete removal of ammoniacal nitrogen are 
obtained with the SPR anode and a current density of 150 mA/cm2.

8.3.3.2 Reactor design
One of the most critical aspects of electrochemical reactor design is maintaining 
high mass transfer rates as the primary reaction take place on electrode surfaces 
(Anglada et al., 2009). In general, the geometry of electrodes can be classified 
into two-dimensional and three-dimensional constructions (Yu et al., 2020a). 
Two types of cell configuration, divided and undivided, are used. A divided cell 
presents better performance in terms of total organic carbon removal using 
same electrodes (Ti/PbO2) (Lei et al., 2007).

Two flow characteristics limiting hydrodynamic behavior: plug flow and 
perfect mixing. The last mentioned presents the advantage of a high electrode 
surface-to-cell volume ratio value. In the case of flow characteristics within 
a reactor, two types of limiting hydrodynamic behaviour may be considered: 
plug flow and perfect mixing (Anglada et  al., 2009). Figure 8.3 presents the 
classification of electrochemical reactors in terms of cell configuration, 
electrode geometry, and flow type.

Table 8.2 Potential of oxygen evolution of different 
anodes, V vs. NHE.

Anode Potential (v) Conditions

Pt 1.3 0.5 mol/L H2SO4

Pt 1.6 0.5 mol/L H2SO4

IrO2 1.6 0.5 mol/L H2SO4

Graphite 1.7 0.5 mol/L H2SO4

PbO2 1.9 1 mol/L H2SO4

SnO2 1.9 0.5 mol/L H2SO4

TiO2 2.2 1 mol/L H2SO4

Si/BDD 2.3 0.5 mol/L H2SO4

Ti/BDD 2.7 0.5 mol/L H2SO4

Source: Chen (2004).
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8.3.4 Operating parameters
In addition to the electrode material and reactor design, pollutant removal, 
current efficiency, and energy consumption of EO are also affected by different 
operating parameters. Current density (intensity per unit area of electrode), pH, 
and electrolytes were added.

8.3.4.1 Current density
Current density is the most crucial parameter in electrochemical oxidation, 
which is considered determinant of the cost and efficiency of the EO process. 
Increasing current density during electrolysis yielded enhancement in pollutant 
removal in many studies, which may be attributed to more hydroxyl radical 
generation at the anode surface or by the formation of chlorine/hypochlorite. 
It was further confirmed that the removal of COD and ammonia nitrogen from 
landfill leachate mainly depends on indirect oxidation under the action of active 
chlorine (Panizza et al., 2010). The current density can affect the chloride ions 
during leachate conversion into a large amount of active chlorine, which can 
improve the landfill leachate treatment efficiency (Guo et al., 2022).

The consequences of applying high current density during EO led to a higher 
conversion rate of ammonium nitrogen to nitrate nitrogen during ammonium 
removal (Urtiaga et al., 2009). The greater is the current density, the better will 
be the oxidation capacity and even better the effect of removal of pollutants. 
However, the use of higher current densities usually results in higher operating 
costs due to an increase in energy consumption. It should also be highlighted 
that an increase in current density does not necessarily increase the process 

Figure 8.3 Classification of electrochemical reactors in terms of cell configuration, 
electrode geometry, and flow type. (Adapted from Anglada et al., 2009.)
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performance. For a given anode material, the effect of current density efficiency 
depends on the characteristics of the landfill leachate to be treated (Oturan 
et al., 2015; Papastavrou et al., 2009).

8.3.4.2 pH
COD degradation mainly depends on the large number of hydroxyl radicals 
generated on the anode surface. Under acidic conditions, it is favorable for the 
hydroxyl radical’s oxidation and advantageous for inhibiting the side reactions 
of oxygen evolution occurrence (eq (8.4)) (Song-hu & Xiao-hua, 2005). Acidic 
pH may reduce the concentration of carbonate and bicarbonate ions, known 
as effective hydroxyl radical scavengers, thus enhancing the oxidation reaction 
rate. At alkaline pH, more current is used for the oxygen evolution reaction 
rather than oxidation due to the lower potential requirement for the oxygen 
evolution reaction equation (8.5), which reduces the current efficiency of the 
treatment (Mandal et al., 2017).

In acid medium

2 4 42 2H O H O e→ + ++ −
 (8.4)

In alkaline medium

4 2 42 2OH H O O e− −→ + +  (8.5)

Under acidic conditions, aqueous chlorine predominates at pH < 3.3 (equation 
(8.6)). At higher bulk pH values, its diffusion away from the electrode is coupled 
to its dismutation reaction to form chloric(I) acid (HOCl) at pH < 7.5 (equation 
(8.7)) and chloric(I) ions (ClO−) at pH > 7.5 (equation (8.8)). Cl2, HOCl, and 
ClO− ions are called ‘active chlorine’ (Szpyrkowicz, 2006). According to Pérez 
et al. (2012) ammonium degradation mainly occurs due to indirect oxidation 
through chlorine/hypochlorite. The highest COD and color removals were 
obtained under acidic conditions, whereas the lowest removal was obtained in 
an alkaline medium. In an alkaline medium, the low production of chlorine/
hypochlorite ions favors the formation of chlorate or perchlorate. In an acidic 
medium, the chlorine/chloride present in the solution was in the form of 
hypochlorous acid, which possesses a high oxidation potential compared with 
hypochlorite (Mussa et al., 2015; Turro et al., 2011).

Cl Cl e− −→ +
1
2

2
 

(8.6)

Cl H O HOCl H Cl2 2+ → + ++ −
 (8.7)

HOCl OCl H→ +− +
 (8.8)

The ammonia nitrogen removal efficiency by indirect EO depends on chloride 
concentration in landfill leachate (Cabeza et  al., 2007). As a consequence, 
chlorinated derivatives of ammonia are generated (equations (8.9) and (8.10)) 
and further hydrolyzed (equations (8.11) and (8.12)), and finally, the ammonia 
nitrogen will be completely oxidized (Guo et al., 2022).
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NH HClO NH Cl H O Haq4 2 2
+

( )
++ → + +

 
(8.9)

HClO NH Cl NHCl H Oaq( ) + → +2 2 2  (8.10)

NHCl H O NOH H Cl2 2 2 2+ → + +++ −
 (8.11)

NHCl NOH N HClO H Cl2 2+ → + + ++ −
 (8.12)

8.3.4.3 Electrolytes
The conductivity of the electrolyte solution can also be controlled by varying 
inter-electrode gaps or by the addition of electrolytes (Li et  al., 2016). The 
addition of electrolytes during electrochemical wastewater treatment aims to 
increase the electrical conductivity of the wastewater to be treated and thus 
decrease the current density and reduce consumption.

Several electrolytes were added to enhance the conductivity of landfill 
leachates, such as perchloric acid HClO4, Na2SO4, and NaCl. HClO4, as an 
electrolyte, acts only to reduce energy consumption without involving the 
evolution of any oxidizing species (Turro et al., 2011). The effect of the addition 
of Na2SO4 as an electrolyte, SO4

2– ion can potentially increase the side reaction 
of oxygen evolution at the anode surface. Thus, the presence of sulfate may 
inhibit the electrogeneration of chlorine/hypochlorite resulting in an adverse 
effect on pollutant removal. However, Na2SO4 as an electrolyte had less impact 
on process performance than NaCl and the formation of S2O8

2 oxidizing species 
yielded higher pollutant removal.

Landfill leachate generally contains high conductivity due to its high 
chloride concentration. The addition of NaCl has been reported as the most 
influencing parameter for NH4

+-N removal from landfill leachate (Silveira et al., 
2015). In addition, an increase in chloride concentration by the addition of 
NaCl to landfill leachate enhances process performance and accelerates COD 
removal up to 5,000 mg L−1 of Cl− through the generation of more chlorine/
hypochlorite (Mussa et al., 2015; Quan et al., 2013; Turro et al., 2011). Then, 
the chlorine evolution process depends on current density rather than chloride 
concentration. The addition of NaCl as an electrolyte has been considered more 
satisfactory than other electrolytes for landfill leachate treatment because it is 
easily available and low priced (Li et al., 2016).

8.3.5 EO combined with other methods
EO has been used as a pre-treatment or post-treatment process for the biological 
treatment of landfill leachate, improving the treatment efficiency (Lei et  al., 
2007; Tang et al., 2022; Wu et al., 2016; Zolfaghari et al., 2016). Combined EO 
with biological processes has the advantage of reducing the organic load and 
energy consumption in the EO process; simultaneously, EO can improve the 
landfill leachate biodegradability index (Guo et al., 2022).

In addition, other studies have been made on combining EO and 
physicochemical methods to treat landfill leachate (Misra et  al., 2009), such 
as: chemical coagulation (de Oliveira et  al., 2019; Guvenc et  al., 2023), EC 
(Ding et al., 2018; Sato et al., 2021), physical adsorption (Chiang et al., 2001) 
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to treat landfill leachate. The landfill leachate treatment efficiency can also 
be enhanced by combining ultraviolet radiation to strengthen the EO process 
(Xiao et al., 2013; Ye et al., 2016).

8.4 EF TREATMENT OF LANDFILL LEACHATE
EF is considered an indirect EO process that combines the EC and Fenton 
processes intending to increase the degradability of the refractory organic 
matter present in wastewater. Its advantages over the traditional methods 
using Fenton’s reagent are one or two Fenton’s reagents, H2O2 and Fe2+ can 
be generated in situ by electrode reactions, the rapid regeneration of Fe2+ at 
the cathode, and lower operating costs (Crispim et al., 2022). In addition, it 
is easy to achieve automatic control (Wang et al., 2020a). EF process reduces 
other disadvantages of Fenton processes, such as slow ferrous regeneration 
rate, sludge generation and increase in solution pH with reaction time (Sruthi 
et al., 2018). EF is an efficient process in removing COD, NH3-N, color, and also 
removing high concentrations of pathogenic microorganisms from stabilized 
leachate (Aziz et al., 2013).

The EF process can be divided into homogeneous and heterogeneous 
reactions. Homogeneous process, Fe2+ ions can react with H2O2 generated in 
situ. In a heterogeneous process, solid catalysts or integral cathodes were used 
(Wang et  al., 2022). The heterogeneous EF process presents the advantages 
of regenerating the catalyst, overcoming the main limitation of using ferrous 
salts in the conventional Fenton process (Sruthi et al., 2018), and reducing iron 
sludge (Chu et al., 2020; He et al., 2021). In addition, using heterogeneous EF 
can increase the BOD5/COD of landfill leachate, effectively removing organic 
contaminants in mature landfill leachate (Wang et al., 2022). In heterogeneous 
EF, the catalyst can be reused (He et al., 2021).

8.4.1 Reaction mechanism of EF process
The Fenton process (Fe2+/H2O2) was one of the advanced oxidation processes 
selected for treating of pollutants in wastewater. In this process, the dosage of 
iron and hydrogen peroxide are the two most important operating variables 
that determine operating costs and efficiency. Figure 8.4 shows a schematic 
diagram of an EF cell showing the main reactions involved.

The objective is the production of the hydroxyl radical, which is a strong 
oxidizing agent, following the reaction between Fe2+ and H2O2 in acidic 
conditions 2 < pH < 4 (eq (8.13)).

Fe H O Fe OH HO2
2 2

3+ + − ⋅+ → + +  (8.13)

In the electrically assisted Fenton process, there is an increase in the oxidizing 
power of the H2O2 and, therefore, a more significant generation of hydroxyl 
radicals, which ensures an improvement in the elimination of pollutants. The 
EF process has four ways to provide Fe2+ and/or H2O2: in the first, Fe2+ are 
added externally, and H2O2 is generated simultaneously at the cathode. In the 
second, H2O2 is added externally, and Fe2+ are generated at the sacrificial iron 
anode; in the third, H2O2 is added externally, and Fe2+ are generated by reducing 
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Fe3+ or hydroxide sludge. In the fourth both Fe2+ and H2O2 are electrogenerated 
at sacrificial electrodes; Fe2+ are electrogenerated at the sacrificial iron anode, 
and H2O2 is electrogenerated at the cathode via the two-electron reduction of 
introduced oxygen gas in the liquid (equations (8.14)) (Zhang et al., 2006).

O H e H O2 2 22 2+ + →+ −
 (8.14)

In the EF process and when Fe2+ ions are electrochemically produced 
from the sacrificial anode, iron can be regenerated by the following reactions 
(equations (8.15)–(8.17)):

H O Fe Fe HO H2 2
3 2

2+ → + ++ + ⋅ +
 (8.15)

Fe HO Fe H O3
2

2
2

+ ⋅ + ++ → + +  (8.16)

Fe e Fe3 2+ − ++ →  (8.17)

8.4.2 Operational parameters affecting EF process
In this section, the effects of various operating parameters such as initial pH, 
dose, treatment time, current density, and distance between the electrodes 
on treatability of landfill leachate by using EF method are examined. In 
summary, Table 8.3 lists the works published on applying the EF process to the 
treatment of landfill leachate at optimal conditions.

Figure 8.4 Schematic diagram of an EF cell showing the main reactions involved in an EF 
process. (Adapted from Nidheesh and Gandhimathi, 2012.)
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8.4.2.1 pH
pH is the main factor on iron speciation and H2O2 decomposition and therefore 
limits the efficiency of EF (Zhang et al., 2006). The optimized range is limited 
between 2 and 4 because the production of the hydroxyl radical is high in 
the regeneration of H2O2 or increases in the rate of the reaction. The study of 
hydroxyl radical formation as a function of pH, shows that the highest yield of 
.OH was observed at pH 3.1 (Lindsey & Tarr, 2000). Figure 8.5 represents total 
moles of ⋅OH formed as a function of pH and fulvic acid (FA) content.

Fe3+ ions mainly control the solubility equilibrium of iron at a pH of less 
than 3.5. At pH < 3, a significant amount of total iron exists in Fe2+ and Fe3+ 
forms, favoring the EF process at pH around 3 (Brillas, 2022; Zhang et  al., 
2012). At low pH (<2), the reaction of excessive H+ and H2O2 could generate 
H3O2

+, competing with the reaction in the formation of ..OH (Yang et  al., 
2022). In addition, at pH > 4, H2O2 is unstable and rapidly decomposes to 
oxygen and water, reducing the efficiency of EF (Yazici Guvenc et al., 2019). In 
parallel, homogeneous EF, the iron can precipitate at pH > 4, to overcome the 
drawbacks, solid materials containing iron as catalysts (Gao et al., 2022).

8.4.2.2 Dose of reagents
In the Fenton and EF processes, the Fe2+/H2O2 ratio is essential regarding 
process cost and efficiency. An excess of hydrogen peroxide can give rise to 
reactions that interfere with and limit the efficiency of the EF process. In these 
reactions, hydrogen peroxide is consumed for the oxidation of Fe2+ ions and 
produce HO2˙ radicals that have one less oxidizing capacity than hydroxyl 
radicals ˙OH (equations (8.18) and (8.19)):

H O HO HO H O2 2 2 2+ → +• •
 (8.18)

Fe HO Fe HO2
2

3
2

+ + −+ → +•
 (8.19)

Figure 8.5 Total moles of ·OH formed as a function of pH for pure water and aqueous FA. 
Benzoic acid used as probe at 9 mm. Measurements made 300 s after mixing Fe2+ and 
H2O2. (Reprinted from Lindsey and Tarr, 2000, with permission of Elsevier.)
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169Electrochemical treatment of landfill leachate

In the case that Fe2+ is in excess, it produces an extra amount of sludge and an 
increase in total dissolved solids. These interfering reactions can be hindered by 
using the proper Fe2+/H2O2 ratio and Fe3+/H2O2 ratio and, optimized initial pH.

  In parallel, the increase in H2O2 concentration leads to an increase in 
hydroxyl radical concentration and, consequently, high efficacy in removing 
pollutants from wastewater (Zhang et al., 2012). In addition, H2O2/COD ratio is 
also influenced by COD removal efficiency and, in the literature, ranges between 
0.4 and 2 (Varank et al., 2020). At values H2O2/COD > 2, COD removal efficiency 
decreased due to .OH scavenging reactions (Yazici Guvenc et al., 2019).

8.4.2.3 Reagent feed mode
The H2O2 feed mode at the beginning, stepwise or continuously during 
the experiment implies a change in the H2O2/COD and H2O2/Fe2+ ratio, 
consequently, a change of COD removal rate. The COD removal efficiency 
increases with dose time, and a high value can be reached continuously. Adding 
H2O2 in a single stage increases the production efficiency of hydroxyl radicals. 
In the case of the continuous mode, the concentration of peroxide of hydrogen 
is kept at low levels, thus avoiding scavenging reaction (Zhang et al., 2006). In 
EF, a batch reactor and a continuous-flow reactor (Crispim et al., 2022; Yazici 
Guvenc et al., 2019) have been used. In the case of a continuous operation at a 
steady state, increasing the hydraulic retention time implies that the treatment 
efficiency increases because leachate has more chance to react with the reactive 
oxidants (Li et al., 2022).

8.4.2.4 Current density
The applied current is among the most critical factors affecting EF’s efficiency. 
This parameter depends strongly on the conductivity of the wastewater. 
Applying higher current increases the amount of H2O2 produced and means 
higher electro-regeneration of ferrous ions from ferric ions (Yazici Guvenc 
et al., 2019). However, a high applied current can inhibit the EF process over a 
limited value of the current is applied with the following competing reactions 
(8.20) and (8.21) at the electrodes (Baiju et al., 2018; Yang et al., 2022).

2 4 42 2 2H O H O e→ + ++ −
 (8.20)

2 2 2H e H+ −+ →  (8.21)

8.4.2.5 Inter-space electrode
In EF reaction, the electrode spacing influences COD removals. When the 
electrode spacing was too close, concentration polarization could inhibit 
contaminants transfer in the reaction and then reduce COD removal. It was 
also observed that reducing electrode spacing increases significantly COD 
removal efficiency (Atmaca, 2009). In contrast, too long a distance increases 
reaction resistance and decreases substrate transfer (He et  al., 2021). In 
addition, with the increase of the spacing of the electrode, the current density 
also decreased, which in turn reduced the electron transfer rate on the cathode 
surface, therefore, a reduced amount of ⋅OH generation and mass transfer 
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decreases Fe3+, and consequently decreases COD removal efficiency (Gao 
et al., 2022). Moreover, increasing the electrode spacing from 3 to 4 cm and 
mass transfer decrease of Fe3+ led to a reduction in COD removal. When the 
electrode spacing was reduced to 2 cm, the efficiency of COD removal due to 
the electro-generation of Fe2+ to Fe3+ is faster at the anode (Baiju et al., 2018). 
Therefore, the electrode spacing should be optimized for low energy expenses 
and to avoid short-circuiting (Gao et al., 2022). In addition, the optimization of 
electrode spacing is of great importance to the highest COD removal when EF 
operated in batch mode (Zhang et al., 2012).

8.4.2.6 Cathode material
The appropriate cathode material is essential in the heterogeneous EF process 
(Monteil et  al., 2019). Carbonaceous materials are preferred as cathode 
materials because they can produce H2O2 from O2 reduction. Moreover, the 
cathode must exhibit high over potential for H2 evolution and low catalytic 
activity for H2O2 decomposition since the process is optimal in an acidic 
medium (Brillas et al., 2009).

Currently, three-dimensional carbon materials have been used as cathodes, 
including carbon felt (Yang et  al., 2020), carbon aerogel (Lu et  al., 2019), 
carbon nanotubes (Cheng et al., 2020), carbon sponge (Oturan et al., 2021), and 
activated carbon fibre (Yu et  al., 2019). The cathode base carbon materials 
are characterized by a high specific surface area and good porosity, which are 
conductive to loading iron-active species. Nevertheless, the loaded cathode 
also has some limitations, such as poor conductivity, poor repeatability, and 
comparative complex preparation (Gao et al., 2022).

More recently, carbon felt modified by anthraquinone 2-sulfonate and 
polypyrrole (Zhu et al., 2020), carbon felt-polytetrafluoroethylene (CF-PTFE) 
(Crispim et  al., 2022), biochar activated by a molten salt (Sun et  al., 2021), 
microchannel-structured carbon decorated with iron oxides (Yu et al., 2020b) 
and graphene-modified carbon felt (Yang et al., 2019) iron-loaded needle coke-
based titanium mesh composite (Gao et al., 2022), Fe-loaded-activated C-based 
Ni-foam composite Fe/AC/Ni (Wang et al., 2020a) Fe-loaded, activated C-based 
Fe/AC/Ti (Wang et al., 2020b) have been investigated as suitable agents for a 
cathode to generate H2O2.

8.4.3 Combination of EF with other methods
Given the complexity of landfill leachate, adopting multiple strategies can 
improve their treatments. EF has been widely used to treat leachate as a single 
process, or combined with UV to strengthen the EF.

The combination of EF and the biological process can improve the treatment 
of mature leachates. The low biodegradability of mature leachates limits their 
biological treatment. The application of EF prior to the biological process 
enhances the biodegradability of leachate, which will be beneficial for the 
subsequent biological process (Baiju et al., 2018; Lin & Chang, 2000).

The integration of UV in EF is called photo-electro-Fenton (PEF) process. 
It can improve the effectiveness of the process, producing a significant 
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regeneration rate of Fe2+ and consequently increasing .OH in the solution (Altin, 
2008; Brillas, 2022). The performance of PEF has some limitations related to 
wastewater matrix effects and energy requirements (Crispim et al., 2022). In 
addition, the integration of UV during the combination of EF and biological 
treatment can improve the performance of the process (Pellenz et  al., 2020; 
Seibert et al., 2019).

Recently, bio-electro-Fenton (BEFs) has been an emerging technology 
based on coupled anodic microbial metabolisms and electrochemical Fenton 
reactions. BEFs have paid a potential interest due to multiple advantages such 
as hydrogen peroxide generation, energy saving, high efficiency, and energy 
production, low toxicity, and mild operational conditions (Soltani et al., 2021; 
Wang et al., 2019; Yang et al., 2022). Moreover, there are some disadvantages, 
including low production of current density, a chemical addition, iron sludge 
formation, and costly materials used (Soltani et al., 2021).

8.5 EC TREATMENT OF LANDFILL LEACHATE
8.5.1 Definition and operating principle
EC is an alternative technique to conventional effluent treatment systems and 
is based on the principle of electrolysis since it combines chemical coagulation 
with electrical principles. EC can be defined as a non-selective process in which 
the particles are destabilized by coagulants that are suspended, emulsified, 
or dissolved in different types of wastewaters. Applying an electric current 
through electrodes immersed in the effluent to be treated gradually dissolves 
the sacrificial anode in the reaction process, thereby generating many high-
charge metal cations in situ (Guo et al., 2022). Figure 8.6 shows the scheme of 
the EC process.

The application of current produces, in addition to other electrochemical 
reactions, electrolysis of water with the consequent formation of tiny bubbles of 
hydrogen at the cathode and of oxygen at the anode. The gas bubbles adhere to 
the suspended particles and drag them to the surface of the solution, forming 
a foam. This process is called electroflotation, whose bubbles are very stable, 
so they retain their large contact surface. In addition, neutralizing the charges 
of the suspended matter produces the breaking of the emulsions and better 
and faster flocculation of the particles. To sum up, in EC, pollutants can be 
removed by adsorption, precipitation, and floatation (Das et al., 2022; Mollah 
et al., 2004). The principal reactions occurring in an EC cell can be described 
in the following equations (8.22)–(8.24) (Dia et al., 2017b):

At the anode M M nes aq
n: ( ) ( )
+ −→ +

 
(8.22)

At the cathode H O e OH H: 2 2 22 2+ → +− −
 (8.23)

Inthebulk solution M nOH M(OH)aq
n

n(s): ( )
+ −+ →  (8.24)

where M s( ) metal, M aq

n

( )

+  metallic ion (Fe or Al ion), M(OH)
n s( ) metallic hydroxide, 

and ne
− the number of electrons transferred in the reaction at the electrode.
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During an EC process, a sacrificial anodic metal electrode produces the 
coagulating ions in situ, and three different stages can be identified (Alkhatib 
et al., 2020; Fernandes et al., 2015):

(i) formation of the coagulants by electrolytic oxidation of the ‘sacrificial 
electrode,’

(ii) destabilization and neutralization of the contaminants and particulate 
suspension and breaking of emulsions,

(iii) aggregation of the destabilized phases to form flocs that can be settled 
down by gravity.

The EC process has been successfully applied to landfill leachate treatment 
due to its versatility and efficiency in removing COD, ammonia, total dissolved 
solids, total suspended solids, turbidity, color, and other contaminants from 
landfill leachate (Xu et al., 2020). In addition, EC has gained potential attention 
over conventional wastewater treatment methods for many advantages, such 
as ease of implantation and automation and ease in solid–liquid separation. 
It requires no chemical additives and has a simplicity of equipment, short 
retention time and low sludge generation and inexpensive, compact facility, and 
eco-friendly (Alkhatib et al., 2020; Bazrafshan et al., 2015; Naje et al., 2019).

On the other hand, EC presents drawbacks, such as the need to replace 
periodically sacrificial anodes, conductivity must be high to avoid ohmic drop, 
the presence of a high concentration of chlorides can lead to the formation of 
toxic chlorinated organic compounds, an impermeable oxide film formed on the 
cathode surface (passivation), and a cost of electricity (Bazrafshan et al., 2015). 

Figure 8.6 Schematic diagram of the EC process.
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The advantages of ECs outweigh its drawbacks, which are recommended as an 
efficient process for wastewater treatment.

8.5.2 EC reactor design and operation
The EC reactor designs, such as high porosity fixed bed, rotating cylinders, 
and vertical and horizontal plates, have gained significant attention in recent 
years for wastewater treatment (Das et al., 2022). EC reactor designs can be 
classified based on three significant distinctions (Holt et al., 2005). The first 
distinction, whether the reactor operates in a batch-wise or a continuous mode 
between alternative designs, is whether a reactor was configured as a batch or 
a continuous system. Batch mode, in which the output depends on operating 
time working with a fixed wastewater volume, is more suited for pilot plant 
scale application (Khandegar & Saroha, 2013). The optimized parameters in 
the batch mode serve as guidelines for operating in the continuous mode. Batch 
systems present a disadvantage because of conditions within the reactor change 
with time (Holt et al., 2005). Continuous systems, which are inherently dynamic 
in the application and operate under steady-state conditions, especially at fixed 
pollutant concentration and inlet flow rate, are better at the industrial scale 
for large effluent volumes (Bazrafshan et al., 2015). The outcome is not time-
dependent but determined by inlet flow rate and space–time (López-Guzmán 
et al., 2021). The continuous system of operation is preferred due to being more 
controlled than the batch mode. Moreover, a steady-state process consumes less 
energy in a shorter time (Khandegar & Saroha, 2013).

The second distinction is whether the feed flow is horizontal or up flow 
(Jiang et al., 2002). The third distinction is whether the aggregated pollutants 
are separated in situ using flotation or sedimentation processes or using a 
suitable downstream process such as centrifugation or flotation (Al-Qodah & 
Al-Shannag, 2017). Figure 8.7 presents summary of classification of EC reactor 
systems.

The wastewater flow through the plate electrodes can be divided into 
multiple or single channels (Figure 8.8). Multiple channels are simple but offer 
smaller flow rate, as well as some drawbacks, such as electrode passivation. 
On the other hand, a simple channel is recommended to increase the flow rate 
(Chen, 2004).

8.5.3 Operational parameters affecting EC process
The EC process is affected by different factors. Among the most important 
parameters are pH, conductivity, electrode material, arrangement, electrode 
spacing, and current density. These parameters determine the efficiency of EC 
to remove pollutants from landfill leachates by the formation of flocs. Figure 8.9 
presents operating parameters influencing the EC process performance.

8.5.3.1 Current density
The current density is one of the most significant factors for controlling 
the reaction rate in the electrochemical process (Rookesh et al., 2022). The 
applied current density supply to the EC system determines the amount of Fe3+ 
and Al3+ ions released by the respective electrodes, thus affecting the anode 
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mass transfer process and pollutant removal. Optimizing the current density 
determines the amount of coagulant, the generation of flotation gas, and the 
formation of flocs.

According to Faraday’s law, which governs the EC process, the number of 
substances formed at an electrode is proportional to the number of charges 
passing through the system, and the total number of moles of substance formed 
at an electrode is stoichiometrically related to the current density put into the 
system (equation (8.25)).

m
ItM
nF

=
 

(8.25)

where m  is the amount of electrode material dissolved (g), I is the current (A), t is 
the electrolysis time (s), M is the molecular mass of the electrode material (g/mol), 
n is metal valence, and F is the Faraday constant (96,500 C/mol).

In general, an increase in the current density generates an increase in the 
removal rate of contaminants (Ilhan et al., 2008). Nevertheless, a blocking effect 
will occur when it exceeds the optimal value. Working rotating electrode EC 
reactor on landfill leachate treatment, also increases current density COD, total 
suspended solids and total dissolved solids removal will increase, but, when 
current density is above 2A, no effect in removal rate was observed. In addition, 
the same effect was observed on the disinfection by-products produced by EC 
in the treatment of landfill leachate (Xu et al., 2020). Increasing the working 
current will increase energy consumption and reduce current efficiency (Naje 
et  al., 2019). In addition, a current density that is too high can produce a 
significant decrease in efficiency and a loss of energy due to the transformation 
of electrical energy into heat, increasing the temperature of the water to be 
treated (Chen, 2004).

Figure 8.7 Summary of classification of EC reactor systems. (Adapted from Holt et al., 
2005, with permission of Elsevier.)
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8.5.3.2 Solution pH
pH value is a crucial factor influencing the EC process performance governing 
the hydrolyzed metal species. The pH influences the current’s efficiency in 
the metal’s solubility process to form hydroxide. The pH varies during EC, 
depending on the initial pH and the electrode material (Rookesh et al., 2022). 
Generally, the best removals have been obtained for pH values in the neutral 
range (Li et al., 2011; Yazici Guvenc et al., 2019). Meanwhile, the EC process 
performance declined when the pH tended toward acidic either basic values 
(Naje et al., 2019).

8.5.3.3 Electrode design
In the EC process, the removal of pollutants was attained by sacrificing the 
anode to form metal ions with high coagulation force. The most common 
electrode materials used for EC are Al and Fe electrodes, has been widely used 
to treat landfill leachate (Huda et al., 2017; Naje et al., 2019).

Figure 8.8 Flow types according to the arrangement of the electrodes: (a) single channel; 
(b) multiple channels. (Adapted from Chen, 2004.)
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During the treatment of landfill leachate, the highest removal efficiency 
was achieved with the Al electrode at the lowest current density of 5 mA/cm2 
and amounts of 22.41%; however, under a higher current density of 25 mA/
cm2, and removal rate of ammonia is 29.58%, the Fe electrode is more efficient 
than the use of Al electrode (Malinovic et al., 2019). In another study, the Al 
electrodes’ results indicated that the Al electrode’s performance was better 
than that of the Fe electrode in terms of COD and NH4-N removal, and COD 
and NH4-N removal efficiencies were 66% and 63%, respectively (Pirsaheb 
et  al., 2016). However, the Al electrode suffers passivation damage to the 
reactor’s performance, presenting higher toxicity and operating cost than the 
Fe electrode (Fernandes et al., 2015).

The presence of some anions like Cl− in an aqueous solution can inhibit the 
electrode passivation. Some anions, such as HCO3

− and SO4
2− may precipitate 

Ca2+ and Mg2+, forming a layer on the surface of the electrodes. This effect 
can significantly be reduced in the presence of chloride ions (Chen, 2004). In 
addition, several strategies have been proposed to minimize the passivation, 

Figure 8.9 Operating parameters influencing the EC process performance.
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including aggressive ion addition (Cl− or Br−), alternating current operation, 
polarity reversal, ultrasonication, and mechanical cleaning of the electrodes 
(Ingelsson et al., 2020). Table 8.4 summarizes results of some studies on EC of 
landfill leachates

The shape of the electrodes can also influence the efficiency of EC. Recently, 
several forms have been designed including, cylindrical electrode (Alkhatib 
et al., 2020), porous electrode (Ibrahim et al., 2020), novel rotating electrode 
(Naje et al., 2019), and serpentine anode (Abdel-Aziz et al., 2020). Guo et al. 
(2022) reviewed that changing the shape of the electrode has the advantages of 
increasing the contact area between the pollutants and the electrode surface, 
increasing the floc release rate into the bulk solution, and reducing the electrode 
passivation rate. Consequently, of these benefits, landfill leachate treatment 
could be improved.

EC cells can present different electrodes’ arrangements which can distinguish 
three types of connexion modes (Mollah et al., 2004; Pretorius et al., 1991):

• Monopolar electrodes with cells in series (Figure 8.10a): In series cell 
arrangement, the same current intensity flows through all the electrodes 
and a higher potential difference is required because the cells connected 
in series have higher resistance. Monopolar connections in series show 
that n electrodes present n/2 resistance in series. Applying a voltage U 
and a current intensity I, each resistance is traversed by I and subjected 
to a voltage U/2n.

• Bipolar electrodes with cells in series (Figure 8.10b): In bipolar electrodes 
with cells in parallel arrangement, the sacrificial electrodes are placed 
between the two parallel electrodes without any electrical connection. 
This type of connection has characteristics close to the previous 
connection. The same current passes through the resistance subjected to 
a voltage of U/n−1. For n electrodes, there are (n−1) resistances.

• Monopolar electrodes with cells in parallel (Figure 8.10c): In parallel 
connections arrangement, the electric current is divided between all the 
electrodes, in relation to the resistance of the single cells. The monopolar 
connection is in parallel, by n electrodes that give n−1 resistances 
mounted in parallel. If a voltage U and a current of I are applied. The 
cells are subjected to the same voltage U. The current that passes through 
each resistance is l/n−1.

Fernandes et al. (2015) reviewed the different arrangements used for landfill 
treatment. They concluded that most of the EC experiments performed were in 
a batch reactor with monopolar electrodes in parallel connection, varying the 
number of electrodes between 2 and 14.

8.5.3.4 Inter-electrode distance
The distance between the electrodes affects the performance of the EC process 
and the electrostatic field effect (Bazrafshan et al., 2015). The inter-distance 
depends on several parameters such as electrode structure, hydrodynamic 
conditions, and pollutant nature (Daneshvar et al., 2004; Modirshahla et al., 
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180 Landfill Leachate Management

Figure 8.10 Different electrodes’ arrangement within the electrochemical cell: (a) monopolar 
electrodes with cells in series, (b) bipolar electrodes with cells in series, (c) monopolar 
electrodes with cells in parallel.
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2007; Naje et al., 2019). When the inter-distance increases, ohmic drop (IR) 
increases, as described by the following equation (8.26):

IR
Id
Ak

=
 

(8.26)

where I is the current (A), d is the inter-electrode distance (m), A is the active 
anode surface (m2), k is the specific conductivity (S/m).

More recently, a novel rotating anode reactor was used for leachate 
treatment, with the increase of the distance between the electrodes from 
10 mm to 15 and 20 mm, the efficiency of COD, TSS, and TDS removal rate 
decreases. The performance of the parameters mentioned above is reduced 
because increasing the inter-distance between the electrodes increases the 
resistance and leads to a decrease in the ion metal dissolution, thereby 
minimizing the flocs in the bulk solution (Naje et al., 2019). In addition, when 
the electrode space is wide, the amount of anode dissolution will decrease, 
and the ions need to travel for a longer distance to form flocs. Consequently, 
an EC process needs a high voltage due to an increase in the resistance of 
the solution. In addition, with higher electrode distances, the temperature 
increases in the EC cell (Rafiee et al., 2020). Oppositely, reducing the distance 
space increases the probability of contact between metal ions and hydroxyl 
radicals produced by the anode, improving the performance of the EC process 
(Abdel-Gawad et al., 2012; Ghosh et al., 2008). Therefore, it seems that the 
optimum condition of the space electrodes reduces the operational cost and 
energy consumption of the treatment (Huda et  al., 2017; Naje et  al., 2019; 
Rookesh et al., 2022).

8.5.3.5 Stirring speed
Mixing is also one of the parameters that influence the EC efficacy treatment of 
landfill leachates. Increasing the mixing negatively affected the COD removal 
rate, and positively increases the ammonia removal, because ammonia is 
easily stripped by mixing (Ilhan et al., 2008). Other study reports that when 
the magnetic stirring speed was increased from 50 to 150 rpm, an increase 
in COD removal and in sludge production was observed (Bouhezila et  al., 
2011). The optimum rotating speed is 150 rpm and increasing above this value, 
the rotating speed leads to fracture of the flocs and produces small particle 
flocs that are difficult to collect after the treatment process and consequently 
reducing process performance (Naje et al., 2019; Tahreen et al., 2020).

Indeed, the EC process is based on the production of ions applying current 
density. The movement of the ions is affected by the mixing parameter. 
The moderate mixing enhances the contact between the contaminant and 
coagulants and, consequently, the efficiency of the process. On the other hand, 
high mixing can cause disturbance of ions mobilization and breakup of flocs 
(Fernandes et al., 2015). Norma et al. (2012) showed that stirring increases the 
time necessary to start the precipitation of the flocs, which can be reduced by 
an increase in applied current density and, consequently, a higher rate of iron 
and energy consumption. Another consequence of increasing current density is 
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an increase of the H2 bubble generation rate according to Faraday’s law which 
can improve solution mixing and mass transfer (Abdel-Aziz et al., 2020).

8.5.3.6 Electrical conductivity
The current density depends significantly on the conductivity of the wastewater 
(Yazici Guvenc et  al., 2019). The wastewater must have some minimum 
conductivity for the flow of the electric current. With increases in conductivity, 
the current density efficiency increases, decreasing the treatment time required 
and reducing energy consumption (Huda et al., 2017; Mussa et al., 2013; Yazici 
Guvenc et al., 2019). In addition, the costs of the process are directly related 
to the solution conductivity (Bazrafshan et  al., 2015). When the electrical 
conductivity of the wastewater is low, it needs to be adjusted by the addition of 
electrolytes some supporting electrolytes such as NaCl (Li et al., 2011). There 
is an increase in the current density with an increase in the conductivity of 
the solution at a constant voltage or reduction of voltage at a constant current 
density. In addition, the removal efficiency also increases (Bazrafshan et al., 
2015; Rafiee et al., 2020). The effect of chloride on the color removal of landfill 
leachate was studied at 0.5–6.25 g/L at optimum conditions. An increase in the 
concentration of Cl− from 0.5 to 6.25 g/L yielded increase in the color removal 
from 24% to 82%. Mussa et  al. (2013) recommended that for a normal EC 
process, there should be >20% chloride ions (Chen, 2004).

8.5.3.7 Temperature
The temperature is another independent parameter influencing EC process. 
An increase in the solution temperature (25–45°C) improves the performance 
of the EC treatment of landfill leachate (Naje et al., 2019; Sediqi et al., 2021). 
In the case of the Al electrode, the increase of EC with temperature was 
attributed to the increased activity of the destruction of the aluminum oxide 
layer on the electrode surface (El-Ashtoukhy et al., 2013). In addition, when 
temperature increases to 27°C, the efficiency of color dye removal increases 
slightly. The reason could be increased mobility and ion collisions with 
hydroxide polymer (Modirshahla et  al., 2007). However, as mentioned, as 
temperature increases, dye removal efficiency decreases due to the increased 
movement of the produced ions reducing the formation of the flocs (Daneshvar 
et al., 2004).

In the other study, the effect of temperatures (20°C, 30°C, and 40°C) was 
probed on the leachate treatment, and the highest removal rates of COD, NH4

+, 
TSS, turbidity, and color were observed at 40°C. However, as mentioned, as 
temperature increases, the efficiency of EC decreases due to the increased 
movement of the produced ions reducing the formation of the flocs (Daneshvar 
et al., 2004). The inhibitory effect when temperature increases can be related 
to the coagulation reaction and the exothermic reaction of the electrochemical 
process. During EC, some of the compounds are converted into persistent 
intermediates (Ambauen et al., 2019). To sum up increasing the temperature 
results in a very high operational cost of the process.
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8.5.3.8 Electrolysis time
Electrolysis time is one of the most important parameters determining the 
removal rate of pollutants from landfill leachate. Based on Faraday’s law 
(equation (8.11)), the amount of generated coagulant from the anode is linearly 
proportional to the current density. In addition, hydroxide flocs increase, 
also the rate of bubble-generation increases. The removal of pollutants from 
landfill leachate was by the effects of coagulation and flotation (Li et al., 2011). 
The removal rate of the pollutant also increases with electrolysis time until 
it reaches an optimum. Above the optimal time it remains constant because, 
in the medium, the amount of coagulants available is sufficient for pollutant 
removal (Al-Qodah & Al-Shannag, 2017).

Fernandes et  al. (2015) reviewed that the optimal reaction time for COD 
and NH4

+ removal was obtained at 10–210 min. Low current density requires 
a higher time for similar efficiency (Rookesh et  al., 2022). Consequently, 
the electrical energy consumption was increased and was calculated by the 
following equation (8.27) (Rafiee et al., 2020).

E UIt=  (8.27)

where E is the electric energy in Joule (J), U is the electric potential in volts (V), 
I is the electric current in amperes (A), and t is the time in seconds (s).

8.5.4 EC process combined with other methods
Recently, to achieve a good treatment effect with EC, some technology has been 
combined with EC, including the introduction of ozone into the EC reactor 
(Tezcan Un et  al., 2018), ultrasonication (Khoramipour et  al., 2021) or the 
combination of the tertiary treatment (Asaithambi et al., 2020), and applying 
magnetic field enhancement (Ibanez et al., 2012). Other combination focused 
on the treatment of mature landfill leachate by EC followed by Fenton or UVA-
LED photo-Fenton processes (Tejera et al., 2021).

Other studies have investigated the effect of coupling biological treatment 
with the EC process to improve the efficiency of landfill leachate treatment. 
EC can be used as a pre-treatment system combined with anaerobic biological 
treatment (Tezcan Un et  al., 2018) and post-treatment system in aeration 
biofilters (Dia et al., 2017a; Oumar et al., 2016) and activated sludge treatment 
systems (Djelal et al., 2015).

The combination of physicochemical technology and EC, have been made 
on the removal combination of EC and membrane filtration process with EC 
improving COD removal (Ren et al., 2020; Top et al., 2011). The EC process can 
be used as a pre-treatment for raw leachates before applying other treatment 
methods (Huda et al., 2017; Tejera et al., 2021)

8.6 CONCLUSIONS
Landfill leachate is considered one of the most heterogeneous and complex 
wastewater, and the major challenge of modern society is to reduce its 
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hazardous effect on the environment and the choice of adequate methods of 
treatment. The electrochemical process has proven to be very versatile for broad 
types of wastewaters, including landfill leachate. Electrochemical methods: 
EO, EC, and EF are widely used for landfill leachate treatment. In addition, 
combination of electrochemical process with biological or physical–chemical 
methods can enhance the treatment of landfill leachate. Different electrode 
materials and cell configurations have been used. Under optimum conditions, 
the electrochemical process efficiently removes two major pollutants, COD, 
and ammonium nitrogen, from landfill leachate. Nevertheless, it is necessary to 
consider the cost of the process operated with the use of electricity which the 
use of renewable energy can overcome.
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ABSTRACT

Landfills of industrial and municipal solid wastes are popular methods for environmental 
and ecosystem protection in most of the advanced and developing countries. Nevertheless, 
dumping of such wastes in landfills creates serious problems particularly hazardous 
industrial wastes containing recalcitrant compounds. However, landfilling of hazardous 
industrial wastes is still the appropriate method from an economic point of view. The 
leachate generated from landfilling of hazardous industrial wastes is of great concern due 
to its toxic rich and refractory emerging micropollutants (EMs). The hazardous leachate 
composition is highly variable and depends on the waste composition, density, quantities, 
temperature, and precipitation. The leachate contains macro and micropollutants that 
might be potential toxic agents as well as carcinogens. The landfills are recently developed 
to minimize the leachate; however, recalcitrant micropollutants still are of great concern 
and remain the main source of pollution in nearby aquatic areas and ecosystems. This 
highly deteriorates the quality of surface and groundwater that subsequently causes 
harmful effects for human and animal health. Removal of EMs from the leachate has been 
a major challenge to overcome their deleterious effects and risks to the environment. 
Physico-chemical treatment processes such as adsorption, advanced oxidation, and 
non-thermal plasma are introduced. Biological treatment methods such as constructed 
wetlands, anaerobic degradation and membrane bioreactors (MBRs) for treatment of 
landfill leachate are comprehensively reviewed. Integration of MBRs with other biological 
technologies, that is, anaerobic/aerobic/anoxic is cost effective for degradation of EMs 
from the leachate. The removal efficiency of 97.4% for di-n-butyl phthalate (DBP) and 
98.8% for di (2-ethylhexyl) phthalate (DEHP) was achieved in the integrated system. 
DBP was removed by microbial degradation and 70.1% of DEHP was eliminated due to 
filtration processes. The MBR removed phthalic acid esters and phenolic compounds by 
values of 77–96% via filtration, biodegradation, and adsorption processes. However, their 
efficiencies highly depend on the biomass retention time and loading of EMs. The MBR 
module removed alkylphenols by 60–80% and pesticides by 59–74%.

Key words: Emerging micropollutants, hazardous landfill leachate, treatment technologies.
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9.1 INTRODUCTION
Landfills of industrial and municipal solid wastes are popular methods for 
environmental and ecosystem protection in most of the advanced and developing 
countries (Elsamadony et  al., 2021; Luo et  al., 2020). Nevertheless, dumping 
of such wastes in landfills creates serious problems particularly hazardous 
industrial wastes containing recalcitrant compounds (Antony et al., 2020; Ismail 
et al., 2019a, 2019b). Recycling of hazardous industrial wastes could be a unique 
option but it depends on the cost and quality. Landfilling of hazardous industrial 
wastes is still the proper method from an economic point of view (Abdel-Shafy 
& Mansour, 2018; Ismail et  al., 2019a, 2019b). The leachate generated from 
landfilling of hazardous industrial wastes is of great concern due to its toxic rich 
and refractory emerging micropollutants (EMs). The leachate is an hazardous 
liquid generating as a result of hydrolysis and self-degradation of toxic wastes 
due to percolation of rainwater (Anastasiou et al., 2014). The composition of 
hazardous leachate is highly variable and depends on the waste composition, 
density, quantities, temperature, and precipitation (Al-Yaqout & Hamoda, 2020). 
The leachate contains macro and micropollutants that might be potentially toxic 
and carcinogenic (Nurhasanah et al., 2021). The landfills are recently developed 
to minimize the leachate, however, recalcitrant micropollutants still are of great 
concern and remain the main source of pollution to nearby aquatic areas and 
ecosystems (Nouj et al., 2021). This highly deteriorates the quality of surface and 
groundwater that subsequently causes harmful effects for human and animal 
health (Parvin & Tareq, 2021).

Studies have focused on the removal of EMs from the leachate in order 
to overcome their harmful effects and risks to the environment. Adsorption 
(Ferraz & Yuan, 2020), air stripping (dos Santos et  al., 2020), coagulation, 
biological treatment methods (Miao et al., 2019) such as constructed wetlands 
(Bakhshoodeh et al., 2020) were employed for treatment of landfill leachate. 
Biological treatment methods of landfill leachate are still the acceptable 
technologies from environmental and the economic point of view. However, the 
presence of recalcitrant substances (PAHs-polyaromatic hydrocarbons, (PCBs-
polychlorinated biphenyls, surfactants, humic substances and AOXs-adsorbable 
organic halogens) in the leachate deteriorates the biological degradation 
process and should be completely and/or partially removed by physical–
chemical processes. The biological treatment processes are not efficient for 
complete removal of micropollutants particularly pesticides, pharmaceuticals, 
and personal care products (PCPs) (Essam et al., 2007).

This chapter focuses on the sources and composition of EMs in the hazardous 
landfill leachate and their impact on health and environment. Types of EMs are 
comprehensively reviewed. Removal of micro pollutants from landfill leachate 
using biological and physico-chemical technologies is discussed.

9.2 SOURCES OF EMS IN LANDFILL LEACHATE AND THEIR HEALTH 
EFFECT
Landfill sites mainly receive huge quantities of wastes from various domestic 
and industrial sources (Figure 9.1). These wastes are toxic rich and contain 
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hazardous chemicals such as EMs. The main sources of EM in the landfill 
are derived from pharmaceutical and PCPs, pesticides, and flame retardants 
(Kiefer et al., 2021). A variety of EM in 242 samples include transformation 
products (n = 8), organic compounds (n = 17), pesticides (n = 26), industrial 
chemicals (plasticizers, flame retardants, catalysts, and antioxidants) (n = 82), 
food additives (n = 18), PCPs (n = 9), pharmaceutical intermediates (n = 18), 
and pharmaceuticals (n = 64) were identified by Han et  al. (2022). Xeno 
organic compounds (XOCs) commonly occur in landfill leachate that includes 
alkylphenols, alkylbenzenes, and organochlorine compounds, benzene, 
toluene, ethylbenzene and xylenes (BTEX), phthalic acid esters (PAEs), 
organophosphate compounds (OPCs) and polyaromatic hydrocarbons (PAHs) 
(Nabi et al., 2022).

Antibiotics (sulfamethoxazole tetracycline and oxy tetracycline) amounted 
to 47.9–100.9 µg/kg in municipal solid wastes in China (Song et al., 2016). The 
concentrations of sulfamethoxazole tetracycline (7.4 mg/kg) and oxy tetracycline 
(45 mg/kg) in the municipal solid wastes were lower in the United States 
(Musson & Townsend, 2009). Erythromycin (0.3–20.2 µg/L) and sulfadiazine 
(0.2–29.2 µg/L) were abundant in the landfill leachate. Pesticides in the landfill 
leachate cause eye irritation and allergic reactions to the skin (Figure 9.2). 

Figure 9.1 Main sources of EMs in landfill leachate.

Figure 9.2 Effects of micropollutants on the human body.
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Constipation, vomiting, nausea, and heartburn occurred due to the presence 
of pharmaceuticals in the leachate. Sulfamethazine is the main compound 
causing dizziness, vomiting, nausea, and headache. Benzene and xylene cause 
anemia, neurological symptoms, and affect renal and cardiovascular systems

9.3 TYPES OF EMS
The landfill leachate composition comprising micropollutants where extremely 
toxic chemicals varies based on rainfall, dumped waste, landfill site, and 
age. Micropollutants such as per/polyfluoroalkyl substances (PFAS), PCPs, 
fluorochemicals, pharmaceuticals, polycyclic aromatic hydrocarbons (PAHs), 
and phthalates are the main chemicals in the landfill leachate (Figure 9.3).

9.3.1 Polycyclic aromatic hydrocarbons
PAHs are dangerous pollutants and can be found in the old landfill leachate. 
These pollutants are carcinogenic and causes severe health problems due to 
intentional discharge/dumping the leachate onto surface and ground water 
(Ismail & Tawfik, 2016). It is accounted for ∼100–6,000 ng/L in the landfill 
leachate (Kalmykova et  al., 2014; Smol & Włodarczyk-Makuła, 2017). The 
leachates are rich with phthalates of 0.01–340 µg/L (Baun et  al., 2004) and 
PAHs of 0.03–1220 µg/L (Matejczyk et  al., 2011) that highly deteriorated 
water quality due to discharge into the ecosystem. PAHs are mainly two to 
six aromatic rings with linear (anthracene and fluorine), clustered (pyrene), or 
angular arrangements (fluoranthene and phenanthrene) (Sho et al., 2004).

Figure 9.3 Types of EMs in the landfill leachate.
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9.3.2 Pharmaceuticals and plasticizers
The majority of hazardous industrial solid wastes are landfilled resulting in 
high concentrations of emerging contaminants (ECs) in the leachate (Meky 
et  al., 2019). ECs are originally derived from pharmaceutical, plasticizers, 
and PCP sources. Plasticizers are aromatic contaminants in landfill leachate 
resulting from landfills of plastic wastes. Bisphenol A (BPA) is one of the 
plastic wastes, epoxy resins, and thermal papers. Bisphenol S (BPS) is found 
in food and drugs. Bisphenol F (BPF) is the main component of epoxy resins; 
6–17 mg/L of BPA was detected in landfill leachate (Masoner et  al., 2016). 
Pharmaceuticals (anticonvulsants, antibiotics, antihistamines, analgesics, 
antihypertensive, steroid hormones, diuretics, stimulants) disposal into solid 
waste is the source of ECs in the leachate. These contaminants varied from 10 
to 10,000 ng/L. Ibuprofen (IBP), amphetamine, lidocaine, and carbamazepine 
(CBZ) compounds were highly detected in the landfill leachate (Clarke et al., 
2015). 21,800 ng/L of analgesics acetaminophen (ACT) and 325,000 ng/L of 
IBP were detected in landfill leachate (Masoner et al., 2016). The CBZ ranged 
from 165 to 345 ng/L in the landfill leachate (Masoner et al., 2020). 45 ng/L of 
CBZ and 14,867 ng/L of IBP were detected in the leachate of open cells landfill 
(Adaryani & Keen, 2022). The authors detected also CBZ, acetaminophen, 
17α-ethinylestradiol, doxycycline, and bisphenol.

9.3.3 Monoaromatic hydrocarbons and pesticides
Monoaromatic hydrocarbons such as toluene, benzene, xylene and ethylbenzene 
are mainly detected in the landfill leachate. These pollutants are derived from 
petrochemical industries, that is, paints, inks, pharmaceuticals, rubbers, 
adhesives, cosmetics, and thinners. These hazardous compounds cause severe 
health problems such as nausea to chromosomal aberrations and can be 
detected in ground water at a considerable level due to the surrounding landfill 
leachate (Eganhouse et  al., 2001). Pesticide pollutants are carcinogenic and 
organic persistent. Dumping of polluted vegetables and fruit peels generates 
pesticide rich leachate. Bentazon (3-isopropyl-1H-21,3-benzothiadiazin-4 
(3H)-one 2,2-dioxide) was detected in landfill leachate (Eggen et  al., 2010) 
causing pollution of ground water.

9.3.4 Pharmaceuticals
Antibiotics in landfill leachate cause toxicity and potential health risk. 
Therefore, it is a matter of concern to the nearby environment, water and 
the ecosystem. Sulfonamides (SAs) and tetracyclines (TCs) were detected in 
landfill leachates (Wang et  al., 2022). Furthermore, oxytetracycline (OTC), 
sulfonamide sulfadiazine (SD), doxycycline (DXC), sulfamethazine (SMX), 
sulfamerazine (SM) and sulfamethoxazole (SMT) were observed in the samples 
of landfill leachate. SMT concentration was 654 ng/L in 45 samples followed by 
OTC (219.58 ng/L) in 47 samples and SD (209.98 ng/L) in 49 samples.

Antibiotic resistance genes (ARGs) are presented in landfill leachate. 
The landfill leachate is rich in organic content, heavy metals, and active 
microorganisms thereby ARGs exist. 10.0 mobile genetic elements (MGEs) and 
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203 of ARGs were detected in landfill leachate. 96% of ARGs in the groundwater 
was originally derived from nearby leachate indicating that ARGs rich leachate 
penetrates and contaminates the groundwater. Huang et  al. (2022) found a 
significant correlation between bacterial communities and ARGs. Twelve 
bacterial taxa were detected in seven antibiotic-associated ARG classes.

9.3.5 Personal care products
The landfill leachate is rich with PCPs, that is, benzophenone (BPh), 
3-(4-methylbenzylidene) camphor (4-MBC), N,N-diethyltoluamide, butylparaben 
(BP), ethylparaben (EP), methylparaben (MP), 1,4-dioxane, BPA and 
propylparaben (PP). BPA at low levels are typical endocrine disrupting compounds 
that causes malfunction of hormones in the body. MP, BP, EP, and PP are used 
as preservatives in PCPs, pharmaceuticals and food products. These chemicals 
have the ability to dissipate and absorb UV radiation, thereby protecting human 
skin from radiations of UV. However, these toxic chemicals cause serious health 
problems. Thus, it is necessary to develop low-cost treatment technologies for 
removal of PCPs from landfill leachate.

9.3.6 Microplastics and phthalate esters
Phthalate acid esters (PAEs) form a major portion of plasticizers and are 
present in building materials, PCPs, medical apparatuses and instruments, 
surfactants, pesticide carriers, and household goods (Mohammadi et  al., 
2022). More than 30% plastic wastes are dumped into landfills resulting in 
microplastics (MPs) in the leachate. The size of MPs are <5 mm and generates 
from medicines, cosmetic, PCPs, and textiles. Plasticizers (plastic debris) are a 
portion of plastic materials resulting from plastic manufacturing and additive 
chemicals. Plastic wastes are produced in a large amount everywhere, and are 
commonly disposed in landfills. The MPs and PAEs in the leachate were 79.16 
items/L and 3.27 mg/L, respectively. The PAEs in microplastics were 48.33 
µg/g. Microplastics with a size of >1000 µm was abundant. The leachate was 
rich with di(2-ethylhexyl) phthalate (DEHP) and dibutyl phthalate (DBP). 
Dioctyl phthalate (DOP), diisobutyl phthalate (DiBP), butyl benzyl phthalate 
(BBP), and diethyl phthalate (DEP) showed a high risk due to the organisms 
sensitivity (Mohammadi et al., 2022). The MPs and PAEs are released into the 
surrounding environment from the landfill leachate sites due to insufficient 
protection. Thus, constant monitoring and controlling the existing landfills are 
highly needed to overcome pollution problems.

9.4 TREATMENT PROCESSES OF LANDFILL LEACHATE
Landfill leachate should be treated by low-cost technologies to comply with 
discharge standards avoiding its environmental risks (Ismail & Tawfik, 2016; 
Mostafa et  al., 2017; Tawfik et  al., 2002, 2005). The biological treatment 
processes are still the acceptable technologies due to its ecofriendly and green 
smart system as shown in Figure 9.4.
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9.4.1 Physico-chemical treatment processes
9.4.1.1 Adsorption
Adsorption is the main process for removal of micropollutants from landfill 
leachate. Active sites, surface area and type of adsorbent, retention time, pH 
value, and substrate types are the main parameters affecting the adsorption 
process. The process involves transfer of the micropollutants from liquid 
phase to solid phase. PAHs are removed from the leachate by adsorption 
process, that is, activated carbon (Eeshwarasinghe et al., 2018), organic waste 
(Björklund & Li, 2015), and silica gel (Eeshwarasinghe et al., 2018). Biochar 
from pyrolysis of coconut and orange peels was utilized for PAH adsorption 
resulting in removal efficiency of 30.33–83.43% for benzo (a)anthracene, 47.09–
83.02% for benzo(b)fluoranthene, 24.20–74.25% for benzo(k)fluoranthene, 
benzo(a) pyrene, and 23.84–84.02% for dibenzo (a,h) anthracene (de Jesus 
et al., 2017). The removal of 14 PAHs from landfill leachate by adsorption in 
constructed wetland (sediments or bed substrates) was efficient as reported 
by Wojciechowska (2013). PAHs in the landfill leachate were highly removed 
by granulated activated carbon, sand, and peat moss filters (Kalmykova et al., 
2014). More than 90% of PAHs (anthracene (ANT), fluoranthene (FLA), 
fluorene (FLU), phenanthrene (PHN), and pyrene (PYR) was adsorbed on 
clinoptilolite modified by cationic surfactants—cetylpyridinium chloride, 
didodecyldimethylammonium bromide, and hexadecyltrimethylammonium 
bromide due to an increase in hydrophobicity (Hedayati et  al., 2021). 
Hedayati et al. (2021) studied the adsorption efficiencies of PAHs from landfill 
leachate and the environment by surfactant-modified clinoptilolites (MC)—
cetylpyridinium chloride (CPC)-MC, didodecyldimethylammonium bromide 
(DDAB)-MC, and hexadecyltrimethylammonium bromide (HDTMA)-MC. 
PAH accumulated on CPC-MC, DDAB-MC, and HDTMA-MC with adsorption 
capacities of anthracene (708, 737, and 750 µg/g), fluorene (973, 1,060, and 
1,147 µg/g), fluoranthene (1,355, 1,583, and 1,303 µg/g), pyrene (1,343, 1,569, 
and 1,269 µg/g) and phenanthrene (844, 1,057, and 989 µg/g). The PAHs were 

Figure 9.4 Treatment processes of landfill leachate containing EMs.
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removed from landfill leachate by adsorption values of 97.8% for anthracene, 
98.6%, for fluoranthene, 95.7% for fluorene, 97.0% for phenanthrene, and 98.5% 
for pyrene using CPC-MC and slightly increased to 99.0%, 99.6%, 98.0%, 99.0%, 
and 99.6% for DDAB-MC, respectively. The hydrophobicity of adsorbents 
influences the mechanism of PAH adsorption based on π–π stacking.

The PAH compounds tends to form π–π complexes between π-electrons of 
benzene rings and the active site on the surfactants – cetylpyridinium chloride 
(CPC) (Eeshwarasinghe et al., 2018). Hydrophobic intermolecular interactions 
(van der Waal forces) between adsorbent surfaces and PAHs molecules are 
another way to remove PAHs (Bi et  al., 2006). Modification of adsorbents 
with humic acids will increase the availability of hydrophobic sites for the 
PAHs removal where the π–π electron–donor–acceptor is the main interaction 
between adsorbents and PAHs (Pan et al., 2007). Modifications of adsorbents 
with surfactants can serve as π-accepting substrates, and the PAHs are the 
main π donors (Keiluweit & Kleber, 2009). The clinoptilolite media is a mineral. 
DDAB and HDTMA are surfactants containing long hydrocarbon chains and 
nitrogen and PAHs compounds have π bonding. These are the structures needed 
for high binding and adsorption capacity process resulting in high bonding 
between PAHs and surfactants. The benzene rings of PAHs provide π electrons 
and hydrocarbon chains. Further, the surfactant contains quaternary positive 
ammonium that has a high affinity for electrons.

9.4.1.2 Advanced oxidation process
Advanced oxidation process removes monoaromatic hydrocarbons via 
oxidation of the organic pollutants by hydroxyl radicals (Figure 9.5). Two 
reactions are involved in the advanced oxidation process, that is, strong oxidants 
formation (hydroxyl radicals) and organic pollutants are immediately oxidized 
by radicals obtained. These radicals are released in the presence of hydrogen 

Figure 9.5 Advantages and disadvantages of advanced oxidation processes removing 
EMs (Pisharody et al., 2022).
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peroxide (H2O2), ultaviolet (UV) light and ozone (O3). Hydroxyl radicals, are 
generated due to H2O2 photolysis by UV to attack pollutants resulting in their 
degradation. The H2O2/UV at 0.5 ml/L dose, toluene and xylene were removed 
by 77% (Vakar & Rajan, 2018). Ninety percent mineralization of BTEX was 
obtained at UV-185/H2O2 at an acidic pH value of 3 and reaction time of 6.0 h 
(Bustillo-Lecompte et al., 2018).

H O nm H HO2 185+ → +hν • •
 (9.1)

H O HO2 2 2+ →hν •
 (9.2)

H O HO HO H O2 2
2

2+ → +• •
 (9.3)

The pesticides can be easily mineralized by advanced oxidation process due 
to the presence of sulfate and hydroxyl radical in the reaction medium. 100% 
removal of bentazon was obtained at initial concentration of 15 mg/L by TiO2 
photocatalysis (Pourata et al., 2009). Electro-Fenton using carbon felt cathode 
or by anodic oxidation process with a BDD anode Pt or boron-doped diamond 
(BDD) anode was employed for removal of 15 volatile organic compounds 
(VOCs), 5 organochlorine pesticides (OCPs), 19 PAHs, 7 polychlorobiphenyls 
(PCBs), 2-polybrominated diphenyl ethers (PBDEs), and 7 alkylphenols from 
landfill leachate. These electrochemical processes achieved quasi-complete 
removal efficiency of 98%) of these EMs due to the production of hydroxyl 
radicals with highly powerful oxidizing species (Oturan et al., 2015). Fenton 
reaction (1,755 mg Fe2+/L, 26,422 mg H2O2/L, pH 3.72, reaction time 
99 min removed, anthracene, bis(2-ethylhexyl) phthalate, dieldrin, benzene 
hexachloride, diuron, diclofenac, and chlorpyriphos by values of 90–99% 
(Argun et  al., 2017). Fenton (reaction time: 20–90 min, 0.51–2.55 g Fe2+/L, 
5.1–25.5 g H2O2/L, pH 3–5) and ozone (ozonation time: 10–130 min, pH 
4–10) oxidation of landfill leachate removed PAHs, phthalates, alkylphenols 
and pesticides by values of 5–100%. Phthalates were highly removed by 
Fenton process compared to ozonation. Furthermore, the intermediates were 
mainly pentanoic acid, benzaldehyde, hydro cinnamic acid, naphthalenediol, 
and naphthalenone derivatives. Acid ester, naphthalene-based and phenolic 
compounds resulted from Fenton oxidation process (Ateş & Argun, 2021). 
Ozonation (0.95 gO3/g DOC) of BPA and CBZ attained removal efficiency of 
99% from landfill leachate. However, only 40% of atrazine and alachlor were 
removed indicating that ozone dose was not sufficient for complete removal of 
such contaminants (Yang et al., 2021).

9.4.1.3 Non-thermal plasma
DEHP is the major phthalates in the landfill leachate with high concentrations 
of 10–400 ng/g waste. Non-thermal plasma (NTP) is one of the advanced 
oxidation processes utilized for degradation of organics. The NTP is a quasi-
neutral medium with ions, electrons, and electrically neutral substances. Plasma 
is formed by applying voltage in a magnetic field, to produce an electrostatic 
plasma field. The radicals (O3 and O•) are initially produced in the gas phase to 
attack the pollutants in the liquid phase. Therefore, the plasma could be used to 
remove refractory pollutants in a short contact time and alternative process for 
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eliminating EMs from landfill leachates (Joshi & Thagard, 2013). There is no 
need for chemical oxidants, temperature, and pH control in non-thermal plasma 
process that makes the technology acceptable from environmental point of 
view. Detoxification of landfill leachate containing bis (2-ethylhexyl) phthalate 
using a combined non-thermal plasma and granular sludge sequencing batch 
reactor was assessed by Seid-mohammadi et al. (2022). DEHP concentrations 
(≤8 mg/L) in the leachate was removed by 100% and reduced to 93% at high 
influent concentration of 20 mg/L at contact time of 60 min in non-thermal 
plasma pretreatment unit. In conclusion, non-thermal plasma is a highly 
competitive technology for treatment of landfill leachate containing EMs.

9.4.2 Biological treatment process
9.4.2.1 Degradation by ligninolytic fungi
The capability of ligninolytic fungi namely white rot fungi for phenolic and 
pesticides (phenylureas, s-triazines, and phenylamides) in the presence of redox-
active mediators’ contaminants degradations are mainly due to the secretion 
of extracellular enzymes, such as laccase, manganese peroxidases and lignin 
peroxidases. Almond shells, green compost, as adsorbents in combination with 
ligninolytic fungi (Stereum hirsutum and Pleurotus ostreatus), were employed 
to remove ethynilestadiol (EE2), xenoestrogens BPA, 4-n-nonylphenol (NP), 
linuron (herbicide) and dimethoate (insecticide) at initial concentrations 
of 10, 1, 1, 10, and 10 mg/L, respectively, from a landfill leachate (Loffredo 
& Castellana, 2015). The P. ostreatus combined with adsorption provided 
removal efficiencies of 88% for BPA, 96% for EE2, 99% for NP, 58% for linuron, 
and 46% for dimethoate. S. hirsutum achieved an average removal efficiencies 
of 39% for BPA, 71% for EE2, 100% for NP, 61% for linuron, and 32% for 
dimethoate. Based on these results, combined adsorption/biodegradation 
process is efficient and suitable to remove xenobiotic contaminants from the 
landfill leachate.

9.4.2.2 Constructed wetland system
Hexachlorocyclohexane (HCH) and dichlorodiphenyltrichloroethane (DDT) 
are the majority of organochlorine pesticides (OCPs) groups in the landfill 
leachate from nearby agriculture fields. HCH and DDT are highly persistent 
organic contaminants, stable and carcinogenic (Wang et  al., 2020). They 
cause harmful effects to the human functions and environmental ecosystems 
(Buah-Kwofie et  al., 2018) and therefore, it should be removed from landfill 
leachate by an effective and low-cost technology. Constructed wetlands (CWs) 
are a promising technology for removal of such contaminants from landfill 
leachate. CWs reduced the pesticides from drainage and agricultural runoff 
(Vymazal & Březinová, 2015). DEHP was removed by adsorption followed 
by biodegradation in wetland systems with minor removal by plants uptake. 
CWs remove pollutants via physical, biological, and chemical processes, that 
is, synergy between adsorption, microorganisms, and plants uptake (Ma et al., 
2021). OCPs adsorb and precipitate in the soil of the CWs units. Further 
decomposition and degradation of OCPs occurred through efficient microbial 
biodegradation (He et  al., 2020). DDT and HCH are mainly converted 
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into CO2 by microbial mineralization (Huang & Wang, 2013). Multi-stage 
subsurface flow CWs was employed for treatment of landfill leachate-rich 
hexachlorocyclohexane (HCH) and dichlorodiphenyltrichloroethane (DDT) 
(Yang et al., 2022). The contaminants were adsorbed by 50.55% for HCH and 
72.74% for DDT and the contribution of microbial activities was 20.38% and 
27.89%, respectively. The dominant bacteria were Betaproteobacteria (34.37–
35.90%) and Alphaproteobacteria (21.19–23.84%) in plant roots.

9.4.2.3 Anaerobic degrading processes
A horizontal flow anaerobic reactor inoculated with denitrifying biomass 
was assessed to remove p-xylene (32.1 mg/L), m-xylene (28.4 mg/L), o-xylene 
(28.5 mg/L), ethylbenzene (31.1 mg/L), toluene (27.8 mg/L) and hydrocarbons 
benzene (41.4 mg/L) (Gusmão et  al., 2007). The hydrocarbons removal 
efficiencies were attained at 97%. Propionate-cultured sludge enhanced 
micro pollutant biodegradation (N,N-diethyl-m-toluamide, 2,6-di-tert-butyl-
phenol, nicotine, di-(ethylhexyl)-phthalate and n-octadecane) and methane 
productivity from landfill leachate (Elreedy et  al., 2015; Pinpatthanapong 
et  al., 2022). The authors found that acclimatized seed sludge was efficient 
for removal of micropollutants compared to non-acclimatized seed sludge. 
Moreover, the micro pollutant removal efficiency increased with an increase 
of the concentration of propionate cultured sludge from 10% to 30%. The 
concentration of micropollutants (21–51 µg/L) was reduced to the minimum 
levels of non-toxic to the active microorganisms in the subsequent treatment 
systems. Two horizontal flow anaerobic reactor equipped with polyurethane 
foam (5 mm cubes, 95% porosity and 23 kg/m3 density) was employed for 
degradation of ethanol, xylenes, toluene and benzene (Ribeiro et  al., 2013) 
at an hydraulic retention time of 13.5 h. The reactors achieved hydrocarbon 
removal efficiency of 99% at influent concentrations of 6.7 mg/L for benzene, 
4.9 mg/L for toluene, 7.2 mg/L for m-xylene and 7.2 mg/L for p-xylene, 3.7 mg/L 
for ethylbenzene, and 60 mg N/L for nitrate. Occurrence and removal of 16 
PAHs, 17 organochlorine pesticides (OCPs), and 4-nonylphenol (4-NP) from 
landfill leachate using a combined anaerobic filter and membrane bioreactor 
(MBR) were investigated by Tawfik et al. (2008) and Yiping et al. (2008). The 
concentrations of 4-NP, PAHs, and OCPs in the leachate highly fluctuated 
from 0 to 595.2 ng/L. Removal of 4-NP was accomplished in the MBR process 
resulting in an overall removal efficiency of 77%. Nevertheless, the 94% of 
OCPs and 59% of PAHs removals was mainly achieved in the anaerobic filter.

9.4.2.4 Membrane bioreactor
The removal of DBP, phthalic acid diesters (PAEs), and DEHP, from landfill 
leachates using an integrated system consisting of anaerobic, the aerobic, 
ultrafiltration membrane, and the reverse osmosis membrane was investigated 
by Fang et  al. (2018). The leachate contained DBP and DEHP of 225.8 and 
260.9 l g/L, respectively, that were highly reduced by the integrated system 
into 5.8 and 3.2 g/L in the treated effluent. This corresponded to the removal 
efficiency of 97.4% for DBP and 98.8% for DEHP. DBP was mainly removed by 
microbial degradation. Membrane processes removed 70.1% of the DEHP due to 
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physical filtration processes (Fang et al., 2018). Two-stage MBR was employed to 
remove PAEs and phenolic compounds from landfill leachate (Boonyaroj et al., 
2012). The MBR removed PAEs and phenolic compounds by values of 77–96%. 
The main removal mechanism in the membrane units was due to filtration, 
biodegradation, and adsorption. The removal of organic micropollutants 
from landfill leachate using MBR modules was substantially improved at high 
biomass concentration and long sludge age. Aryanti et  al. (2019) found that 
ultrafiltration unit removed 80% of xylene and 99% of toluene. The sequential 
anoxic and oxic units removed 62% of PAHs and 87% of alkylphenols from 
landfill leachate. The removal of alkylphenols and pesticides was 60–80% and 
59–74% in membrane processes. Cu, Ni, and Cr, was eliminated by 92%, 91%, 
and 51%, respectively, in the bioreactor due to co-precipitation of solids by 
microbial secreting biopolymers (Argun et al., 2020).

9.5 CONCLUSIONS
Treatment of hazardous landfill leachate is necessary to avoid health-related 
problems. Integration of MBRs with other biological technologies, that is, 
anaerobic/aerobic/ anoxic is cost effective for degradation of EMs from the 
leachate. The leachate contained DBP and DEHP of 225.8 and 260.9l g/L, 
respectively, that were highly reduced by the integrated system consisting of 
anaerobic, aerobic, ultrafiltration membrane, and the reverse osmosis membrane 
into 5.8 and 3.2 g/L in the treated effluent. The overall removal efficiency was 
97.4% for DBP and 98.8% for DEHP. DBP was mainly removed by microbial 
degradation. Membrane processes removed 70.1% of the DEHP due to physical 
filtration processes. The MBR removed PAEs and phenolic compounds by 
values of 77–96%. The main removal mechanism in the membrane units was 
due to filtration, biodegradation, and adsorption. The removal of organic 
micropollutants from landfill leachate using MBR modules depends on biomass 
concentration and long sludge age. The removal of alkylphenols and pesticides 
was 60–80% and 59–74% in membrane processes.
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ABSTRACT

Currently, the most popular method for getting rid of municipal solid waste is sanitary 
landfilling; however, this method has a significant disadvantage in that it produces leachates 
that are extremely contaminated. The high concentration of heavy metals, halogenated 
hydrocarbons, poisonous gases, inorganic salts, and organic chemicals are present in landfill 
leachate, which are frequently highly polluted, poses a major risk to human health and the 
environment. Therefore, it needs to be treated before being released directly into receiving 
waters. Selection of leachate treatment techniques can be a difficult task. The efficacy of 
carbon-based adsorbents such as activated carbon, biochar, graphene oxide, and carbon 
nanotubes in treating various pollutants, such as organic pollutants, personal care items, 
pharmaceuticals, and heavy metal ions in leachate is also reported. There are several research 
directions that might be explored in the relatively carbon-based adsorbents to remediate 
landfill leachate. When complete life-cycle costs are considered, carbon-based adsorbents 
are substantially more economical than they originally look because they are produced at a 
cheaper cost compared to conventional adsorbents. An initial examination of the prevailing 
synthesis methods reveals a significantly greater environmental impact in comparison to 
conventional adsorbents, especially in terms of energy use and global warming potential. 
If environmental effects are considered, the study should transform toward the usage of 
greener processes and chemicals for carbon-based adsorbents. The objective of this chapter 
is to explain the utilization of carbon-based adsorbents for landfill leachate treatment.

Keywords: Municipal solid waste, landfill leachate, activated carbon, biochar, graphene 
oxide.

10.1 INTRODUCTION
The field of solid waste that deals with the production of sludge, garbage, and 
refuse as a result of human activity is quite important (Leton & Omotosho, 
2004). More diverse consumption habits have emerged as a consequence of 
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214 Landfill Leachate Management

modifications in consumption habits in some culture, which have significantly 
increased the production of solid waste (Babayemi & Dauda, 2009; Tiwari 
et  al., 2023). According to estimates, the world produces ∼1.3 billion tons 
of municipal solid waste (MSW) annually (Hoornweg & Bhada-Tata, 2012). 
Although currently landfills are well-designed and reduce the negative effects 
arising from MSW, the inevitable side effect of landfilling is the production 
of leachate (Wiszniowski et  al., 2006). The generation of landfill leachate is 
produced as a result of numerous factors, including moisture content, rainfall 
percolation, and various physicochemical processes (Rani et al., 2020). MSW 
composition, weather, and age of the landfill can have a substantial effect 
on the leachate’s composition. High amounts of heavy metals, halogenated 
hydrocarbons, recalcitrant substances, inorganic salts, organic pollutants, and 
ammoniacal-nitrogen (NH3-N) are present in landfill leachate (Ukundimana 
et  al., 2020). Dissolved organic matter (DOM), total organic carbon (TOC), 
sulfur components, heavy metals, and biological oxygen demand (BOD)/
chemical oxygen demand (COD) ratio are some of the fundamental indicators 
of leachate quality. Other indicators include total suspended solids (TSSs), 
ammonia nitrogen, total dissolved solids, total kjeldahl nitrogen (TKN), 
TSSs, and DOM (Bhatt et al., 2017; Kjeldsen et al., 2002). The composition is 
further complicated by the existence of complex pollutants (such as phthalic 
esters, alkaline earth metals, Polycyclic aromatic hydrocarbons (PAHs), and 
Perfluorinated Compounds (PFCs)) (Silva et al., 2013). Due to the possibility 
of landfill leachate penetrating into groundwater, surface water and soil may 
become polluted (Cheng et al., 2021). Consequently, the development of treatment 
processes could be required before discharging leachate into receiving waters 
to avoid pollution and to comply with stringent discharge criteria (Mishra 
et al., 2022b; Singh et al., 2021a). Moreover, appropriate treatment strategies 
should be chosen after completely comprehending the leachate properties 
(Shadi et  al., 2021). One of the problems that need to be solved is choosing 
leachate treatment techniques to reduce environmental effects. Making general 
guidelines is challenging with the complexity of the leachate’s composition. 
A suitable treatment method should be affordable in terms of maintenance 
and operation cost, simple to use, efficient, and ecologically friendly to reduce 
energy consumption and surplus sludge production (Omran et al., 2021). For 
landfill leachate remediation, a variety of biological and physicochemical 
techniques, such as membrane filtering, improved oxidation process, 
adsorption, air stripping, coagulation–flocculation, and membrane bioreactor 
have been employed (Djeffal et  al., 2021). Leachate from landfills can be 
effectively and efficiently treated using the adsorption technique. Non-specific 
forces such as van der Waals, hydrogen bonding, hydrophobic interactions, 
and ionic binding can cause adsorption (Ismail & Baek, 2020). The fact that 
the adsorption approach especially using carbon-based adsorbents is easier to 
use, less expensive, and results in no apparent modifications to the structural 
arrangement of enzymes is one of its benefits (Reis et  al., 2019). Recently, 
carbon-based adsorbents such as activated carbons (ACs), biochar, graphene 
oxide (GO), and carbon nanotubes (CNTs) have been gaining more interest by 
several researchers for removing contaminants.
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215Application of carbon-based adsorbents for landfill leachate treatment

To lower the application’s material cost, scientists are looking for adsorbents 
created from waste products as replacements to commercial ACs. As part of 
the waste-to-wealth concept, the development of adsorbents from various 
waste materials, such as waste carpet (Hassan & Elhadidy, 2017), incineration 
of fly-ash (Xue et al., 2014), and tires (Lin & Wang, 2017) has been studied. 
The goal is to turn these waste materials, which in some cases require special 
permits and cost money, into value-added goods that can be marketed for 
extra revenue (Egun, 2012). Due to biochar’s improved surface functional 
group, porous structure, high carbon content, and inorganic compounds, it 
has demonstrated its versatility in a number of disciplines, including waste 
management, pollution remediation, and wastewater treatment (Kumar et al., 
2022a). The application of biochar and its efficacy in removing pollutants are 
closely related to its characteristics. Due to its distinctive qualities including 
ion-exchange capacity, high-adsorption limit, and microporosity, biochar has 
more widespread ecological applications (Kumar et  al., 2022a). Due to its 
outstanding optical, mechanical, and thermal qualities, a two-dimensional 
carbon substance known as graphene has attracted a lot of interest. GO, which 
is produced frequently by exfoliating and oxidizing graphite, is the oxidized form 
of graphene. The phenol functional groups, hydroxyl, carboxyl, carbonyl, and 
epoxide present on graphene sheets provide the GO with distinctive functional 
groups for alteration (Mishra et  al., 2022a). To develop GO composites that 
can be utilized as an adsorbent for eliminating contaminants, a variety of 
composites can be produced by modifying GO with polymers, small molecules, 
metal oxides/hydroxides, and metal nanoparticles (Mishra et al., 2022a). The 
chapter aims to explain the utilization of carbon-based adsorbents for landfill 
leachate treatment. The leachate generation and composition as well as the 
characterization technique have also been discussed. Finally, different carbon-
based adsorbents along with non-carbon adsorbents have been discussed.

10.2 LEACHATE GENERATION AND COMPOSITION
A liquid effluent is also known as landfill leachate that generates from landfill 
sites due to moisture content and runoff of wastes, groundwater percolation 
through the landfill, and degradation as well as biochemical reactions of wastes 
(Oliveira et al., 2014). The successive phases of waste breakdown are the initial, 
acidogenic, methanogenic, and final stabilizing phases (Mandal et al., 2017). 
Leachate can also be classified as more than 10 years (old), between 5 and 10 
years (medium), or <5 years (young) depending on its age, as illustrated in Table 
10.1. During the stabilization phase, old leachate is formed and is identified by 
BOD/COD having a low ratio. In the first and acidogenic phases, young leachate 
is often formed with a high ratio of BOD/COD, high volatile fatty acids (VFAs), 
and high COD (Abuabdou et al., 2020). Quantity and quality are two ways to 
define leachate characteristics. Heavy metals, alkalinity, phosphorus, chloride, 
pH, total nitrogen, suspended particles, ammonia, COD, and BOD are a few 
physicochemical variables that can be used to evaluate the quality of landfill 
leachate (Luo et al., 2020; Mishra et al., 2022b). The level of compaction within 
landfills, density and particle size, local meteorological conditions, groundwater 
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percolation, runoff, and precipitation are the key factors influencing leachate 
formation (Kamaruddin et al., 2017). Landfill leachate comprised of a variety 
of constituents and has a dark color (Elmaadawy et al., 2020). The components 
of leachate may be divided into the following groups: xenobiotics (halogenated 
and monoaromatic hydrocarbons); heavy metals (zinc, nickel, lead, copper, 
chromium, and cadmium); dissolved inorganic matter (variety of cations such 
as sodium, potassium, magnesium, iron, calcium, and ammonium; and anions 
such as sulfate, phosphate, chloride, and hydrogen carbonate); and DOM (fulvic 
acid (FA) and humic acid (HA), VFAs, TOC, COD, proteins, and carbohydrates). 
These values are in the range of 600–7,500 mg/L HCO3−, 10–8,000 mg/L SO4

2−, 
150–5,000 mg/L Cl−, 50–2,200 mg/L NH4

+-N, 0.2–13,000 mg/L TKN, pH 5.8–
8.5, and 100–70,900 mg/L COD with heavy metal content varying between 
0.01 and 1.0 × 104 mg/kg as well as a 0.04 and 0.7 BOD/COD ratio (Kjeldsen 
et al., 2002).

Table 10.1 Leachate characteristics based on landfill age.

Parameters Young Intermediate Stabilized Old

Age <5 5–10 10–20 >20

Organic compounds 80% VFAs 5–30% VFAs, 
HA and FA

HA and FA HA and FA

Conductivity (µS/cm) 2,000–50,000 1,000–15,000 — —

Alkalinity 1,000–20,000 5,000–6,000 — —

pH 3–7 6–8 >7.5 >7.5

BOD (mg/L) 2,000–50,000 500–15,000 50–1,000 <300

COD (mg/L) 4,000–90,000 1,000–30,000 1,000–5,000 <3,000

BOD/COD 0.5–1.0 0.1–0.5 <0.1 <0.1

TOC/COD <0.3 0.3–0.5 >0.5 >0.5

Heavy metals (mg/L) >2 — — <2

NH4
+-N (mg/L) 500–4,500 — — <1,500

NH3-N (mg/L) <400 — >400 —

TKN (mg/L) 500–4,500 400–2,000 50–2,000 <2,000

Mg2+ (mg/L) 300–3,000 200–2,000 50–500 <200

Na+ (mg/L) 1,000–7,000 200–3,000 50–500 <200

Ca2+ (mg/L) 1,000–7,000 200–4,000 100–500 <400

Fe3+ (mg/L) 200–3,000 200–2,000 50–500 <200

Zn2+ (mg/L) 50–400 20–200 5–50 <20

Cl (mg/L) 500–6,000 200–4,000 50–500 <200

P (mg/L) 50–500 5–200 — <20

SO4
2− (mg/L) 300–4,000 100–2,000 20–200 <100

Sources: Babaei et al. (2021); Mojiri et al. (2021); Reshadi et al. (2020).
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10.3 LANDFILL LEACHATE CHARACTERIZATION METHODS
For the characterization of landfill leachate, several analytical techniques have 
been employed, which have been explained in the following sections.

10.3.1 Structural analytical methods
Elemental analysis can report various details regarding the landfill leachate’s 
structural makeup and composition (Xiaoli et al., 2008). The ratio of O/C is a 
measure of the carboxylic acid and carbohydrate levels, whereas the ratio of H/C 
determines the aromatic condensations and maturity level (Shouliang et  al., 
2008). The O/C >0.4 indicates oxidation with a significant level, whereas the 
O/C <0.3 indicates oxidation with a comparatively moderate level (Yuan et al., 
2017). The molecular composition of the landfill leachate can be distinguished 
using the combination of electrospray ionization with Fourier-transform ion 
cyclotron resonance mass spectrometry (ESI-FT-ICR-MS), which offers ultra-
high resolution (Zhang et al., 2019). Therefore, a high level of resolution and 
sensitivity has been found by ESI-FT-ICR-MS for reliably identifying elements 
and their combinations. Although ESI-FT-ICR-MS has proven to be a spectacular 
technology for DOM characterization and has been successfully used for 
assessing samples, the application of this technology is constrained by high 
analytical expenses and the need for intricate sample pretreatment. A method 
dependent on nuclear magnetic induction and quantum mechanics is nuclear 
magnetic resonance (NMR) spectroscopy. By determining the signal intensity 
ratios, coupling constants, and chemical shifts of various nuclei, 1H-NMR can 
identify important structural information. 13C-NMR is more sensitive and 
provides greater chemical shifts compared to 1H-NMR, and without hydrogen 
ions, it can determine organic structure (Tong et al., 2015). Additionally, the 
nitrogen species in landfill leachate have been identified using 15N-NMR. 
The findings demonstrated that only freshly produced leachate containing 
proteinaceous nitrogen was readily biodegradable, whereas primarily refractory 
heterocyclic nitrogen was present in older leachate (Zhao et al., 2017).

10.3.2 Molecular weight-associated techniques
One important characteristic that reflects the contents of leachate DOM is the 
distribution of molecular weight. Molecular weight-related methods utilized in 
the leachate’s characterization include size-exclusion chromatography (SEC) 
and membrane filtration. Investigation of the leachate’s molecular weight 
distribution has been carried out using ultrafiltration (UF) membranes (Chen 
et al., 2019a, 2019b). The COD removal rate was shown to decrease from 92.7% 
to 72.2% with an increase of 1–8 kDa in molecular weight cutoff, suggesting that 
removal of macromolecular organic matter should be emphasized throughout 
UF procedures (Pi et al., 2009). On the basis of various mobile phases, SEC 
can be classified into two categories: gel permeation chromatography, which 
uses an organic solvent (i.e., methylbenzene and tetramethylene oxide) and gel 
filtration chromatography, which uses water solution or a buffer. By using SEC, 
it is possible to identify and quantify five different sized fractions, which are 
divided into the following categories: acids (<350 Da), low molecular neutrals, 
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building blocks (300–500 Da), humic compounds (1 kDa), and biopolymers 
(>10 kDa) (Aftab & Hur, 2019). As there is no reaction and no sample loss during 
the separation process, as well as longer service life, molecular weight-related 
methods are better in comparison to conventional techniques. Nevertheless, 
they are unable to differentiate between substances with comparable molecular 
sizes, and only >10% of molecular weight differences can be used to segregate 
substances.

10.3.3 Spectroscopic approaches
Rapidly determining the relative quantity of compounds and chemical 
constituents in leachate samples is possible with spectroscopic methods. Due 
to good selectivity, quick analysis, ease, and great sensitivity of spectroscopy 
approaches, they have developed into one of the most widely utilized, extensive, 
and effective analytical techniques.

10.3.3.1 Fourier-transform infrared (FTIR) spectroscopy
The underlying structure of leachate comprising both non-fluorescent and 
fluorescent constituents may be identified by FTIR spectroscopy. When 
performed in attenuated total reflectance mode, FTIR is a fairly non-destructive 
and quick method that needs little sample processing (Bolyard et  al., 2019). 
The fingerprint and functional group region of the FTIR spectroscopy, which 
has a wavelength range of 2.5–25 m (400–4,000/cm) can be used to describe 
chemical characteristics. Strong bands of absorbance at 866 and 1,460/cm 
were attributable to the presence of many amide-I groups and carboxylic 
acid, respectively. The presence of benzene, polysaccharides, esters, and 
carbohydrates is also indicated by this technique (Liu et al., 2015). On the basis of 
chemical alterations, FTIR spectroscopy can be used to analyze the breakdown 
of leachate DOM during different treatment methods (Xiaoli et al., 2013). The 
use of FTIR spectroscopic methods in the leachate’s characterization is not 
without certain inherent restrictions, though. Due to DOM’s high complexity 
and polyfunctionality in leachate, there is a significant overlap in the peak 
positions, making it challenging to immediately interpret the FTIR spectroscopy 
results. Additionally, the FTIR spectroscopic technique for leachate DOM 
characterization is more of a descriptive method than a quantitative approach. 
Additionally, because of their great infrared absorption, oxygen–hydrogen 
interactions in water molecules cause significant measurement disruptions.

10.3.3.2 Fluorescence spectroscopy
Details on the composition of the biogeochemical cycling and the leachate 
Fluorescent dissolved organic matter (FDOM) are qualitatively and semi-
quantitatively provided by fluorescence spectra (Huguet et al., 2009). There are 
five sections of the fluorescence excitation–emission matrix (EEM) map after 
separation according to the locations of fluorescent peaks (He et  al., 2016). 
To demonstrate that primarily protein-like species are shown by fluorescent 
species in early landfill leachate, EEM can characterize the DOM of leachate 
at various phases of landfill aging (Shouliang et al., 2008). By computing the 
fluorescence indexes, fluorescence EEM may also evaluate the source and 
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level of humification. Between 435–480/254 and 300–345/254 nm of EM/
EX wavelengths, the ratio of fluorescence peak regions is used to compute the 
humification index (Zhang et al., 2019). Several mathematical techniques, such 
as self-organizing map analysis, fluorescence regional integration (FRI), and 
parallel factor analysis (PARAFAC), have been established to find quantitative 
and qualitative structural data of DOM. By enabling EEM records for landfill 
leachate to be divided into many separate fluorescence components, which have 
unique spectrum properties corresponding to diverse compositions, sources, 
and reactivities, EEM–PARAFAC has expanded the EEM application. The 
FRI approach, which derives EEM spectra for total and regional fluorescence 
intensity data to quantitatively determine the configuration and composition of 
leachate’s DOM, may separate the DOM’s EEM into regionally specific EEM 
volumes (Wang et al., 2017). Because the quantity of a fluorescent element is 
often not significantly linked to fluorescence intensity, applying FRI to determine 
the leachate’s DOM component is not generally acknowledged as an appropriate 
technique. A best practice for high-sensitivity investigation of DOM’s chemical 
structure and composition is fluorescence spectroscopy. To depict the entire 
structure of DOM, the utilization of these fluorophores is still difficult because 
leachate has only a small fraction (1%) of DOM having fluorescence.

10.3.3.3 Ultraviolet–visible (UV–Vis) absorption spectroscopy
Several molecular characteristics, such as the reactivity of compounds, 
molecular weight distribution, and aromatic content can be obtained using 
UV–Vis absorption spectroscopy. Leachate DOM is frequently characterized 
using both the indices produced by data processing and the original UV–Vis 
absorption spectroscopy data. Carbonyl or conjugated groups, heterocyclic 
aromatic hydrocarbons, and conjugated unsaturated bonds are indicated by 
absorption at wavelengths 290–350, 250–290, and <250 nm, respectively 
(Chen et  al., 2019a, 2019b). The spectroscopic properties of various DOM 
portions differ. There may be macromolecular organic matter and aromatic 
compounds with conjugated double and carbonyl bonds because the FA and HA 
fractions are more complicated than Hydrophilic (HPI) and show prominent 
peaks at wavelengths 210–375 nm (Liu et al., 2015). Specific UV wavelength 
absorption can offer useful structural data. For instance, absorbance values 
at 280 and 254 nm (E280 and E254, respectively) are frequently utilized as 
markers of aromaticity and hydrophobicity that are directly related to the 
quantity of leachate’s DOM. The advantages of UV–Vis spectroscopy over 
other spectral techniques include the ability to simultaneously monitor many 
parameters, no need for sample preparation, quick analysis time, and easy 
operational procedures (Chen et al., 2015). Nevertheless, it may be challenging 
to differentiate distinct peaks due to the high overlap between the absorption 
peaks of several compounds. Additionally, a number of variables, including the 
presence of coexisting compounds such as nitrates and metal ions, pH, and 
temperature might affect the UV–Vis spectra. As a result, interference during 
the collection of spectral data should be avoided, and extreme caution should 
be taken when interpreting the DOM properties of leachate.
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10.4 ADSORPTION PROCESS FOR LANDFILL TREATMENT
One of the most promising and efficient methods for removing NH4

+-N and DOM 
from landfill leachate is the adsorption technique. For the leachate treatment, 
adsorbents with thermostability, surface reactivity, micropore structures, and 
surface area have been used. Adsorption is frequently used as a step of pre- 
or post-treatment in conjunction with other physicochemical techniques such 
as Fenton reactions, ozonation, and coagulation. The maximum removal rates 
for NH4

+-N and COD using a combined adsorption treatment of ozone and 
AC were 92% and 86%, respectively (Kurniawan et  al., 2006). Under ideal 
circumstances, adsorption and coagulation were used to remediate biologically 
treated leachate, leading to an 80% rate of COD removal (Papastavrou et al., 
2009). Discovering an affordable and efficient adsorbent has received a lot 
of scientific attention. By adsorbing DOM, ACs created from sewage sludge 
treated with ZnCl2 have been used to remediate landfill leachate, obtaining 
an 85.61% COD removal rate under ideal circumstances (Zeng et al., 2020). 
Additionally, with 30% rate of COD removal, zeolite has been used in leachate 
post-treatment (Poblete et al., 2019). Currently, biochar has become a viable 
AC replacement. For the treatment of landfill leachate, rice husk–transformed 
phosphoric acid–activated biochar has been effective, removing 80% of COD 
(Luo et al., 2019).

10.5 DIFFERENT TYPES OF ADSORBENTS FOR LANDFILL LEACHATE 
TREATMENT
10.5.1 Conventional adsorbents
Adsorption is a method that occurs on surfaces commonly and is used to 
remove both organic and inorganic compounds. As a result of physical and 
chemical interactions, species are drawn to the surface of highly porous 
material (Foo & Hameed, 2009). Carbon-based adsorption has dominated 
adsorption processes all over the globe because it is straightforward in design, 
widely accessible, and inexpensive to carry out. Adsorption is considered to 
be an effective and essential method for treating wastewater (Mukherjee 
et al., 2015). High porosity is one of the most crucial qualities to aim for in 
an adsorbent because it results in a larger surface area and faster elimination 
of pollutants (Dąbrowski, 2001). Adsorption has been effective in treating 
landfill leachate, particularly in the elimination of ammonia nitrogen and 
organic compounds (Foo & Hameed, 2009). Previously, the most popular 
adsorbents have been ACs. However, modern porous-based materials are 
also advised for improved capacities of adsorption and reduced negative 
environmental effects (Torretta et al., 2016). These materials are available in 
various geometries, surface structures and chemical forms. Overall, a variety 
of materials such as biological adsorbents, agricultural, industrial wastes, 
and by-products as well as synthetic materials such as zeolites and resins, 
improve natural materials, that is, ACs and natural materials may be utilized 
as adsorbents (Crini et al., 2019).
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10.5.2 Carbon-based materials
In recent literature, a variety of carbon-based materials have been employed as 
an adsorbent. Utilizing carbon-based substances such as biochar or hydrochar as 
an alternative to ACs is a novel technique. These materials are economical and 
environmentally beneficial adsorbents to eliminate the contaminants from the 
aqueous phase, which has received a lot of research interest (Nadarajah et al., 
2021). The key benefit is different biomass can be utilized for their generation 
(Hong et  al., 2020). The potential to alter surface functional groups for the 
production of materials with an improved capacity of adsorption, appropriate 
for immobilizing nanoparticles with a variety of chemical activities is another 
crucial property of both biochar and hydrochar (Kumar et al., 2022a; Singh et al., 
2022b). Notwithstanding these benefits, there has been comparatively much less 
research on the viability of using biochar and hydrochar to remediate landfill 
leachate, and the majority of research is in a very early stage of development. 
There is a critical information gap here that needs to be filled right away. The 
utilization of these materials for different environmental purposes is an alluring 
concept, which incorporates all of these ideas, receiving lot of attention in 
recent years for developing a circular economy (Singh et al., 2022b). To achieve 
a thorough understanding of the difficulties and benefits of using these bio-
adsorbents to manage landfill leachate, as well as their potential for reusability 
or secure final disposition, research on a large scale should be carried out.

10.5.2.1 Activated carbon
The word ‘activated carbon’ generally refers to carbonaceous materials 
(Cuhadaroglu & Uygun, 2008), which vary from elemental carbon by the 
oxidation of carbon atoms. There are two processes, that is, physical and 
chemical activation to produce ACs. Furthermore, the physical activation is 
divided into two steps: carbonization and activation (Ioannidou & Zabaniotou, 
2007). The temperatures of carbonization and activation are in the range of 
400–850 and 600–900°C, respectively (Ioannidou & Zabaniotou, 2007). 
Carbonization is performed to produce char with more fixed carbon for activation 
purposes by lowering the volatile component of the raw material (McDougall, 
1991). Preoxidation, steam activation, and pyrolysis are the stages of physical 
activation. Chemical activation, also known as wet oxidation (Al-Qodah & 
Shawabkah, 2009), produces ACs by impregnating the precursor with a catalyst 
and washing it afterward (Abdullah et  al., 2001). The essential temperature 
range for this activation is between 300 and 700°C (Giraldo & Moreno-Piraján, 
2012). AC has been the most utilized adsorbent due to its potential to eliminate 
several contaminants, greater pore structure, low cost, strength against acids/
bases, thermal stability, good porosity, and larger surface area (Foo & Hameed, 
2009; Mukherjee et al., 2015). Granular activated carbon (GAC) and powdered 
activated carbon are the two kinds of ACs that can be employed. As a feedstock 
for generating AC, almost all materials with a high carbon concentration, that 
is, lignite, tobacco, nutshells, peat, timber, and coal are appropriate (Torretta 
et al., 2016). Other carbonaceous sources are used for the production of ACs 
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such as pith, bamboo, oat hulls, peanut hulls, corn cobs, apricot stones, banana 
peels, rice straw, rice hulls, pinecones peach stones, corn straw, cotton residues, 
olive stones, soyabean hulls, sugarcane bagasse, and so on (Chan et al., 2012; 
Skodras et al., 2007). Table 10.2 presents the removal of different contaminants 
by AC. A schematic diagram of production and the activation techniques of AC 
is shown in Figure 10.1. ACs are typically created using an activation process 
and a continuous two-stage carbonization (Zubair et  al., 2017). The initial 
porosity is generated in the first phase, which is carried out using pyrolysis at 

Table 10.2 Removal of different contaminants by AC.

Biomass Source Target 
Contaminant

Adsorption 
Capacity (mg/g)

Reference

Silkworm cocoon Cr6+ 366.3 Sun et al. (2017)

Green alga Ni2+ 64.51 Nemchi et al. (2017)

Banana peel Cu2+ 14.3 Van Thuan et al. (2017)

Melia azedarach 
fruit

Pb2+ 111.11 Sabermahani et al. (2018)

Typha angustifolia Cd2+ 48.08 Tang et al. (2017)

Peach stone p-Nitrophenol 234.3 Álvarez-Torrellas et al. 
(2017a)

Sawdust Bisphenol A 334.28 Thue et al. (2017)

Caffeine 256.29

Date Ciprofloxacin 2.094 Darweesh and Ahmed 
(2017)

Waste tea residue Oxytetracycline 273.7 Kan et al. (2017)

Figure 10.1 Schematic diagram of the activation techniques for AC production from biomass.
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high temperatures and the second stage improves pore structure (Lam et al., 
2006). A pretreatment phase is also used before the processing. This step, which 
involves crushing, milling, and sifting afterward, is performed to obtain an 
acceptable size because it is one of the conditions for the ensuing process’s 
success (Alslaibi et al., 2013). Physical and chemical activation are two different 
types of activation processes. In the physical activation process, hot steam or 
CO2 is used to activate the carbonized material (Matali et  al., 2013). In the 
activation of carbonized material chemically, it is combined with chemical 
activators before being heated in an inert environment. Compared to physical 
activation, lower temperatures are used by the chemical activation technique 
and it produces a higher surface area and improves porosity of the product 
(Allwar, 2012). Chemical activation techniques result in higher expenses for 
the activating agents and require more steps for cleaning (Shehzad et al., 2015). 
Microwave chemical activation can improve adsorption effectiveness and 
increase surface area (Alslaibi et al., 2013). Impregnation, which is often carried 
out using chemicals such as metal oxides (e.g., MgO, BaO, CuO, CeO2, and TiO2) 
or hydroxides, is an activation assist step for improving adsorption performance 
(Hidayu & Muda, 2016). Impregnation can be caused by alkaline hydroxides 
producing large surface areas (>2,500 m2/g) (Tseng, 2006). The surface and 
physical properties of adsorbents can be identified using transmission electron 
microscopy and scanning electron microscopy. Waste utilization as a carbon 
source to produce ACs is another method for addressing both environmental 
and financial issues. Due to the lower moisture content of buried wastes, the 
produced adsorbent can be utilized as a valuable product for the treatment 
of leachate, which will also result in less formation of leachate and cheaper 
disposal costs (Shehzad et  al., 2015; Torretta et  al., 2016). The performance 
of leachate treatment using ACs has been the subject of numerous earlier 
research. For efficient treatment of leachate, adsorption is frequently utilized 
before or after the biological stage because biological processes cannot remove 
non-biodegradable materials (Torretta et al., 2016). GAC has also been claimed 
to be able to remove 85% of non-biodegradable contaminants (Rodriguez et al., 
2004) and an 80% reduction in total carbon (Singh et al., 2012). Additionally, 
using AC to adsorb the remaining 75% of the total iron and PO4-P is a viable 
approach (Ching et al., 2011). It can also remove ammonium of up to 40% and 
heavy metals of up to 90% (Kurniawan et al., 2006). Adsorption can enhance 
sludge dewaterability in addition to increasing nitrification effectiveness and 
removing refractory chemicals (Aghamohammadi et al., 2007). As mentioned 
earlier, both inorganic and organic contaminants can be effectively removed 
using ACs. Overall, AC can be utilized as an adsorbent for removing different 
contaminants from leachate.

10.5.2.2 Biochar
Biochar is produced as a by-product during the conversion of organic materials 
using different thermochemical techniques such as pyrolysis, gasification, and 
torrefaction. Pyrolysis can convert waste into biochar at a temperature of 
300–900°C in the absence of oxygen (Kumar et al., 2022a). Biochar can also be 
produced from different waste using gasification at a temperature >700°C using 
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different gasifying agents such as steam, oxygen, and CO2 (Mishra et al., 2022c). 
Torrefaction can convert biomass into biochar at a mild temperature of 200–
300°C in the absence of oxygen (Kumar et al., 2022a). Waste can be converted 
into biochar using pyrolysis and other thermochemical techniques, which also 
yields valuable products such as gas, liquid, and solid hydrocarbons (Kumar 
et al., 2021, 2022a; Mishra et al., 2022c). As a result, biochar generated from 
waste can be utilized for generation of energy or adsorbents (Kumar et al., 2020, 
2022a). Figure 10.2 shows the biochar production from different feedstocks using 
various techniques and its application for landfill leachate treatment. Several 
research studies suggested that biochar generated from MSW might be utilized 
effectively to remove environmental pollutants (Singh et  al., 2022a, 2022b). 
Table 10.3 presents removal of various contaminants using biochar produced 
from different feedstocks. Arsenic and chromium were effectively removed from 
an aqueous solution using biochar treatment (Agrafioti et al., 2014; Singh et al., 
2021b). Biochar could be employed directly or modified to provide a higher 
potential for organic contaminants and removal of heavy metals. The amount 
and types of functional groups in biochar may be manipulated by chemical 
changes, which could modify their porous structure and affect their adsorption 
ability (Kumar et  al., 2022a, 2022b). Additionally, chemical activation could 
be carried out at substantially lower temperatures with an improved catalytic 
oxidation potential because activation and carbonation were combined in a 
single phase (Kumar et al., 2022a; Singh et al., 2022b). Consequently, biochar 
activated with chemicals may offer an effective, easy, and affordable method for 

Figure 10.2 Biochar production from different feedstocks using various techniques and 
its application for landfill leachate treatment.
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eliminating environmental pollutants (Kumar et al., 2022a; Mishra et al., 2021). 
Due to biochar’s great effectiveness and inexpensive cost, chloride precursors 
such as NH4Cl have been effectively employed to chemically transform biochar 
(Li et  al., 2015). Additionally, employing 2 M potassium hydroxide, Jin et  al. 
(2014) modified biochar with a high capacity of adsorption. In addition to 
chemical activation, physical activation utilizing microwave energy and steam 
has both been shown to produce biochar (Li et al., 2015). Experimental data 
modeling may reveal the effectiveness of various removal techniques using 

Table 10.3 Various contaminant removal using biochar produced from different feedstock.

Biochar 
Feedstock

Production 
Technique/
Temperature (°C)

Effect on Contaminant 
Removal

Reference

Pine-tree 
needles

Pyrolysis/500 
and 700

Hg(II) adsorption of 
0.35 g mg/min

Jeon et al. 
(2020)

Biomass and 
plastic waste

Pyrolysis/450–550 Arsenic removal of 
∼99.86 and 99.93% from 
biochar and plastic char, 
respectively

Singh et al. 
(2021b)

Bamboo, 
bagasse, and 
hickory chips

Pyrolysis/300, 
450, and 600

Removal of SPY (89.6%) 
and SMX (83.3%)

Huang et al. 
(2020)

Ragweed Pyrolysis/450 ∼139 and 358.7 mg/g 
removal of Cd2+ and Pb2+

Lian et al. 
(2020)

Rice straw Pyrolysis/500 Removal of Sr(II) and 
Ba(II)

Younis et al. 
(2020)

Pine-forestry Pyrolysis/300 ∼97% removal of organic 
matter

Yazdani et al. 
(2019)

Banana 
pseudostem

Pyrolysis/300–600 ∼96.81% removal of 
nitrofuran antibiotic

Gurav et al. 
(2020)

Sewage sludge Pyrolysis/300–700 ∼67–99% reduction of 
contaminant

Regkouzas and 
Diamadopoulos 
(2019)

Gingko 
(Spiraea 
blumei) leaf

Electric-furnace 
carbonization/800

∼59.9 and 138.9 mg/g 
adsorption of Cu and Pb, 
respectively

Lee et al. 
(2019)

Loofah Pyrolysis/700 ∼54.68 and 30.14 mg/g 
removal of Cu(II) and 
Cr(VI), respectively

Xiao et al. 
(2019)

Softwood pine Pyrolysis/550–600 Ni(II) removal of ∼73.5% Sajjadi et al. 
(2019)

Enteromorpha Hydrothermal 
liquefaction/250

∼91 and 54% removal 
of Cu(II) and Pb(II), 
respectively

Yang et al. 
(2019)

Sulfapyridine (SPY); Sulfamethoxazole (SMX).
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MSW–Biochar  (BC). Most investigations revealed that the pseudo-second-
order kinetic model ascribed to the Langmuir isotherm and the chemisorption 
suggesting mono-layer sorption fit the heavy metal adsorption onto biochar 
(Kumar et al., 2022a; Mishra et al., 2022b). According to Agrafioti et al. (2014), 
electrostatic interaction between the metal cation and the negatively charged 
biochar surface may be the mechanism of biochar for the adsorption of heavy 
metals. Additionally, the high pore volume and large surface area speed up the 
mass transfer of heavy metals into the pores of biochar, increasing the potential 
for metal-binding sites (Kumar et al., 2022a; Singh et al., 2022b). As a result, 
biochar that has been chemically and physically modified has a higher adsorption 
potential than biochar without modification, perhaps because of the increased 
pore volume and surface area. Hydrogen bonding, electrostatic interactions, 
and van der Waals forces were also suggested as three ways for describing 
the rhodamine dyes and acridine orange’s adsorption on biochar (Parshetti 
et al., 2014). Batch desorption experiments for arsenic adsorption onto various 
biochar types created from various feedstocks, including different biomass and 
plastic waste, have been carried out (Kumar et al., 2021; Singh et al., 2021b). As 
a result, it appears that biochar created from waste has the ability to be utilized 
as an effective sorbent to remove pollutants from leachates. The adsorption of 
organic contaminants, that is, HAs and pesticides and HAs onto biochar in 
addition to heavy metals has also been documented in some literature. From the 
above-mentioned explanation, it can be confirmed that biochar can be utilized 
as an efficient adsorbent for leachate treatment.

10.5.2.3 Graphene oxide
The advantage of physical–chemical methods for GO synthesis is its applicability 
on a wider scale (Mishra et  al., 2022a). Additionally, functionalization, 
impregnation, deposition, and mixing are some of the technical benefits of 
turning graphene into colloidal hydrophilic dispersions (Mishra et al., 2022a). 
Despite the synthesis process, the most unique feature of graphene oxidation 
is the multi-oxidant nature of the chemical reaction. In comparison to other 
graphene-based materials, it is easier to achieve surface changes in GO because 
of the hydrophilicity caused by functional groups with the content of oxygen 
at the GO edges (Stankovich et al., 2006). The typical GO synthesis processes 
have been reported by Hummers and Offeman (1958), Staudenmaier (1898), and 
Brodie (1859), which involve chemically oxidizing and exfoliating pure graphite 
utilizing various oxidizing agents (Gascho et al., 2019). Sujiono et al. (2020) 
synthesized GO from coconut shells using a modified Hummers method. First, 
high-carbon charcoal was produced from coconut shells at 600°C for 3 h. The 
carbonized sample was agitated for 3 h at 45°C with a sample-to-acid ratio of 1:3. 
The produced graphite powder was then dried in an oven at 110°C for 12 h after 
being rinsed with deionized water and NaOH until a pH of 6–7 was achieved. 
Materials created from GO have often been used for effective and efficient 
removal of heavy metals through adsorption. Table 10.4 presents the removal of 
different contaminants by various GO-based nanomaterials. Wang et al. (2018) 
have found that poly(γ-glutamic acid) (γ-PGA)–Fe3O4–GO–(o-multi-walled 
carbon nanotubes (MWCNTs)) may cause the adsorption of Ni(II), Cu(II), and 
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Cd(II). Graphene was produced electrochemically with the help of an ionic liquid. 
By using this technique, a magnetic Fe3O4–GO–(o-MWCNTs) hybrid nano-
composite with anionic polypeptide γ-PGA functionalization was generated 
through an easy one-pot synthesis (Obayomi et al., 2022). The γ-PGA–Fe3O4–
GO–(o-MWCNTs) aggregates showed potential absorbent material for removing 
different kinds of heavy metals, displaying high capabilities of adsorption. The 
highest adsorption removal capacities determined by the Langmuir model for 
Ni(II), Cu(II), and Cd(II) were 384.62, 574.71, and 625.00 mg/g, respectively, 
under ideal circumstances. A GO/carboxymethyl cellulose nanofibril (CMCNF) 
composite fiber (CF) was developed by Yu et  al. (2020) as an adsorbent to 
remove Pb(II). Continuous production of cross-linked GO/CMCNF CF was 
achieved by using the coagulant Fe3+ ions during a conventional wet-spinning 
procedure. Due to several interactions, including electrostatic interactions 
and ionic bonding between Fe3+ and the carboxyl group on CMCNF, the CF 
has greater mechanical characteristics in comparison to pure GO fiber. Pb(II) 
could adsorb up to 101.4 mg/g of Pb onto GO/CMCNF–Fe3+ CF with effective 
adsorbent recovery. The adsorption properties are affected by different factors 
such as temperature, which affects the material surface binding characteristics 
and solutions thermodynamics; organic matters; or metal ions coexistence, 
which prevents the desirable molecules of adsorption from occurring on the 

Table 10.4 Removal of different contaminants by various GO-based nanomaterials.

Adsorbent Target 
Contaminant

Adsorption 
Capacity (mg/g)

Reference

Fe2O3 x% PANI@GO Cr(VI) 143.54 Chinnathambi and 
Alahmadi (2021)

Al2O3/GO cellulose F− 5.34 Singh et al. (2021c)

Fe2O3–GO/CS Cr(VI) 131.33 Shan et al., (2021)

PV/GO/MnO2 Co(II) 60.3 Huo et al. (2021)

Ash/GO/FeO4 Pb(II) 47.16 Pelalak et al. (2021)

α-Fe2O3@rGO Tetracycline 180.8 Zou et al. (2021)

GO–CMC Oxytetracycline 102.05 Juengchareonpoon 
et al. (2021)

GO/g-C3N4–Fe3O4 Tetracycline 170 Sahoo et al. (2020)

Mn–PBA/GO Ciprofloxacin 1,826.64 Khan et al. (2020)

CNT5/LCys@GO/SA Ciprofloxacin 200 Ma et al. (2020)

Magnetic GO/chitosan 
composite (MGOC)

I – Naphthylamine 142.7 Rebekah et al. (2021)

amino-poly(vinylamine) 
(PVAm)–GO–
(o-(MWCNTs)–Fe3O4

Phenol 224.21 Zhou et al. (2020)

FFGOGA Naphthalene 116.7 Arshad et al. (2020)

GO–EPI–l-Arg Endotoxin 154.85(Eu/g) Tapouk et al. (2020)

GO/MnOx p-Cresol 107.68 Zhang et al. (2020)
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solid surfaces and solid–liquid ratio, which impacts the numbers of functional 
groups and binding sites that are available. GO/manganese oxide composites 
were used by Zhang et  al. (2020) to remove phenolic chemicals. For p-tert-
butyl-phenol (p-TBP) and p-cresol, the highest adsorption capacities of GO/
MnOx composites were 135.41 and 107.68 mg/g, respectively. Even after five 
recycles, they claimed the composites of GO/MnOx showed a high effectiveness 
of more than 90% for the removal of p-TBP. Additionally, they suggested that 
the presence of GO sheets boosted the MnOx’s oxidation capacity through an 
electron transfer interaction in addition to promoting the adsorption of phenolic 
compounds and by-products. Hu et al. (2015) have documented the adsorption 
of aniline and phenol from aqueous solutions onto GO/PPy composites. 
According to reports, aniline and phenol have sorption capabilities of 7.57 and 
3.31 mmol/g on GO/PPy composites, respectively. The sorption of aniline and 
phenol was explained using the Langmuir model on the composites of GO/PPy, 
and π–π electron donor–acceptor interaction, Lewis’ acid–base interaction, 
hydrophobic interaction, and ion exchange were primarily responsible. The 
thermodynamic properties of the temperature-dependent sorption isotherms 
showed that the adsorption of aniline and phenol on the composites of GO/
PPy was a spontaneous and endothermic process. There was no discernible 
reduction in adsorption capacity as a result of the aniline and phenol being 
desorbed by ethanol and cycled for GO/PPy composites reuse.

10.5.2.4 Carbon nanotubes
Regarding the treatment of landfill leachate, another best option that has 
received considerable attention is CNTs. Chemical vapor deposition (CVD) is 
the primary method utilized to generate CNTs; however, laser ablation and 
arc-discharge synthesis have also been employed. CNTs are produced on 
the negative electrode via an electrical arc discharge between two carbon 
electrodes. A catalyst added to the electrode promotes the formation of single-
walled nanotubes. Carbon vaporization and high temperatures, that is, 1,200°C 
are involved in laser ablation. Carbon-rich gases combine with catalysts during 
CVD procedure at temperatures of 600–1,200°C, resulting in the formation of 
CNTs on the catalyst surface (Bazargan & McKay, 2012). In landfill leachate 
studies, only single-walled carbon nanotubes (SWCNTs) seem to have been 
studied, and the findings show promise for high molecular weight organic 
adsorption (Lozano & Berge, 2012). MWCNTs are composed of graphene with 
numerous layers that are arranged in a concentric pattern around the smallest 
nanotube. SWCNTs are comprised of a single layer of graphene that normally 
includes tube-shaped carbon benzene rings. Chemical stability, high thermal 
and electrical properties, low mass, notable surface density, and higher diameter 
ratio are some unique characteristics of cylindrical CNTs (Kavosi et al., 2018). 
Due to exceptional water-transport capabilities, exceptional chemical inertness, 
high mechanical strength, and greater specific surface area of MWCNTs and 
SWCNTs, they have received a lot of attention for removing pollutants (Ma et al., 
2017). However, there is much less research about their application, regardless 
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of the possibility of landfill leachate treatment. As a result, given the efficacy 
of CNTs in the remediation of contaminated wastewater, this is considered as 
an important research subject that needs further study. It is also significant 
to highlight that while evaluating CNTs for environmental applications, any 
shortcomings must be taken into account. For instance, it has been observed 
that CNTs may be hazardous in a variety of cell types and animal studies 
(Zhao et al., 2021). The evidence that is currently available, which is obviously 
limited, points to CNTs as being more problematic in comparison to other non-
nanotube kinds of carbon. Exposure to CNTs can arise while working on their 
synthesis, utilizing them, or evaluating their characteristics. This emphasizes 
the requirement for a preventative strategy for controlling the exposure risk to 
these materials. The ecological impact and financial expense of CNTs have also 
been noted as disadvantages. Costs for MWCNTs have significantly lowered 
due to scaling up, using low-cost feedstock, increasing yields, reducing energy 
use, and producing less waste (De Volder et  al., 2013). The elimination of 
these contaminants frequently necessitates expensive thermal and chemical 
treatment and is a by-product of large-scale CNT generation processes. 
These processes have the potential to reduce and incorporate flaws into CNT 
sidewalls. MWCNTs are now offered in bulk for <$100/kg, which is 10 times 
more expensive in comparison to commercial carbon fibers (Clurman et  al., 
2020). As a result, this shows how crucial it is to conduct additional research 
into CNTs, taking into account all of their positive qualities and whether or not 
the benefits can offset the considerable drawbacks mentioned earlier.

10.5.3 Other non-carbon-based materials
Magnetic particles are an intriguing new material that can be used to remediate 
landfill leachate. With the utilization of magnetic separation and particles, 
magnetic technologies have been utilized in order to remove contaminants 
(Rodriguez-Narvaez et al., 2019). Nevertheless, despite the extremely optimistic 
findings achieved, only a few research studies have been carried out in regard 
to the treatment of leachate, even at a laboratory scale (Augusto et al., 2019). 
Natural Fe2O3 nanoparticles were employed by Shadi et al. (2020) to remediate 
polluted landfill leachate. The color, NH3-N, and COD were 2,851 Pt–Co, 
449 mg/L, and 2,081 mg/L, respectively. The elimination of COD, NH3-N, and 
color by adsorption on natural Fe2O3 was 75.9%, 43.8%, and 97%, respectively. 
Comparable outcomes have been achieved by several researchers using 
other magnetic nanoparticles alone or in combination with other methods 
of treatment for leachate (Kim & Ko, 2018). It is assumed that the lack of 
information on the prospective impacts on the ecology of these adsorbents 
after their usage in leachate treatment is an important gap demanding more 
in-depth investigations for handling any potential implications of large-scale 
implementation. This is because there are a large numbers of research studies 
currently being carried out on the utilization of magnetic nanomaterials for 
leachate treatment and uplifting findings have been confirmed so far for their 
implementation at the laboratory scale. Another significant topic for further 
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study is the application of modified zeolites in leachate remediation. Due to the 
special qualities of zeolites, such as high selectivity, activity, and stability, the 
application of modified zeolites as adsorbents for the oxidation/reduction of 
some particular, simple chemicals has received growing interest (Bandala et al., 
2021). According to Vollprecht et al. (2019), processing clinoptilolite with NaOH 
eliminates Si while maintaining Al in the structure of the zeolite, increasing the 
amount of acidic adsorptive sites and the zeolite’s capacity to adsorb NH4

+ 
from landfill leachate for its recovery. Other research studies have discovered 
that physicochemically activated zeolites are particularly successful for the 
nutrient’s adsorption (such as phosphate and ammonium) from landfill leachate 
when used with a zeolite dose of ∼15 g/L and contact time of 12 h (Aziz et al., 
2020). However, there are only a small numbers of research studies that have 
evaluated the utilization of modified zeolites for removing the organic matter 
(TOC, BOD, or COD) or nutrients in landfill leachate. Such investigations have 
also evaluated the capacity of materials for removing particular contaminants, 
such as organic pollutants or heavy metals. This lack of knowledge leads to a 
significant information gap because modified zeolites have been shown to be 
able to act as catalysts for advanced oxidation processes in addition to being 
adsorbent, which allows for the potential of successive processes of degradation 
(Bandala et al., 2021).

10.6 CONCLUSION
Municipal landfill leachate is a prevalent environmental load and a serious risk 
to surface and groundwater due to the presence of harmful substances such as 
nitrates, organic pollutants, and heavy metals. Diverse environmentally friendly 
strategies and techniques have been suggested and evaluated to remediate 
extremely contaminated leachates in order to comply with demanding quality 
standards for direct disposal into water bodies or sewer systems. The operating 
costs, plant flexibility, and investment as well as reliability, overall treatment 
performance, legal criteria for effluent levels of NH4

+-N, COD, and heavy 
metals as well as leachate characteristics (such as landfill age, BOD/COD, and 
COD) play major roles in choosing the best treatment technology for landfill 
leachate. Physical, chemical, and biological treatments are the main types of 
landfill leachate treatment. The efficiency of the adsorption process for treating 
landfill leachate relies on environmentally friendly, cost-effective, and well-
resistant pollutants. Due to high cost of commercial adsorbents, these are very 
occasionally used for leachate treatment. Numerous studies have noted that 
these adsorbents have been replaced with carbon-based adsorbents, which 
can be produced using different waste. Additionally, carbon-based adsorbents 
offer a powerful substitute to increase the effectiveness of the treatment. 
Several investigators are using the dispersion of nanoparticles (nanomaterial 
adsorbents) onto porous-supporting materials to reduce surface passivation, 
leaching, and aggregation of nanoparticles. Overall, it is clear that carbon-based 
adsorbents are a useful method for lowering the amounts of different leachate 
parameters, including heavy metals, ammonia nitrogen, color, and COD.
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ABSTRACT

Landfill leachate is a complex wastewater with a wide range of pollutants and requires 
proper treatment before discharge. Landfill leachate is either treated on-site by biological 
and membrane processes or treated transported to nearby wastewater treatment plant for 
co-treatment with municipal wastewater. Recalcitrant organics, especially for stabilized 
leachate will not be removed or degraded by conventional biological processes. Some of 
these pollutants may absorb ultraviolet (UV) lights and decrease the UV transmittance. 
The UV quenching substances (UVQS) can be broadly classified as hydrophobic substances 
(humic acid + fulvic acid) and hydrophilic substances. The UVQS may interfere with the UV 
disinfection process and make it less effective. It may also protect any co-pollutant from 
being degraded by UV. Therefore, understanding of the treatment methods capable of 
removing UVQS is necessary. The aim of this chapter is to present overview of different 
treatment technologies available to remove/degrade UVQS. The composition of solid 
waste responsible for the formation of UVQS, characteristics, chemical composition, 
distribution and problems of UVQS has also been discussed.

Keywords: Landfill leachate, UV quenching substances, wastewater treatment, recalcitrant 
organics.

11.1 INTRODUCTION
Global solid waste generation is booming due to the continuous growth of 
civilization, population, and economy. According to the report published by 
World Bank, projected global solid waste generation is 1.3–2.2 billion tons/
year by 2025 (Hoornweg & Bhada-Tata, 2012). Although landfilling is the 
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least favorable among the common waste management practices, its low-cost, 
easy operation, and maintenance make it adaptable. In terms of the global 
scenario, open dumping and landfilling are reported to cover 33% and 7.7% of 
solid waste management (Kaza et al., 2018). The infiltrated precipitation and 
innate moisture content of the solid waste produce a complex liquid known 
as leachate through various reactions that take place in landfills during 
stabilization. The highly contaminated wastewater displays a wide range 
of pollutants, such as, biodegradable and recalcitrant organics, inorganics, 
heavy metals, xenobiotic organic compounds, and so on (Kjeldsen et al., 2002; 
Mandal et al., 2017). Landfill leachate may cause adverse impact on human 
health and the environment if not treated appropriately before discharge 
(Renou et al., 2008).

A major component of leachate pollutants is dissolved organic matter. 
Whereas, biodegradable organics can be easily treated by biological treatment 
processes, recalcitrant fraction is resistant to microbial degradation. Physico-
chemical process, electrochemical, bio-electrochemical, and advanced oxidation 
technologies are reported capable to deal with recalcitrant organics (Mandal 
et al., 2017). Landfills can be categorized as young (<5 years), medium (5–10 
years), and old (>10 years) depending on its age (Ahmed & Lan, 2012). With 
age, the generation of leachate decreases. However, the leachate constituents 
become more complex and recalcitrant. During the microbial degradation in 
landfills, low-molecular weight aliphatic compounds may be transformed into 
high-molecular weight aromatic humic substances due to polymerization and 
condensation processes (Bolyard & Reinhart, 2017). The aromatic components 
are hydrophobic in nature and consist of humic substances, that is, humic acid 
(HA) and fulvic acid (FA). The aliphatic components are mainly hydrophilic in 
nature (Iskander et al., 2018).

The hydrophobic and hydrophilic substances present in landfill leachate 
strongly absorb ultraviolet (UV) light. The refractory nature makes it hard to 
remove by conventional biological processes adopted in wastewater treatment 
plants, thereby easily attains the downstream UV disinfection process and 
causes interference (Zhao et  al., 2013a). The hydrophobic and hydrophilic 
substances collectively named as UV quenching substances (UVQS) due to its UV 
quenching ability. The UVQS may also act as adsorption sites for co-pollutants, 
especially for pollutants targeted to be removed by UV disinfection (Xu et al., 
2016). Since the UVQS passed through the conventional treatment system, the 
organics may react and disinfectant by-products may be formed.

Landfill leachate is either treated on site or it is mixed at a certain percentage 
with municipal wastewater to treat in a municipal wastewater treatment plant. 
The disinfection of wastewater is conducted at the last stage to get rid of 
harmful pathogens, especially in case of an incident of pandemic outbreak. 
Therefore, understanding the treatment technologies efficiently in removing 
UVQS is of utmost importance and needs to be incorporated in treatment 
plants. The purpose of this chapter is to understand the sources, characteristics, 
distribution of landfill leachate, and treatment technologies with associated 
advantages and drawbacks to remove UVQS.
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11.2 SOURCES OF UV QUENCHING SUBSTANCES IN LANDFILL 
LEACHATE
The components of UVQS in landfill leachate are hydrophobic and hydrophilic 
fractions. The degradation of organic solid waste generates hydrophilic aliphatic 
carbons. Humic substances are of high molecular weight and formed by 
humification process involving biological and chemical reactions (Castagnoli 
et al., 1990). The process of humification involves polyphenols, lignin, and sugar 
amines (Jones & Bryan, 1998). Solid waste composition includes wood, plant 
leaves, vegetation, paper, and cardboard. Lignin is found very generously in these 
components of solid waste making them precursor material for UVQS generation 
in leachate. The characteristics of solid waste and degradation rate within landfills 
change the relationship or proportion of HA and FA. According to the report 
published by Kaza et al. (2018), global waste consists of majorly organic waste 
(44% food and green). Waste composition analysis also reveals generation of 17% 
of paper and cardboard, and 2% of wood. These components contribute to the 
formation of UVQS. The presence of proteins, carbohydrates, and fatty acids also 
assist in the humification process. Volatile fatty acids and biodegradable organic 
matters are usually of aliphatic structures and they contribute to the formation 
of HPI (hydrophilic fraction) (Bolyard & Reinhart, 2017).

Hydrophilic fraction has simple carbon containing structure making them 
vulnerable to microbial degradation. The initial high biochemical oxygen 
demand (BOD) and chemical oxygen demand (COD) generally found in young 
landfills has significant relation with the HPI. However, the contribution of 
HPI toward UV absorbance is less (Zhao et  al., 2013a). The HPI is readily 
biodegradable, which prevent them from entering the UV disinfection system 
as removed during the biological wastewater treatment process. Since, UV 
disinfection is usually the extreme downstream process, HPI does not hamper 
the wastewater disinfection process much in comparison with HA and FA.

11.3 PROPERTIES OF UV QUENCHING SUBSTANCES
Properties and chemical structures of humic substances change significantly 
depending on the percentage variation of the source materials, that is, solid 
waste composition. The humic substances make the wastewater yellowish 
or blackish in color. These are acidic heterogeneous macromolecules. The 
hydrophilic and hydrophobic fraction is the agglomeration of aliphatic and 
aromatic moieties, respectively, having covalent bonds. These substances 
generally contain phenolic, carboxyl, alkoxy groups and sometimes alanine, 
semiquinone, hydroquinone, sulfate esters, and phosphate ester groups (Jones 
& Bryan, 1998). The bonds responsible for comparatively larger molecular 
size of humic substances are van der Waals, hydrogen, π–π, and CH–π bonds 
(Piccolo, 2002). The landfill can be divided into three categories depending 
on its age, that is, young, medium, and old landfills (Kjeldsen et  al., 2002). 
The heterogeneous nature of the humic materials is mainly associated with 
characteristic changes over time. In the initial stages of landfill leachate 
generation, FA are formed and their concentration becomes predominant 
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than HA (Kang et al., 2002). However, HA concentration increases with time 
due to the humification and degradation process. Also, the humification rate 
has been observed initially higher and decreases over ages (Castagnoli et al., 
1990). The source materials for the generation of humic substances generally 
received substantial water, oxygen, and sunlight exposure. Due to this, humic 
substances become resistant to the conventional treatment processes (Jones & 
Bryan, 1998). The reversibility of redox sites and various redox states also make 
them unsuitable for microbial degradation (Ratasuk & Nanny, 2007). However, 
these compounds are susceptible to the advanced treatment methods.

11.4 CHEMICAL COMPOSITION
The major components of UVQS are FA, HA, and HPI. Concentrations of 
these components exhibit wide range due to variable factors, such as waste 
composition, landfill age, landfill operating conditions, and so on (Iskander 
et  al., 2018). The molecular weight of HA varies in the range of 50,000–
100,000 g/mol, whereas, 500–2,000 g/mol of range is common for FA and HPI 
(Amaral et al., 2015). In terms of elemental composition, HA consists of C, N, 
H, and O. Out of the mentioned elements, O content is reported to be lower in 
HA than FA and HPI (Kang et al., 2002). Carbohydrates and phenolic groups 
of HA are higher but carboxylic acid functional groups are reported to be lower 
than the other two fractions (Christensen et al., 1998). The aromatic properties 
of HA helps in precipitation at pH < 2 by charge neutralization. The FA fraction 
is usually soluble at all pH ranges (Jones & Bryan, 1998). In terms of order of 
aromaticity, the UVQS can be represented as HA > FA > HPI depending on 
the value of H to C ratio (Huo et al., 2008).

11.5 PROBLEMS ASSOCIATED WITH UVQS
The properties of the UVQS are such that it decreased the transmittance of UV 
light due to which UV disinfection process suffers from poor performance. The 
UV transmittance and UV absorbance of any wastewater needs to be within 
≥60–65% and <0.187/cm for effective disinfection (Iskander et  al., 2018). 
Among the hydrophobic and hydrophilic fractions, HA has been reported to 
exhibit more UV absorbance than FA and HPI fractions. HPI may contribute 
more towards the UV absorbance due to its comparatively higher concentration 
present in landfill leachate than HA and FA (Zhao et  al., 2013a). Metals 
entrapped within the humic substances may also contribute to UV absorbance 
properties.

The complex structure and continuous exposure with sunlight, oxygen, and 
so on make the humic substances recalcitrant. The presence of different aromatic 
compounds such as phenolic, aniline, benzoic, and so on makes the leachate a 
strong absorber of the UV light by π-π* electron transitions in the range of near 
UV 270–280 nm (Chin et al., 1994). UVQS substances are hard to remove by 
conventional biological treatment processes and therefore may interfere with 
the downstream UV disinfection system. The UVQS may also create difficulty 
in removal of co-pollutant by providing sorption site of HA surface (Xu et al., 
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2016). Furthermore, the presence of carbonaceous and nitrogenous organic 
matter may increase the formation of disinfection-by-products if chlorination is 
done as disinfection process (Mitch & Sedlak, 2004).

11.6 DISTRIBUTION OF UVQS IN LANDFILL LEACHATE
Since the distribution of hydrophobic and hydrophilic fraction in landfill 
leachate directly affects the treatment process selection and efficiency, 
understanding the contributions of HA, FA, and HPI toward UVQS is necessary. 
The UV254 and SUVA254 (specific UV absorbance) values are generally used to 
indicate the concentration of UVQS in leachate. SUVA254 is calculated using 
UV254 and dissolved organic carbon (DOC). Furthermore, the ages of landfills 
are also reported to affect the formation and characteristics of UVQS (Zhao 
et  al., 2018). When the comparative characteristics evaluation of young and 
mature leachate was performed, mature leachate showed higher SUVA254 value 
than young leachate. High SUVA254 value indicates greater hydrophobic and 
aromatic content. It also suggests the presence of humic substances and high 
molecular weight compounds (>100 kDa). The low SUVA254 obtained for young 
leachate indicates presence of non-humic and aliphatic compounds having 
low molecular weight (<100 kDa). The leachate SUVA254 value increased with 
decreased biodegradability of organic matter. The details of the hydrophobic 
and hydrophilic fraction and parameters used as measures of UVQS is presented 
in Table 11.1. Bolyard and Reinhart (2017) collected 12 leachate samples from 
eight landfill sites and observed that bioavailable dissolved organic nitrogen 
(hydrophilic) contributed less toward UV254 absorbance (4.28 ± 3.12 1/cm) 
and COD (646 ± 556 mg/L) than recalcitrant dissolved organic nitrogen 
(hydrophobic, UV254: 35 ± 33.9 1/cm, COD: 1,690 ± 1,539 mg/L). Castagnoli 
et al. (1990) studied the changes in HA and FA concentration (two components 
of humic substances) for a landfill from its initial days to 4 years. For both the 
HA and FA, the concentration was increased till 2 years after which it reduced. 
At the same time, FA/HA ratio showed increasing trend over the years and was 
always above one indicating the decomposition rate of solid waste within the 
landfill. HA and FA showed a greater contribution towards UV254 and SUVA254 
than HPI in a study conducted by Driskill et al. (2015). Four landfill sites were 
selected in this study and three landfills show SUVA254 value in the increasing 
order of HA>FA>HPI except for one site where FA>HA>HPI. However, 
hydrophilic fraction (low molecular-weight fraction, <1 kDa) was predominant 
for the organic nitrogen.

In the study conducted by Zhao et  al. (2018), four mature landfills and 
one laboratory simulated young landfill were selected for understanding the 
hydrophobic and hydrophilic fractions of dissolved organic matter. The mature 
leachate samples collected showed higher SUVA254 value than young ones. The 
hydrophobic fraction contributed to higher SUVA254 value than HPI due to the 
abundance of chromophores. Young leachate exhibited higher concentration 
of low molecular weight (<100 kDa) UVQS than mature leachate samples. The 
evaluation of comparison and characteristics of leachate humic substances and 
commercial humic acid depicted lower level of humification rate occurring 
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within landfills in comparison with commercial HA where three differently 
aged leachate samples were evaluated (Kang et  al., 2002). The authors 
observed an increase in molecular size and aromatic compounds as landfill 
age increases. Zhao et  al. (2012) selected two landfill sites located in USA. 
In both the sites, organic matter having size <1 kDa contributed to the major 
fractions of total organic carbon (TOC) indicating predominance of low 
molecular weight compounds. However, an increase in UV254 and SUVA254 
values were observed as the size fraction increases from 500 Da to 100 kDa for 
both the landfills. Zhao et al. (2013a) opted for three landfills to understand 
the characteristics of UVQS present in leachate. The SUVA254 values were in 
the order of HA>FA>HPI for all the samples collected. The UV254 absorbance 
value was also higher for HPI fraction than HA and FA. Majority of the TOC 
is contributed by HPI fractions followed by FA and HA. However, the particle 
size of HA and FA was higher than HPI.

Overall, there are similarities in the findings obtained by UVQS-related 
studies. The characteristics of UVQS depend on landfill ages. As landfill age 
increases, concentration of hydrophobic fraction increases. As a result, high 
UV254 and SUVA254 values were obtained. HPI fraction usually consists of 
lower molecular weight compounds of aliphatic nature and contributes more to 
TOC or DOC than HA and FA.

11.7 MEASUREMENT TECHNIQUES OF UV QUENCHING SUBSTANCES
The fractionation of UVQS for landfill leachate is generally performed resulting 
in three fractions, that is, HA, FA, and HPI. Several researchers used different 
analytical techniques for the determination of UVQS. Elemental analyzers 
can be used for this purpose to determine C, N, O, and H elements. The H/C 
value ≤1 indicates highly aromatic structure, whereas the high values delineate 
aliphatic structures. High O/C and N/C indicate prevalence of functional 
groups containing O and organic nitrogen (Christensen et  al., 1998; Kang 
et al., 2002). The fractionation process of hydrophobic and hydrophilic UVQS 
based on their solubility characteristics and chemical nature is described here 
(Christensen et  al., 1998; Leenheer, 1981; Thurman & Malcolm, 1981). Of 
those, one popular method is described here. Initially, the raw leachate sample 
is filtered using either 1.5 or 0.45 µm filter paper. Once the suspended materials 
are eliminated, pH of the sample is brought down to <2 using hydrochloric or 
sulfuric acid to assist the agglomeration process of the HA. The precipitated 
HA is then separated from the supernatant using centrifuge or filtration 
techniques. The separated HA is then mixed in NaOH solution of 0.1 M 
strength. The supernatant contains FA and HPI. To separate FA fraction, a 
column containing resin is used. All FA components are adsorbed on the resin 
when the supernatant solution is passed through the column. HPI fraction does 
not get absorbed and thereby the filtrate needs to be analyzed for HPI fraction. 
The column is eluted with the solvent 0.1 M NaOH to recover the adsorbed FA 
fraction. These separated fractions are then analyzed for TOC or DOC, UV 
absorbance to quantify UVQS. The UV254 (UV absorbance at 254 wavelength) 
to DOC or TOC ratio is commonly known as SUVA254, and SUVA254 value 
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<2 L/mg m indicates aliphatic structure. Other than SUVA254, UV253/UV203, 
E465/E665 (ratio of absorbance values at 465 and 665 nm, and UV280/DOC (e280) 
ratios are also of great significance indicating aromaticity, molecular weight 
of organics, and humification (Chin et al., 1994; Kang et al., 2002; Weishaar 
et al., 2003; Zhao et al., 2013b). Gel filtration chromatography with different 
polyethylene glycol standards and high-pressure size-exclusion chromatography 
can also be employed to understand molecular weight and polydispersity index 
(weight-averaged/number-averaged molecular weight). In ideal scenarios, the 
HA component should have higher index followed by FA and HPI (Chin et al., 
1994; Wang et al., 2016). Fourier transforms infrared spectroscopy is another 
method to understand the functional groups present and chemical composition 
(Kang et al., 2002; Wang et al., 2016). Excitation–emission matrix fluorescence 
spectroscopy can also be used to characterize the composition of dissolved 
organic matter by distinct peaks obtained at different excitation and emission 
wavelength. The humification index can be calculated from the excitation–
emission matrix (Cui et al., 2016). The characterization of organic matter can 
also be accomplished by analyzing oxidation states. Mean oxidation state can 
be calculated from the COD and TOC values. A negative value indicates higher 
concentration of humic substances and polycyclic aromatics (Wang et al., 2016).

Aromaticity of natural organic matter can be measured directly using 13C 
nuclear magnetic resonance. The obtained spectra depict different functional 
groups present and % aromaticity can also be calculated from peak area of the 
spectra (Weishaar et al., 2003). 1H nuclear magnetic resonance also helps in 
understanding different functional groups and % proton in different organic 
fractions (Kang et al., 2002). Another technique to separate the hydrophobic 
and hydrophilic fractions is solid-phase extraction (Bolyard & Reinhart, 2017). 
In this method, the suspended material is separated similar to the above-
mentioned method using 0.45 µm filter. Then the solution is directly passed 
through the XAD-8 column where hydrophobic fraction gets absorbed. The 
filtrate solution contains hydrophilic fraction and the hydrophobic fraction is 
re-dissolved in 0.1 M NaOH solution.

11.8 REMOVAL OF UVQS BY DIFFERENT TREATMENT TECHNOLOGIES
11.8.1 Biological process
Biological wastewater treatment process can be both aerobic and anaerobic. 
The selection and efficiency of biological treatment process depends on leachate 
composition. Biological processes show high efficiency for landfill leachate 
treatment when the biodegradability index is greater than 0.5 and volatile 
fatty acids concentration is high. However, as the landfill age increases, the 
recalcitrant nature of mature leachate tends to limit the efficiency of biological 
treatment (Renou et  al., 2008). Different treatment technologies adopted for 
removing UVQS and obtained results are presented in Table 11.2. Biological 
processes (sequencing batch reactor-activated sludge, fixed film bioreactor) 
are reported to be more efficient in removing TOC than UV254 absorbing 
substances. Humic substances are resistant to microbial degradation due to 
its recalcitrant nature. HA and FA are reported to exert majority of UV254 
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absorbance (Driskill et al., 2015). Similar findings were observed by Zhao et al. 
(2013a) where TOC removal of 30%, and UV absorbance reduction of only 2% 
were obtained by 21-day aeration process for 30 years aged leachate sample. 
Sequencing batch reactor treatment of an active landfill exhibited almost 
same percentages of TOC and UV absorbance reduction. Hence, the biological 
process is less effective in removing refractory UV quenching substances. As a 
result, SUVA254 (L/mg m) increased from 2.77 to 4.70 for HA, 1.92 to 3.25 for 
FA, and 1.55 to 2.05 for HPI. The application of activated sludge-sequencing 
batch reactor followed by powdered activated carbon improved the TOC 
removal percentage to 55.78% and UV absorbance to 29.09%. Not only for 
TOC, increased SUVA254 removal efficiencies of 59.8%, 44.2%, and 53.1% were 
obtained for HA, FA, and HPI, respectively (Zhao et al., 2013a). The increase 
in SUVA254 indicates increase in aromaticity of the dissolved organic matter. Bu 
et al. (2010) observed significant increase in SUVA254 after the sequencing batch 
reactor biological treatment due to the bio-degradation of simple molecules and 
formation of polycondensed humic substances. Another reason for the increase 
in aromatic structure after biological treatment could be the release of high 
molecular weight microbial by-products from the biomass. At the same time, 
polydispersity of dissolved organic matter decreased due to the consumption of 
readily available organics by microbes and adsorption of high molecular weight 
compounds into the sludge solids (Bu et al., 2010). In an anaerobic ammonium 
oxidation reactor, aquatic humic substances were reduced from 228 to 91 mg/L 
and DOC reduction was from 288 to 136 mg/L. The contributions of FA and 
HA were 57% and 33% toward the total DOC removal indicating FA removal 
is preferred over HA by anammox process (Liang et al., 2009). An anaerobic 
membrane bioreactor exhibited TOC removal of 50%. For separated fractions 
of UVQS removal, removal efficiencies of 39% for HA, 37% for FA, and 55% 
for HPI were obtained indicating significant removal of HA and hydrophilic 
fractions (Pathak et al., 2018). Zhao et al. (2012) evaluated the performance of 
biological-based sequencing batch reactor for the treatment of landfill leachate 
and TOC removal efficiency of 43% was achieved. Membrane separation 
technique can be selected along with biological processes to lower down the 
concentration of UVQS. For example, nanofiltration technique can be used to 
separate the humic substances as molecular size of HA and FA is usually higher 
than the HPI. The use of nanofiltration before biological treatment helped in 
reducing UV absorbance value from 15.3 to 4.88/cm (Zhao et al., 2012). Another 
study using membrane bioreactor showed up to 60% of HA removal due to 
adsorption by activated sludge (Zolfaghari et al., 2017). Whereas only 11% of 
FA was removed due to its lesser interaction with the sludge. The treatment 
efficiency of biological processes in terms of removing UVQS is limited and 
suitable selection of other physico-chemical processes may be necessary.

11.8.2 Membrane separation, adsorption, and ion exchange
The removal of almost complete percentages of HA, FA, and HPI has been 
reported by Huo et al. (2009). The reverse osmosis process mainly contributes to 
the HA and FA removal due to their high molecular weight. Whereas biological 
process is reported to be responsible for the HPI fraction degradation. The 
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forward osmosis process was able to remove approximately 98% of TOC from 
landfill leachate (Iskander et al., 2017a). Magnetic ion-exchange resin (anion 
exchange-Cl) was used to treat stabilized landfill leachate by Boyer et al. (2011) 
and 57% of UV254 and 34% of DOC removal were achieved within 20 min. On 
contrary to the biological processes, UV254 removal percentages were higher 
than DOC for the resin. Adsorption technology has been reported to effectively 
abate all types of UVQS using activated carbon via chemisorption and physical 
adsorption (Deng et al., 2018). Powdered activated carbon at a dose of 10 g/L 
was able to remove ≥92% of UV254 absorbance for all the three fractions isolated. 
However, inclination of adsorption toward chromophoric dissolved organic 
matter was observed (Deng et al., 2018). Activated carbon in granular form was 
used by Iskander et al. (2017b) for the abatement of UVQS from microbial fuel 
cell pre-treated leachate. 89.1% of UV absorbance reduction was achieved with 
activated carbon dose of 40 g/L. Ateia et  al. (2017) experienced preferential 
adsorption of synthetic HA solution in the molecular weight range of 0.5–2 kDa. 
For the FA, similar preferences were observed for molecular weight of more than 
1–3 kDa. Besides the standalone physical processes, a series or combination 
of treatment technologies are also used for better removal performance of 
stabilized leachate (Amaral et  al., 2015). Chemical precipitation followed by 
microfiltration were able to remove 43 ± 5% of humic substances. Further 
treatment by nanofiltration improved the HA removal to 86 ± 5%. The TOC 
removal efficiency by lime precipitation and microfiltration were negligible (7% 
and 8%), but adaptation of nanofiltration technology significantly improved the 
TOC removal efficiency to 99%. Although the membrane technologies are quite 
effective in removing UVQS, the presence of HA may cause fouling. Reduction 
in the permeate flux by 18% was observed when 50 mg/L of HA was added in a 
pilot scale study (Šír et al., 2012). In another study, it is reported that the extent 
of flux reduction not only is dependent on HA concentration, but also on the 
initial rate of flux when reverse osmosis and nanofiltration were used for landfill 
leachate treatment (Tang et al., 2007). Among the three fractions of UVQS, HA 
and FA are mainly susceptible to the membrane separation processes due to 
their order of size (HA > FA > HPI). Almost all HA and FA can be removed by 
the membrane separation process with molecular weight cut-off of 1 kDa. The 
HPI fraction will be remaining due to their size <1 kDa (Zhao et al., 2013a).

11.8.3 Electrochemical process
Electrocoagulation process showed excellent efficiency in removing ∼100% 
HA contained in a pre-treated landfill leachate by aerated bio-filter system. 
Humic substances (HA + FA) contributed 90% of the TOC value. The FA and 
HPI fraction removal percentages vary from 57% to 60% and 37% to 46%, 
respectively. For all the fractions, ∼90% of UV254 absorbance was reduced using 
either of aluminum or iron anode (Dia et al., 2017). A hybrid electrochemical 
treatment, that is, high-voltage pulsed discharge combined with TiO2 was 
employed by Zhang et  al. (2017) to treat biologically pre-treated leachate. 
33.6% improved reduction in aromatic compounds was observed evident from 
UV254 value when high-voltage pulsed discharge combined with TiO2 was 
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applied. Bae et al. (1999) attempted electron beam radiation after biological 
pre-treatment and aquatic humic substance content was reduced from 68.6% 
to 52.9% of the DOC. An electrocatalytic reduction followed by adsorption 
was adopted by Satyawali et  al. (2007) to treat HA containing wastewater. 
The reduction of HA by graphite increased the hydrophobicity resulting in 
improved adsorption. Electrochemical process (RuO2/Ti electrode as anode 
and Ti cathode) combined with UV irradiation also exhibited significant 
reduction of HA and FA (Xiao et al., 2013). Microbial fuel cell has also been 
used to remove UVQS from landfill leachate (Iskander et al., 2017b). Higher 
current density and hydraulic retention time increase the overall reduction in 
UVQS. Further post treatment by granular activated carbon improved the UV 
absorbance reduction from 50 to 89.1%. Highest decrease of UV absorbance 
after treatment by bio-electrochemical system was 48.2% for HA, 45.6% for 
FA, and 52.6% for HPI for a sample. SUVA254 value was also increased after 
treatment indicating increase in aromaticity. More study on the applicability of 
bio-electrochemical system for landfill leachate treatment is needed.

11.8.4 Chemical oxidation
Technologies which use chemicals directly for removing UVQS from landfill 
leachate are described in this section. Fenton oxidation process was able to 
remove UV254 by 92% and 95% for two different leachate samples. The removal 
efficiency of UV254 (or humic substances) was greater than organic matter 
degradation by Fenton process probably due to conversion of organic matter into 
intermediates (Gupta et al., 2014; Wu et al., 2010a, 2010b). The Fenton process 
was tested better than the ozonation process as hydroxyl radical may remove 
both the hydrophilic and hydrophobic substances where ozonation removes 
only hydrophobic fraction (Jung et al., 2017). SUVA254 dropped from 2.24 to 
0.47 L/mg m for Fenton and to 1.36 L/mg m for ozonation indicating better 
efficiency of the former technology. In another study, 50% of humic substances 
reduction was observed by Fenton treatment (Moravia et al., 2013). Wu et al. 
(2011) adopted a series of technology for removing humic substances from 
landfill leachate and the three separated fractions show removal efficiencies 
of 71.1% for HA, 52.9% of FA, and 37% of HPI in the coagulation process and 
52.1% for HA, 32.6% for FA, and 13.5% for HPI in the Fenton treatment process. 
Both the coagulation and Fenton process removes high molecular weight 
preferably (Wu et al., 2011). The concentrate generated during the membrane 
treatment process may create problems of transferring pollutants from one 
media to another. The concentrates generated during the reverse osmosis or 
nanofiltration process can be treated by ozonation process (Wang et al., 2016). 
Ozonation process reduced UVA254 absorbance values from 19.8 to 8.29/cm 
and SUVA254 values from 2.42 to 1.13 L/mg m for reverse osmosis concentrate. 
Whereas, for nanofiltration concentrate, UVA254 absorbance values from 55.5 
to 33.4/cm and SUVA254 values from 2.67 to 1.69 L/mg m (Wang et al., 2016). 
Among the separated fractions of dissolved organic matter, humic substances 
reduced significantly. However, the HPI fraction increased after treatment 
indicates recalcitrance of ozonation process for HPI removal or conversion 
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of hydrophobic substances to HPI during the treatment process (Cataldo & 
Angelini, 2012; Wang et al., 2016). Ozone in combination with other means of 
oxidation was also investigated for leachate treatment, for example, O3/UV, O3/
H2O2, O3/persulfate and so on, which helped in converting the higher molecular 
weight compounds into lower ones (Soubh & Mokhtarani, 2016; Wang et al., 
2017; Wu et al., 2004). The major humic substances removal mechanism for 
the Fenton treatment is conversion to HPI (Xu et al., 2017; Zhao et al., 2013b). 
These smaller molecular weight compounds are more susceptible to treatment 
or degradation due to increased biodegradability. Similar phenomenon was 
also observed for catalytic wet oxidation treatment (Wang et al., 2014). Several 
different types of Fenton processes were also attempted for the treatment of 
UVQS. Of those, iron-coated granular activated carbon with H2O2 process was 
able to achieve 84% of HA and 87% of FA removal (Fan et al., 2007). Series 
of technologies (air stripping–Fenton–sequencing batch reactor–coagulation) 
are also adopted to treat landfill leachate. The combination of treatment 
technologies achieved COD removal efficiencies of 97.1% for HA, 95.8% for FA, 
and 71.7% for HPI (Liu et al., 2015). Fenton treatment followed by biological 
process may increase the treatment efficiency by degrading intermediates 
formed by Fenton oxidation. Increase in SUVA254 after treatment was observed 
when microwave-assisted persulfate oxidation was employed (Kim & Ahn, 
2017). Among less adopted technologies, flotation (99% of HA removal) and 
bioflocculation (85% of HA removal) showed significant removal efficiency 
(Zouboulis et al., 2003, 2004). Subcritical water catalytic oxidation exhibited 
74.24% of TOC and 49.11% of HA removal efficiencies (Zhai et al., 2016).

11.9 CONCLUSIONS AND PERSPECTIVES
The presence of UVQS reduced the UV transmittance during the disinfection of 
wastewater. Thus, understanding of the problems associated with HA, FA, and 
HPI and treatment remedies are of significant value. Based on the discussion so 
far, the following perspective and conclusions can be obtained.

• Landfill leachate consists of high concentration of UVQS and therefore 
on-site treatment and co-treatment with municipal wastewater may suffer 
decreased efficiency during UV disinfection.

• The characteristics of the UVQS changes with solid waste composition 
and landfill ages. Usually mature or stabilized leachate depicts higher 
fraction of hydrophobic substances.

• The HPI fraction is more biodegradable than humic substances and 
therefore easy to degrade by biological process. The humic substances are 
resistant to conventional biological processes but susceptible to advanced 
treatment methods.

• The contribution of humic substances towards UV absorbance is higher 
than hydrophilic if compared for equal concentrations. However, HPI 
contributes more towards COD or TOC. The SUVA values of the three 
fractions are usually obtained as HA>FA>HPI.
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• The pore size of membrane controls the efficiency of UVQS removal. 
Though high efficiencies are obtained using nanofiltration and reverse 
osmosis, membrane clogging is a disadvantage of the process, especially 
in the presence of HA.

• The Fenton treatment, chemical oxidation, and electrochemical processes 
may be suitable for the combined application with biological processes to 
remove UVQS as these technologies are associated with high cost and 
chemical consumption.

The data related to UVQS in literature involving leachate characteristics and 
treatment is limited and therefore continuous documentation may be helpful in 
understanding the characteristic changes of UVQS. Further detailed exploration 
of the advanced technologies capable in removing UVQS is necessary which 
may be used for on-site treatment before discharging into wastewater stream.
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ABSTRACT

Landfill leachate is a prominent source for microplastics into the environment. Various 
polymer types have been detected in leachate collected from landfills and among those 
polyethylene and polypropylene were the most prominently detected polymer types, 
with a size ranged from 20 to 5,000 µm. Fibers, foams, films, beads, and fragments 
were the mostly detected shapes, and a majority was transparent and yellow colored. 
The abundance of microplastics in leachate varied with the type of waste present in 
landfills. Microplastics present in leachate migrated to the surrounding soil, groundwater, 
and open waters located nearby landfills. The main migration pathways are direct 
leaching and usage of treated leachate as a soil conditioner, and usage of microplastic-
contaminated sludge released from leachate-treatment facilities as fertilizers. To reduce 
the risks associated with microplastics released from landfill leachate, treatment of 
landfill leachate using proper treatment strategies is mandatory. The main techniques 
used to remove microplastics from landfill leachate are physical, chemical, biological, and 
land-based processes. After the treatment, abundance, size, and chemical composition 
of microplastics were altered considerably. However, the complexity and composition 
of leachate decreased the efficiency of treatment techniques substantially. This chapter 
provides a descriptive overview of the occurrence, abundance, and properties of 
microplastics extracted from leachate, the main migration pathways that reintroduce 
microplastics into the surrounding environment, the main treatment techniques, and 
challenges associated with the treatment strategies.

Keywords: Landfill leachate, microplastics, municipal solid waste, source segregation, 
wastewater treatment.

Chapter 12

Microplastics in landfill 
leachate and its treatment

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



268 Landfill Leachate Management

12.1 PLASTICS IN LANDFILLS AND LEACHATE
The increased usage of plastics has enhanced the annual production; for example, 
at present global plastic production is over 300 million tonnes (Plastics Europe, 
2018). Concurrently, the release of plastic waste into the natural environment 
also increased rapidly. About 6.3 billion Mt of plastic waste was generated and 
more than 79% of plastic waste were released to landfill sites, 12% incinerated, 
and 9% recycled (Geyer et al., 2017). After the disposal, plastics slowly undergo 
degradation via physical, chemical, and microbial weathering and form 
microplastics that are smaller than 5 mm (Hou et al., 2021).

Open dumping and landfills are the most popular solid waste disposal 
methods practiced both in developed and developing countries around the 
world. Hence, annually open dumpsites receive a million of tonnes of municipal 
waste. For example, in 2018 the amount of municipal solid waste (MSW) that 
ended up in landfills was 146.1 million tons; more than 18% of it accounted for 
plastics (EPA, 2022). In 2017, more than 3/4 of plastics disposed by the citizens 
of the United State ended up in landfills, only 8% recycled (Heller et al., 2020). 
Although landfills are considered as a waste management strategy, improper 
management and unregulated handling would increase the risk of contaminating 
the surrounding environment. In low- and middle-income countries, particularly 
in the Asian region, approximately 90% of landfills are non-engineered or open 
disposal facilities which is a common approach used as an option for solid waste 
management (Kumarathilaka et al., 2017). Landfills are estimated to store up 
to 42% of global plastic waste production (Nizzetto et al., 2016). Around 9.9–
19.1% of MSW disposed in landfills in China accounted for rubber and plastics 
(Ding et al., 2021). Plastics gathered in landfills degrade by continuous exposure 
to direct sunlight, mechanical forces, and microbial activities and produce 
microplastics (He et al., 2019). Furthermore, plastics congregated inside open 
dump sites or landfills were subject to extreme conditions such as elevated 
temperatures, pH fluctuations, physical stress, and microbial degradation 
leading to the formation of microplastics. Therefore, MSW disposal sites serve 
as a huge reservoir of microplastics (Kawai et al., 2012; Tupsakhare et al., 2020).

Leachate is a liquid effluent that originates through the interaction between 
rainwater and degraded waste products from landfills (Wijekoon et al., 2021). 
Landfills can generate a large volume of leachate especially after rainfall events 
which might take multiple pathways such as ground infiltration, surface runoff, 
evapotranspiration, or groundwater intrusion (Renou et al., 2008). The quantity 
and the composition of leachate mainly depends upon the amount of water that 
infiltrates and percolates into landfills and the environmental degradation and 
fragmentation process taking place inside landfills (Upadhyay & Bajpai, 2021). 
It is considered as a severe contamination source that negatively influences 
the quality of surface and groundwater (Noerfitriyani et  al., 2018). Landfill 
leachate is an important source that carries pollutants present in landfills to 
surface water bodies, groundwater aquifers, and soil including microplastic 
particles. The main objective of this chapter is to discuss the occurrence, 
abundance, and characteristics of microplastics present in landfill leachate, 
the main migration pathways involved in the migration of microplastics from 
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269Microplastics in landfill leachate and its treatment

leachate to the surrounding soil and water, and current treatment techniques 
and challenges associated with those techniques.

12.2 OCCURRENCE AND ABUNDANCE OF MICROPLASTICS IN 
LANDFILL LEACHATE
Earlier studies have reported that polyethylene (PE) and polypropylene 
(PP) microplastics are the abundant polymer types in landfill leachate. The 
abundance of microplastics varied with the type of waste present in landfills.

12.2.1 Sources and formation of microplastics in landfills
Organic waste in landfill sites degrades fast with microbial activities under 
aerobic/anaerobic conditions producing leachate (He et  al., 2019). However, 
plastics which are mainly non-biodegradable will remain in landfills. 
Disposable diapers, carrier bags, films such as packaging sheets, container 
bottles, polyvinyl chloride (PVC) pipes, footwear, disposable cups, plastic 
utensils, household items such as shower curtains, and so on are considered 
to be the main plastic sources in landfills (Barnes et al., 2009). Biochemical 
reactions result in temperature fluctuations (30–60°C), high salinity (ca. 
3–41 mS/cm), and generation of toxic gases such as CH4, CO, CO2, and H2S 
inside landfills that can create an environment to disintegrate and degrade 
(Sun et al., 2021; Tupsakhare et al., 2020). The maturity of the landfill governs 
the pH of the leachate; fresh landfills produce acidic leachate (acetogenic) and 
old landfills discharge leachate with high pH (methanogenic) (Kjeldsen et al., 
2002). The extreme environmental conditions enhance the fragmentation of 
plastic debris in landfill sites resulting in secondary microplastics including 
microbial degradation (Sun et al., 2021). Furthermore, roadside tire particles 
which are a secondary microplastic due to waste transport and management 
can be ended up in landfills along with MSW (Figure 12.1) (Vijayan et al., 2022). 
Nevertheless, compared to secondary microplastics, a small fraction of primary 
microplastics can reach landfills via used personal care products’ packaging. 
Furthermore, discharged leachate acts as a media to transport microplastics 
originate from landfills (He et al., 2019). Therefore, landfill leachate has been 
made a significant contribution to microplastic pollution in soils as well as 
freshwater environments (Alimi et al., 2018; Sundt et al., 2014).

Inside landfills, microplastic mainly forms via weathering of larger plastic 
particles through photo-degradation, thermal degradation, mechanical 
fragmentation, and biodegradation (Resmeriță et  al., 2018; Tu et  al., 2020). 
Physical degradation results in a change in the bulk structure whereas 
chemical degradation changes the molecular structure (Chamas et al., 2020). 
Once plastics enter landfills, at the initial stage, they are subjected to aerobic 
biodegradation, but immediately shift into anaerobic conditions because of acids 
and gases generated due to organic solid waste degradation (Hou et al., 2021). 
An anaerobic environment facilitates the survival of microorganisms that have 
the potential to degradation of plastic waste collected in landfills resulting in 
the formation of tiny plastic particles (Upadhyay & Bajpai, 2021). Microplastics 
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undergo thermal degradation due to extreme temperature variations inside 
landfills; the presence of metals (iron, copper, and chromium) speeds up the 
thermal oxidation process (Hou et al., 2021). Moreover, mechanical abrasion 
is caused due to anthropogenic activities and continuous exposure to sunlight 
breakdown of larger microplastics into smaller microplastic particles (Klein 
et al., 2018). On the basis of the physical and chemical properties of plastics 
(size, structure, and crystallinity) and environmental conditions (pH, 
temperature, oxygen, moisture, and biofilms), time taken for the degradation 
varies (Chen et  al., 2020; Delaney 2013; Wang et  al., 2020a). The moisture 
content and biological enzymes present in landfill leachate predominantly 
weaken the polymer chain accelerating the fragmentation of plastic waste and 
thereby forming cracks and fractures of plastics, ultimately producing different 
shapes of microplastics in different sizes (Horton et  al., 2017; Shen et  al., 
2022b). Furthermore, weathering of microplastics in landfill leachate would 
enrich the porosity of microplastics and form rough edges on the surfaces of 
microplastics. Consequently, the degradation and weathering process initiated 
in landfills plays a vital role in the formation of microplastics in different shapes 
and sizes and thereafter contaminating the leachate originated.

Accumulation of plastic debris in landfills can be extensively reduced by 
recycling household-generated plastic waste (Afroz et  al., 2017). Therefore, 
most of the large municipalities in the developed countries have their own 
plastic recycling plants (Al-Maaded et  al., 2012; Nkwachukwu et  al., 2013). 
However, a fraction of plastics still reach landfills such non-recyclable plastic 
food packaging which are being directly disposed to household organic waste 
(Jadhav et al., 2021). Furthermore, authorities have introduced processes such 
as composting organic waste to manage the drawbacks caused by landfills 
(Vaverková et  al., 2020). Other than plastic recycling plants, they have 

Figure 12.1 Plastic food packaging from household waste, face masks, tire particles, and 
plastic debris from MSW are the key sources of microplastics in MSW landfills.
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introduced compost production plants and incineration plants to manage the 
organic waste in landfills. Unfortunately, non-recyclable plastics disposed 
along with the organic waste produce microplastics in the compost production 
process (Watteau et  al., 2018). Thus, MSW compost is also contaminated 
with microplastics and other toxicants such as potentially toxic elements, 
poly-aromatic hydrocarbons, pharmaceuticals, and personal care products 
(Ingrando et al., 2022; Sahebdelfar et al., 2022). Moreover, according to the 
World Health Organization’s waste management guideline, healthcare waste 
is not allowed to dispose in landfill sites (World Health, 2005). However, 
thousands of single-use personal protection equipment such as face masks had 
been disposed to landfills during the COVID-19 pandemic. Face masks are a 
source of microplastics which could increase the generation of microplastics 
in landfills (Li et  al., 2022). Hence, it has become a serious concern for 
environmental engineers and researchers to find innovative technologies to 
remove microplastics from landfill leachate (Figure 12.2).

Figure 12.2 Photographs demonstrating open dump sites adjacent to water sources with 
leachate flowing directly to the surface water bodies (top) and origin of microplastics in 
leachate from plastics in the open dump site (bottom).
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12.2.2 Abundance of microplastics in landfill leachate
Landfills and open dumps receive a massive amount of plastic wastes and has 
been estimated to be about 42% of 359 Mt of the global plastic waste generated 
in 2018 (Hahladakis et al., 2018). Table 12.1 demonstrates the abundance and 
characteristics of microplastics from various landfill leachates in the world. PE 
and PP microplastics (the most common types of polymers in food packaging) 
have commonly reported in landfill leachate (Jadhav et  al., 2021). Selected 
MSW and industrial waste (IW) landfill sites in Nordic countries have been 
investigated for microplastics and the highest abundance of 4.51 particles/L of 
leachate was reported for the landfill ‘Álfsnes’ in Iceland (Praagh et al., 2018). 
Interestingly, landfills with MSW and IW have demonstrated the elevated 
microplastic concentrations of >1.10 particles/L (Table 12.1). However, no 
microplastic particles have been found in non-treated leachate from landfills 
‘Kujala’ in Finland and ‘Fiflholt old cell’ in Iceland (Praagh et al., 2018).

12.3 CHARACTERISTICS OF MICROPLASTICS PRESENT IN LANDFILL 
LEACHATE
As the investigations of the presence of microplastics in landfill leachate are 
still in their early stage, limited information exists. The size distribution of 
microplastics and their polymer type was largely overlooked, whereas the 
discussion on other characteristics such as color, shape, surface morphology, 
and crystallinity were reported in a few studies. Thus, overall characterization 
does not cover and exists in the literature.

12.3.1 Size, color, and shape of microplastics
Most of the studies focused only on chemical characterization of microplastics 
whereas some focused their attention on both physical and chemical properties. 
Although the physical features such as size, shape, and color of microplastics 
were mainly discovered, it was unable to compare the abundance of the data 
because the extraction, separation, and identification techniques are different 
from each other (Table 12.1). It is understood that the landfill age crucially 
influences the size and shape of the microplastics because the weathering effect 
causes the formation of microplastics in different sizes and shapes (Su et al., 
2019). Therefore, a wide range of sizes of microplastics found in landfill leachate 
collected worldwide might be attributed to the degradation and fragmentation 
process undergoing in landfills. Finer particles <100 µm were observed in 
several studies (Su et al., 2019; Wan et al., 2022; Xu et al., 2020). Approximately 
over 50% of microplastics found were <50 µm and 90% were <60 µm in the 
studies of Sun et al. (2021) and Xu et al. (2020), respectively. Detection of small 
particles is hard and therefore the abundance is always underestimated (Sun 
et al., 2021). According to the existing literature, microplastics were found in 
spherical shapes (beads), slender shapes (fiber), lamellar shapes (film), and other 
irregular shapes (fragments). The most abundant shape is irregularly shaped 
fragments (Puthcharoen & Leungprasert, 2019; Sun et  al., 2021). Granules, 
foams, flakes, rods, and foils were other shapes of microplastics found in 
leachates (Praagh et al., 2018; Zhang et al., 2021).
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Microplastics found in landfill leachate have not been largely categorized 
based on color to date. In most cases, enlarged images of the extracted 
microplastics were exhibited instead of recording the color of microplastics. 
However, transparent and yellow colors were dominant for most of the extracted 
microplastics (Sun et al., 2021). Besides, there are pieces of evidence for the 
presence of microplastics in red, pink, purple, black, blue, and brown in landfill 
leachate (Mohammadi et al., 2022; Sun et al., 2021). The color can be faded 
and altered due to oxidative degradation and long-term existence in leachate. 
Exposure to different organic matters, sunlight, and different chemicals 
in leachate would cause the yellowing of microplastics. Accumulation of 
oxygen in the polymer chain further form yellowish microplastics in leachate. 
Identification of the shape was mainly carried out through visual inspection 
and stereomicroscopic analysis. The discussion on shapes can be varying from 
one study to another according to the bias with the recognition.

12.3.2 Polymer types
Microplastics in different polymer types were identified in landfill leachates 
(Table 12.1). Chemical characterization was largely performed in most studies 
by recording the presence of commonly utilized polymers such as polyamide 
(PA), PP, PE, polystyrene (PS), and polyethylene terephthalate (PET). The most 
prominently found polymer type was PE whereas PP was the second most 
abundant polymer type observed in landfill leachates (Praagh et al., 2018; Sun 
et al., 2021). The microplastics pool of some studies consisted of a wide range 
of polymers such as nylon, rayon, cellulose, polyurethane (PU), polyacetal, 
polyethylene chlorinated, polycarbonate, polyester, ethylene–propylene 
polymer, and polyvinyl acetate (Narevski et  al., 2021; Praagh et  al., 2018). 
Some of them are rarely found in other environmental vectors of microplastics: 
water, beach sand, soil, and compost. In the selected landfills, seven polymer 
types were identified with the order of PE > PU > PET > PS > PP > PVC > PA. 
Nevertheless, ‘Laogang’ landfill, in China has depicted fibrous microplastics 
as the highest available in leachate (Su et  al., 2019). Furthermore, oxidative 
degradation of PE microplastics was observed in micro-Fourier transform 
infrared (µ-FTIR) spectroscopy analysis with an increase in the landfill age (Su 
et al., 2019). Sun et al. (2021) have reported 50% of 50–100 µm microplastics in 
leachate from a landfill in Suzhou, China.

The complexity of landfills with a wide variety of plastic waste causes the 
presence of microplastics belonging to a broad range of polymer types. For 
instance, in the study by Praagh et al. (2018), a minor amount of microplastics 
in landfill leachate were well matched with the chemical characteristics of PVC, 
acrylonitrile butadiene styrene, ethylene-vinyl acetate, ethylene–propylene, 
phenol–formaldehyde, polypropylene carbonate, poly(methyl methacrylate), 
alkyne, polydimethylsiloxane, poly-tetra-fluoro-ethylene. The existence of 
similar polymer types in both landfill leachate and plastic waste buried in 
landfills likely indicates that the landfill surrounding would be a potential source 
of microplastics (Narevski et al., 2021). PE is the most frequently utilized type 
of plastic worldwide. Accordingly, the greater existence of PE microplastics 
in the landfill leachate is irrefragable. Chemical compositions of microplastics 
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278 Landfill Leachate Management

found in landfill leachate were rather different from their originals with the 
appearance of C–O and –OH peaks in their IR spectra. It would be due to the 
addition of oxygen to the polymer chain during the photo-oxidative weathering 
process (Fotopoulou & Karapanagioti, 2012; Sewwandi et al., 2022). Thus, the 
naturally occurring aerobic biodegradation in the landfill leachate stimulates 
the activity of microbes ultimately enhancing the biological degradation of 
microplastics. Consequently, the chemical properties of the microplastics 
would be altered. Polymer properties such as crystallinity were decreased for 
PE microplastics and increased for PP microplastics in the landfill leachate 
with the age of a particular landfill exhibiting the effect of long-term exposure 
to degradation processes and changes taking place in the polymer chain (Yu 
et al., 2022).

12.4 MIGRATION PATHWAYS OF MICROPLASTICS TO AQUATIC 
ECOSYSTEMS
In a typical landfill, the bottom is lined with an impervious liner to restrict 
the movement of leachate and then collected separately for treatment. 
The treatment systems can remove microplastics from the leachate with an 
efficiency of 70–100% (Poerio et al., 2019; Praagh et al., 2018). In some cases, 
smaller microplastics (nanoplastics) can permeate through the bottom liner 
reaching the underneath ground of the landfill which generally consists of a 
clay layer (Bozbey & Guler, 2006). Microplastics discharging from the leachate 
can ultimately alter the hydromechanical properties of the clay soil beneath 
(Bordoloi et al., 2022). During the weathering process, the generated nanoplastics 
can enter the clay interlayer space reducing the thickness of the double-diffuse 
layer (Hou et al., 2021). This happens as a result of surface hydroxyl ions on 
nanoplastics which can strongly bind to the clay surface restricting further 
development of the double-diffuse layer (Sridharan & Choudhury, 2008). The 
reduction of the double-diffuse layer increases the space in between the mineral 
layers enabling greater water flow along the void spaces, thus promoting the 
migration of microplastics through the clay soil (Bordoloi et al., 2022).

Microplastics leaching into the soil can accumulate overtime and then 
percolate through the deeper soil layers reaching groundwater. Soil in vicinity 
to these landfills can contaminate with microplastics carried away by leachate 
seepage. However, there is limited evidence discovered by studies for groundwater 
and soil contamination beneath landfills. In south India, groundwater 
surrounding an open MSW dump site contained 2–80 items/L (Karuppasamy 
et al., 2021). Higher microplastic concentration levels are closely associated with 
high-population density and improper waste disposal. Additionally, the level of 
contamination also relates to the soil composition. In the absence of a clay layer 
beneath the landfill, depending on the porosity there is higher possibility for 
percolation through the soil column (Gopinath et al., 2020). A comprehensive 
study was undertaken by Wan et al. (2022) to analyze the extent of microplastic 
contamination in the surrounding environment of a landfill including refuse, 
underlying soil, leachate, and groundwater. The refuse had a higher particle 
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concentration of 590–103,080 items/kg than the underlying soil with a particle 
concentration of 570–14,200 items/kg. Similarly, the particle concentration in 
leachate was 3–25 items/L and in groundwater the abundance was lower with 
11–17 items/L. It is apparent that microplastics generated from the source can 
eventually transfer to the surrounding vicinity over time polluting the soil and 
groundwater (Wan et al., 2022). The microplastic composition is diverse in the 
landfill refuse in terms of polymer and size composition; however, in the old 
refuse the smaller size fraction becomes higher than the fresh refuse due to 
weathering (He et al., 2019). In groundwater, the majority of the microplastics 
are <150 µm which suggest that smaller particles are likely to migrate through 
soil than larger particles and accumulate in groundwater aquifers (O’Connor 
et al., 2019).

In the river Cisadane, Indonesia, surface water samples collected in proximity 
to landfill areas had significantly a higher microplastic concentration than the 
samples collected from the rest of the locations at upstream and downstream. 
The average microplastic concentration in the river near the upstream and 
downstream landfills was 84.00 ± 12.11 and 89.33 ± 15.35 particles/m3, 
respectively, which is four times the particle concentrations found in the rest 
of the samples (Sulistyowati et al., 2022). A study estimated the daily average 
release of microplastics and mesoplastics into the Cianten river, Indonesia to 
be 80,640 ± 604.80 and 618,240 ± 1,905.45, respectively. The samples retrieved 
after the leachate drain showed microplastic concentrations three times and 
mesoplastic concentrations nine times the average concentration present in 
the rest of the samples (Nurhasanah et al., 2021). These examples imply that 
leachate is a source to microplastics polluting surface freshwater environments.

Lakes are another source of inland freshwater bodies prone to microplastic 
pollution by terrestrial sources (Wu et  al., 2018). A case study in Vietnam 
provides evidence how the Trung Nghia lake became a microplastic hotspot 
from its receiving channel due to contamination from landfill leachate. The 
water and sediment samples retrieved from the input location of the channel 
to the lake had the highest microplastic concentrations of 3,840 items/
m3 and 14,500 items/kg, respectively (Tran-Nguyen et  al., 2022). In another 
study, in the Hoa Phu lake the leachate from the city landfill was assumed 
to be the major source of microplastic contamination. The higher proportion 
of fragmented microplastics in the sediment and water samples is associated 
with the weathering process of larger plastic debris in the landfill (Strady et al., 
2021).

There is serious threat to marine environments from landfills located in 
proximity to coastal areas. There have been earlier studies reported about 
landfill leachate reaching the coastal region causing critical adverse effects on 
the marine ecosystem from various hazardous contaminants and microplastics 
originating from leachate (Aghadadashi & Mehdinia, 2016). The urban runoffs 
from the Bushehr port, Persian Gulf had an average microplastic concentration 
of 1.86 items/L with fibers in the size range of 500–1,000 µm having the 
highest abundance (Hajiouni et al., 2022). One of the major sources of these 
microplastics in the urban runoffs is assumed to be the landfill located adjacent 
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to the Bushehr port proved by another study, with an average concentration of 
79.16 items/L with the microplastic composition resembling somewhat similar 
to that of the runoff (Mohammadi et al., 2022). Sea water samples collected 
near a landfill in northern France had 0.099–2.844 items/L of microplastic 
levels which was twice as greater as the levels found in a wastewater treatment 
effluent. The effect of microplastic pollution related to the abundance of 
microplastic ingested by mussels in the same location, indicates a significantly 
higher number than in the mussels that were collected from other locations 
(Kazour et al., 2019).

Additionally, after treatment leachate has been considered to be used for 
irrigation purposes due to its high-nutrient content (Wijekoon et  al., 2021); 
for example, Aronsson et  al. (2010) used pre-treated landfill leachate to 
irrigate mature poplar willow wood plants. However, the removal efficiency of 
microplastics is low; hence, once they are used as soil conditioners they act as a 
source of microplastics and reintroduce microplastics to the soil (Júnior et al., 
2016). Most of the time leachate treatment only changes the distribution and fate 
of microplastics. During the treatment process, some large microplastic particles 
remain trapped in sludge whereas the rest move to the final effluent and local 
sewage treatment plant (Shen et al., 2022b). Sludge produced in wastewater-
treatment plants (WWTPs) is used as a fertilizer in most countries. Through 
the application of sludge contaminated with microplastics to agricultural lands 
microplastics trapped in sludge re-enters the environment.

12.5 MITIGATION AND REMEDIATION OF MICROPLASTICS
Leachates from both active and closed landfills are contaminated with 
microplastics (He et al., 2019). Therefore, treating leachate before it is released 
into the environment is one of the best solutions to reduce microplastic 
contamination. To minimize the environmental impact some landfill sites 
around the world have their own leachate-treatment plants (He et al., 2019; 
Narevski et  al., 2021; Praagh et  al., 2018). Additionally, leachate is treated 
together with MSW in WWTPs. In both treatment facilities, the most used 
techniques are filtration process (ultrafiltration, nanofiltration, and reverse 
osmosis), flocculation process, and biological reaction process (Hou et  al., 
2021).

12.5.1 Treatment methods of microplastics in landfill leachate
Physical, chemical, biological and land-based treatment techniques are used 
to treat leachate contaminated with microplastics (Figure 12.3). Traditional 
methods as well as advanced treatment techniques are used to treat microplastics 
present in landfill leachate (Silva et al., 2021).

12.5.1.1 Physical and chemical treatments
Sand filtration, coagulation, and sedimentation are the most common 
traditional techniques used to treat wastewater (Shen et  al., 2020). Due to 
the close similarities between the physical properties of particulate matter 
and microplastics filtration techniques are effective for the remediation of 
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microplastic-contaminated leachate. In water samples collected from the 
outflow of three water-treatment plants (WTPs) which used different water-
treatment techniques (WTP1 – coagulation/flocculation + sand filtration, 
WTP2 – coagulation/flocculation + sedimentation + sand filtration, WTP3  – 
coagulation/flocculation + flotation + sand filtration), WTP2 and WTP3 
used an additional granular-activated carbon filter. A significant reduction in 
microplastic quantity was observed; the removal efficiencies were 70% (WTP1), 
81% (WTP2), and 82% (WTP3) (Pivokonsky et al., 2018). Flotation found to be 
a highly effective technique to remove microplastics due to their low density 
and high buoyancy (Da Costa et al., 2016; Di & Wang, 2018).

Ultrafiltration, nanofiltration, and reverse osmosis are the main advanced 
physical treatment techniques applied in leachate-treatment facilities (Shen 
et al., 2022b). Membrane filtration techniques are very effective for the removal 
of microplastic particles from leachate (Shen et al., 2022b). The particle size 
of microplastics in landfill leachate is equal to the pore size of the physical 
membrane thereby, microplastics are removed efficiently and safely retained in 
small volumes (Shen et al., 2020). Ziajahromi et al. (2017) observed a decrease 
in microplastic concentration after ultrafiltration and reverse osmosis. 
However, membrane fouling and trapping of large microplastic particles reduce 
the efficiency of the reverse osmosis process. Therefore, a system composed of 
membrane bioreactor, nanofiltrate, and reverse osmosis membrane could be 
much more effective, in which part of the microplastics could be biodegraded 
and captured in the membrane bioreactor, and the remaining microplastic 
particles are trapped by the nanofiltration and reverse osmosis units. The 
addition of a physical filtration unit containing biochar-mixed sand or zeolite 
also improved the microplastic removal efficiency; for example, a biochar filter 

Figure 12.3 Key treatment methods used in microplastic treatment in leachate are 
physical and chemical, biological, and land-based treatment.

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



282 Landfill Leachate Management

showed more than 95% removal efficiency of microplastics with a particle size of 
10 µm; its honeycomb structure captured, trapped, and entangled microplastics 
(Wang et al., 2020b). The microplastic removal efficiency of an aluminosilicate 
filter media modified using cationic surfactant and rapid sand filters were >96 
and 63%, respectively, and negatively charged PE and PA microplastics were 
bonded to the cationic surfactant headset through electrostatic interactions 
(Shen et al., 2021). Usage of modified materials to remove microplastics lift the 
pressure generated on the subsequent membrane filtration system.

Advanced oxidation processes are mainly used for organic contaminants 
and ammonia from leachate; however, these can also be successfully used 
as alternative methods to remove microplastics from leachate (Shen et  al., 
2022b). Oxidants (H2O2, O3, and OCI−) and free radicals (⋅OH, ⋅O2

−, and ⋅SO4
−) 

generated during the oxidation process can erode microplastics which results 
in the breakage of long molecular chain and slow degradation of microplastics 
(Silva et  al., 2021). However, the high color intensity of leachate critically 
interferes with the degradation and oxidation process decreasing the efficiency. 
Electrocoagulation is an effective treatment process suitable for the removal 
of microplastics as well as heavy metals and suspended particles from landfill 
leachate. Shen et al. (2022a) used electrocoagulation to remove microplastics 
from sewage and the removal efficiency was higher than 91.7% for an Al anode. 
The removal rate of PE microbeads by electrocoagulation exceeded 90% 
(Perren et al., 2018).

12.5.1.2 Biological treatments
Microorganisms have the ability to degrade plastic fragments using a range 
of active enzymes (Shen et al., 2019). For instance, Exiguobacterium sp. YT2 
present in mealworm intestine plays a major role in the degradation and 
mineralization of PS microplastics (Yang et  al., 2015), foam PS is their sole 
carbon source for Zophobas atratus that consume it at a 0.58 mg/day rate, 
and its intestinal microflora support degradation of PS (Yang et  al., 2020). 
Monomer styrene is used as the carbon source by many bacterial genera 
including Flavobacterium, Rhodococcus, Nocardia, and Pseudomonas; they 
degrade monomer styrene and produce precursors for the Krebs cycle (Danso 
et  al., 2019). Zalerion maritimum, a marine fungus, decreased the size and 
mass of PE microplastics (Paço et  al., 2017). Therefore, biotechnology can 
be used as a genetic engineering technology to treat environmental samples 
contaminated with microplastics (Puglisi et al., 2019). Biodegradation can be 
used individually or combined with a physical and chemical process to remove 
microplastics available in landfill leachate. However, the complexity of leachate 
composition decreases the efficiency of the biodegradation process. Before using 
the biotechnological process for remediation four factors should be considered: 
the rate of microplastic biodegradation, the selectivity of microorganisms to 
microplastics, the effects of complex environmental conditions, and lastly, field-
scale implementation and possible dangers.

The membrane bioreactor process was found to be a very effective biological 
treatment technology for microplastic removal. Also, this process omits most 
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of the prominent drawbacks associated with traditional biological treatment 
technologies and results in a low amount of sludge (Sun et al., 2019). Talvitie 
et al. (2017b) observed 99.9% removal of microplastics in wastewater. However, 
the membrane bioreactor process has been used less frequently; therefore, 
limited information is available on the removal of microplastics in landfill 
leachate.

12.5.1.3 Land-based treatments
Constructed wetlands are effectively used to degrade contaminants present 
in landfill leachate due to cost-effectiveness, simplicity, environmental 
friendliness, and high treatment efficiency (Kumarathilaka et al., 2017). Plants, 
microorganisms, and medium contribute to remediating pollutants present in 
landfill leachate. When landfill leachate is released from a landfill site to the 
constructed wetlands insoluble pollutants are precipitated whereas soluble 
pollutants are directly absorbed by plant roots and degraded by microorganisms 
present in root biofilms. Aquatic vascular plants can effectively accumulate, 
stabilize, and capture microplastics and nanoplastics in the environment. 
Vascular plants have the ability to intercept microplastics floating in the 
water and they interact with floating plants; microplastics with rough surfaces 
are easily adsorbed by small plants (Taylor et  al., 2020). On the west coast 
of Italy, giant reed (Arundo donax) grown in the coastal areas assists in 
gathering microplastics released into the marine environment (Battisti et al., 
2020). Microplastics were detected in reed plants, and the quantity was high 
in reed clump sediments compared to the surrounding area (Yin et al., 2021). 
Adsorption of microplastics by vascular plants depends on the electrostatic 
forces, particle size, and leaf morphology (Kalčíková, 2020). Negatively charged 
microplastics are attracted by cellulose components present in the plant cells, 
due to the roughness of the plant cellulose that improve adsorption by providing 
more binding sites. The complex leaf structure of vascular plants facilitates the 
capture of microplastics (Gutow et al., 2016). On the basis of the aforementioned 
examples application of vascular plants to remove microplastics from landfill 
leachate is encouraged. The uprooting of plants in constructed wetlands from 
time to time completely removes the microplastics from landfill leachate. 
Furthermore, microplastics sink to sediment due to the formation of biofilms 
on microplastic surfaces. Microorganisms present in sediment biodegrade 
microplastics gradually.

12.5.2 Fate of microplastics in landfill leachate treatment
In the leachate-treatment facility, during the pre-treatment stage, larger 
microplastics were removed, and around 35–59% of microplastics could 
be retained due to the trapping in solid flocks, which are hard to remove, 
therefore, ended up in landfills (Blair et al., 2019; Murphy et al., 2016). During 
the primary treatment process, microplastics are further removed via skimming 
and settling processes, the removal percentage being 15–40% (Talvitie et al., 
2017a). The large microplastic particles are deposited on sludge, whereas tiny 
microplastics are attached to floating substances and grease. Microplastics 
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trapped in sludge are separated by sedimentation (Hou et  al., 2021). After 
the pre-treatment and primary treatment processes microplastics larger than 
1,000 µm were eliminated from leachate efficiently (Bayo et  al., 2020; Carr 
et  al., 2016). Furthermore, due to physical forces such as sand abrasion or 
water turbulence microplastics break down to more small particles (Enfrin 
et al., 2019).

During the biological treatment processes, bacteria release specific enzymes 
which biodegrade microplastics. Moreover, microorganisms attracted to 
microplastics form biofilms on microplastics and alter their surface properties. 
Biofouling increases the deposition of microplastics in sludge. During the 
biodegradation long chains of plastic polymers were converted to monomers by 
enzymes released by microorganisms. For example, under aerobic conditions, 
microbes use microplastics as a substrate to produce CO2 and H2O, and under 
anaerobic conditions, microbes transform long carbon chains into acetic acid 
(Shen et al., 2022b). Flavobacterium, Rhodococcus, Nocardia, and Pseudomonas 
degrade monomer styrene and produce precursors for the Krebs cycle (Danso 
et  al., 2019). Most of the byproducts formed during biological degradation 
are not harmful. Some microorganisms reduce the size of microplastics; for 
example, the marine fungi species Z. maritimum reduces the size and mass 
of microplastics (Paço et al., 2017). During oxidation treatment, oxidants and 
free radicals break the long polymer chains of microplastics reducing their 
plasticity. Moreover, research studies have confirmed a substantial reduction 
in the number of microplastic particles after treating leachate (Table 12.2) 
(Narevski et al., 2021; Sun et al., 2021).

12.6 LIMITATIONS OF LANDFILL LEACHATE-TREATMENT TECHNIQUES
Conventional treatment methods used in WWTPs and leachate-treatment 
facilities may be suitable for the removal of large microplastic particles not 
for particles less than 10 µm (Xu et  al., 2020). Small microplastic particles 
eventually enter the environment via final effluents. Sand filters, gravel filters, 
and artificial soil filters are not suitable for microplastic removal because their 
ability to capture microplastics is very low (Sun et  al., 2019). Microplastics 
are lightweight materials mostly found floating in aqueous media such as 
leachate (Shen et al., 2022b). Therefore, sedimentation and aeration will not 
be much suitable to remove microplastics successfully from leachate. For 
instance, landfill leachate from the ‘Gigoš’ landfill in Serbia has been treated 
with a similar method; however, no considerable reduction in the number of 
plastic particles has been observed in treated leachate (Narevski et al., 2021). 
Furthermore, tire particles have been detected in treated leachate from the 
‘Böler’ landfill in Norway and the ‘Fiflholt new cell’ landfill in Iceland (Praagh 
et al., 2018).

Although reverse osmosis is effective in removing microplastics from leachate 
membranes designed for reverse osmosis is extremely sensitive to temperature, 
pH, and certain chemicals; therefore, the quality of influents should be strictly 
controlled. However, as leachate is a complex mixture of various contaminants, 
a pre-treatment process is required to improve the efficiency of treatment 
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and reduce the risk of contamination of membrane filters. Furthermore, 
microorganisms carried on microplastic surface colonize on the surface of the 
filter increasing the risk of membrane fouling which decreases the efficiency of 
the filter making process expensive (Shen et al., 2020, 2022b). The presence of 
a large number of microplastics in leachate could hinder the performance of 
leachate-treatment equipment. For example, a high quantity of microplastics 
trapped in the pores of the membrane reduces its efficiency (Enfrin et al., 2019; 
Ma et al., 2019). Although a number of studies have confirmed that plastics can 
be biodegraded by microorganisms, the rate of degradation process depends 
on the microbial species, polymer type, particle size, and initial biomass (Shen 
et al., 2019). Furthermore, microplastic may degrade nanoplastics, which can 
pass through the filter due to their small size. Even though vascular plants 
have a high ability to adsorb microplastics plant epidermis and cell walls 
inhibit penetration of tissues subsequently reducing the adsorption of larger 
microplastic particles.

One of the main challenges related to microplastic removal techniques is 
the reintroduction of microplastics to the environment via sludge. Once the 
leachate passed through treatment processes concentration of microplastic in 
leachate was decreased and microplastic particles were trapped in sludge or filter 
cake. However, in most European countries usage of sewage sludge collected 
from WWTPs as fertilizers is popular; application of sludge contaminated 
with microplastics will reintroduce microplastics to agricultural lands. 
Unfortunately, the effectiveness of treatment technologies used in leachate-
treatment facilities and WWTPs to remove microplastics has not been studied 
thoroughly, therefore, few records are available. Therefore, it is important to pay 
attention to improve leachate-treatment methodologies to remove microplastics 
as much as possible along with the nutrients and potentially toxic elements 
before releasing leachate into the environment.

12.7 CONCLUSIONS AND PERSPECTIVES
Landfills, especially open dump sites, generate leachate, which contains a large 
number of emerging contaminants including microplastics. Inside landfills, 
weathering of larger plastics via photo-degradation, thermal degradation, 
mechanical fragmentation, and biological degradation results in the formation 
of microplastics. The most abundant polymer type was PE, whereas PP was the 
second most prominent polymer type detected in landfill leachates. Irregular-
shaped microplastics were most frequently found; other than that spherical-, 
slender-, and lamellar-shaped microplastics were also reported in leachate 
collected from landfills. Microplastics present in leachate transfer to the 
adjacent soil, groundwater, and open waters. The passage mainly occurred via 
direct leaching, usage of treated leachate as a soil conditioner, and usage of 
microplastic-contaminated sludge released from leachate-treatment facilities as 
fertilizers. Major leachate remediation practices used are physical and chemical 
processes, biological processes, and land-based processes.

Microplastic contamination can result in detrimental impacts on 
ecosystems, organisms, and humans. Therefore, expanding our understanding 

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



288 Landfill Leachate Management

of microplastic pollution via landfill leachate and treatment strategies is 
mandatory.

• Data on the physical and chemical properties of microplastics in leachate 
are incomplete in many studies which makes it difficult to assess the 
environmental risks completely.

• The number of studies conducted for quantification and identification 
of microplastics in landfill leachate is limited, although they are very 
important to determine the risks associated with microplastics and to 
implement mitigatory measures.

• Microplastics in landfill leachate released from abandoned landfills have 
not been studied although they share the same risk as landfill leachate 
released from formal landfills.

• Microplastics in leachate are migrating to nearby ecosystems via various 
pathways; therefore, it is of paramount importance to understand the 
migratory mechanisms of microplastics from landfill leachate to the 
surrounding environment.

• Interactions between microplastics and other contaminants present in 
leachate are unknown; hence, laboratory studies under stimulated landfill 
environments are required to understand the microplastic interaction 
with other toxic chemicals and pathogens in landfill leachate.

• Records and research focus on microplastic removal using the current 
leachate-treatment process are inadequate; hence, it is necessary to 
strengthen research on relevant aspects in time, so as to provide a reliable 
reference basis for updating leachate-treatment processes.

• Development of novel, affordable, and highly efficient techniques to 
remove microplastics to be included in the operating procedures of 
landfill leachate-treatment facilities as well as in WWTPs.

• It is necessary to conduct a systematic study to explore the interactions 
that occur between microplastics and vascular plants in and around the 
landfills to understand the mechanisms of binding with plant surfaces.

• Lack of available information on the plastic additives in landfill leachate 
will give an indirect assessment of plastics products in leachate.
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ABSTRACT

Landfilling municipal waste is the most common way to manage waste in the world. 
An important problem associated with landfills is the production of leachates. Landfill 
leachate is heterogeneous wastewater and often possesses potential pollution with high 
concentrations of organic and inorganic contaminants. The generated leachate must be 
appropriately collected and treated before being discharged into the environment. Several 
technologies have been used for leachate treatment which can be classified as biological, 
chemical, and physical processes. Among physical processes, membrane separation 
including microfiltration, ultrafiltration, nanofiltration, and reverse osmosis has been used 
for landfill leachate treatment. However, single-membrane processes are not very effective 
unless they are combined with biological and physicochemical treatment processes. This 
is because membrane separation presents two main drawbacks: membrane concentrates 
(MCs) and fouling. Here, we briefly review the main processes currently used for MC 
treatment. Finally, the fouling membrane is also discussed.

Keywords: Landfill leachate, microfiltration, ultrafiltration, nanofiltration and reverse 
osmosis, membrane concentrates, fouling.

13.1 INTRODUCTION
In recent decades, the increase in the world population and economic 
development has generated an increase in urban solid waste. These residues 
constitute one of the most severe environmental problems of modern societies, 
particularly the most advanced and industrialized ones. This problem continues 
to worsen due to the relationship between income levels, quality of life, and the 
volume of waste generated.

Chapter 13
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The world generates 2.01 billion tonnes of municipal solid waste annually. 
High-income countries generate about 34% of the world’s waste. Worldwide, 
daily waste generated per person averages to 0.74 kg but ranges widely from 
0.11 to 4.54 kg. Global waste is expected to grow up to 3.40 billion tonnes 
by 2050 (World Bank, 2022). Adequate waste disposal or treatment depends 
on the income of each country. Figure 13.1 shows the global treatment and 
disposal of waste.

The main waste management strategies are recycling, incineration, and 
landfilling. The latter remains the cheapest option; up to 90% of the municipal 
solid waste collected worldwide is managed by the landfill method. Moreover, 
in developing countries it is estimated to be 70% of the total waste (Sabour 
& Amiri, 2017). Hence, critical factors for sustainable landfilling are landfill 
liners, the thickness of the soil cover, leachate collection, landfill gas recovery, 
and flaring facilities (Nanda & Berruti, 2021).

The EU Landfill Directive (1999/31/EC) indicates the requirements with 
which landfill sites must comply, including location, conditioning, management, 
control, closure, and aftercare of landfills. Also, it indicates types of waste to be 
landfilled. The generated leachate collected from a landfill must be treated to 
comply with the appropriate standards required for discharge (Council of the 
European Union, 1999).

Landfilling is not a sustainable method; as a consequence of the deposit of 
municipal waste in landfills, a series of sanitary and environmental problems 
are generated, such as greenhouse gas emissions, unpleasant odor, high toxicity, 
and discharges of liquid effluents called leachate, which are caused by waste 
moisture and percolation of rainwater through the waste. The main drawback 
of leachates is that they are high in contamination, which can cause a significant 
threat to groundwater and surface water resources. As an example of the high 
toxicity of leachate, the leakage of a small volume of leachate into aquatic systems 
may contaminate a large volume of surface and groundwater (Keyikoglu et al., 

Figure 13.1 Global treatment and disposal of waste (World Bank, 2022).
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2021). Landfill leachate exhibits acute and chronic toxicity, which is classified as 
hazardous. Leachate needs to be treated to meet strict quality standards before 
direct discharge into natural water bodies (Mishra, 2017).

Conventional landfill leachate treatments include biological and 
physicochemical processes. However, these treatments are not enough to 
reach the required level of pollutant removal (Luo et  al., 2019; Peng, 2017). 
The combination of two or more technologies has been used with the aim of 
removal of organic content and, thus, obtaining a stream within discharge 
standards (Luo et  al., 2019). Membrane separation includes microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), 
which has also been experimented to treat leachate from sanitary landfills. 
Membrane separation processes have been used as a main step in a landfill 
leachate treatment chain or as a pre-treatment or post-treatment step to achieve 
purification (Abbas et  al., 2009). However, single-membrane processes are 
ineffective for leachate treatment. In addition, the drawback of membrane 
processes is the production of a membrane concentrate (MC) which is even 
more hazardous and needs an appropriate treatment (Keyikoglu et al., 2021). 
Combined membrane processes with physicochemical and biological methods 
improve the leachate treatment.

This chapter describes the treatment of landfill leachate by membrane 
separation. First, an introduction to the characteristics of landfill leachate 
and an overview of the currently employed processes are presented. Second, 
it focuses on the treatment of landfill leachate by MF, UF, NF, and RO, and 
their combination with biological and physical–chemical processes to improve 
the efficiency of membrane separation for landfill leachate treatment. However, 
membrane fouling and MCs are the significant limitations of applying 
membrane technologies. Finally, a brief state-of-the-art of the characteristics of 
MCs, treatment processes, and also membrane fouling is presented.

13.2 LANDFILL LEACHATE
Landfill leachate results from complex physical, chemical, and biological 
transformations within landfill sites which act as an ecological reactor. Leachate 
generation and its composition depends on different parameters, including the 
type of waste, local weather, and leachate age. To select the adequate process 
for leachate treatment, data about the composition and rate of production of 
leachate are a critical requirement in leachate management.

13.2.1 Generation of landfill leachate
The decomposition of landfilled waste causes landfill leachate generation 
through a series of physical–chemical and biological processes. The landfill 
conditions, such as construction, geometry, weather, temperature, moisture, pH, 
amount of biodegradable matter, and hydrogeological parameters, influence the 
generation of landfill gases and leachate (Nanda & Berruti, 2021). During the 
decomposition of waste, leachate is formed due to intrinsic moisture contained 
in waste and by excess rainwater percolating through the waste layers, which 
dissolves the different components. A landfill can produce leachate even 50 
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years after its closure (Shafiq & Yusof, 2015). The leachate generated has an 
intense black/brown color, an unpleasant odor, and high toxicity, and is also 
composed of a high load of refractory organic matter, heavy metals, ammonia 
nitrogen, inorganic salts, and chlorinated organic, as well as some humus 
components (Anqi et al., 2020). A contact with the environment can cause a 
significant risk to the natural ecosystem, public health, and investable pollution 
of groundwater.

The quantity of leachates depends on rainwater percolation through 
wastes, biochemical processes, the moisture content in wastes, and its degree 
of compaction into the waste layers in a landfill. The leachate production is 
generally higher when the waste is less compacted because compaction reduces 
the percolation rate (Abbas et al., 2009).

13.2.2 Composition of landfill leachate
Many factors affect landfill leachate composition, including waste type and 
composition, precipitation, landfilling technology, seasonal weather variation, 
age, and hydrological conditions (Mojiri et  al., 2020). In particular, the 
composition of landfill leachates varies greatly depending on the age of the 
landfill. When water penetrates waste in a landfill, multiple contaminants are 
transferred to leachate. The characteristics and composition of the leachate 
change significantly depending on its age, therefore, may provide information 
to select a suitable treatment process. Therefore, landfill leachate is usually 
classified as young, intermediate, and mature leachate (Abbas et  al., 2009; 
Mojiri et  al., 2020). Landfill leachate is generally characterized by its high 
chemical oxygen demand (COD) and biological oxygen demand (BOD). 
Usually, it consists of undesirable substances such as organic and inorganic 
contaminants. Table 13.1 presents the typical composition of landfill leachates.

Table 13.1 Landfill leachate classification vs age.

Landfill Leachate 
Characteristics

Young Intermediate Mature

Age (years) <5 5–10 >10

pH <6.5 6.5–7.5 >7.5

COD (mg/L) >10,000 5,000–1,000 <5,000

BOD5/COD 0.5–1 0.1–0.5 >0.1

TOC/COD <0.3 0.3–0.5 >0.5

NH3-N (mg/L) <400 NA >400

Heavy metals (mg/L) >2 (medium to low) <2 (low) <2 (low)

Organic compounds VFA (80%) VFA (5–30%) + HFA HFA (80%)

Biodegradability High Medium low

Source: Abbas et al. (2009) and Mojiri et al. (2020).
VFA, volatile fatty acids; HFA, humic and fulvic acids.
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Landfill leachate generally contains various pollutants, including dissolved 
organic matter, heavy metals, inorganic macro components, and xenobiotic 
organic compounds (XOCs). Table 13.2 summarizes the type of each pollutant 
of each group. Other compounds, such as borate, sulfide, arsenate, selenate, 
barium, lithium, mercury, and cobalt may be found in low concentrations in 
leachate (Kjeldsen et al., 2002). Of about 1,000 organic compounds, more than 
200 have been detected in groundwater due to migration of leachate into the 
groundwater (Schwarzbauer et al., 2002).

13.3 LANDFILL LEACHATE TREATMENT
The composition, volumetric flow rate, and strict regulation as well as 
economics are critical factors in leachate management. Landfill leachate must 
be appropriately treated and managed, maximizing recovery and minimizing 
waste disposal (Topal & Atasoy, 2022). Conventionally, landfill leachate has 
been treated through leachate transfer (with domestic sewage, recycling), 
biological processes (aerobic and anaerobic stabilization lagoons, natural 
filters, and activated sludge), and physicochemical processes (adsorption, 
flotation, chemical precipitation, coagulation/flocculation, air stripping, ion 
exchange, membrane filtration, and advanced oxidation treatments) (Keyikoglu 
et al., 2021). The most used processes are classified according to their efficiency 
concerning the age of the leachate (see Table 8.1 in Chapter 8).

The combination of landfills with domestic sewage in the municipal sewage 
treatment plant entails easy and low-operating costs. The recirculation of 
leachate increases the moisture content in a controlled reactor and provides 
the distribution of nutrients and enzymes between methanogens and solid/
liquid. Given that leachate contains organic inhibitory compounds with low 
biodegradability and heavy metals, it can lead to the inhibition of methanogenesis 
in both options of leachate transfer (Renou et al., 2008).

Biological treatments are usually applied to remove ammonia, COD and 
BOD5 from young leachate whose organic fraction is mainly composed of 
volatile fatty acids (Renou et al., 2008). However, single-biological processes 
are not very effective at treating low biodegradable compounds namely humic 
and fulvic acids in stabilized leachate (Trebouet et al., 2001).

Table 13.2 Type of each pollutant of each group.

Pollutants Specification

Dissolved organic 
matter

Determined by COD or TOC, volatile fatty acids, 
fulvic-like and humic-like compounds

Heavy metals Cd, Cr, Cu, Pb, Ni, and Zn

Inorganic 
macrocomponents

Ca2+, Mg2+, Na+, K+, NH4+, iron Fe2+, Mn2+, Cl−, 
SO4

2−, and HCO3
−

XOCs Variety of aromatic hydrocarbons, phenols, 
chlorinated aliphatics, pesticides, and plasticizers

Source: Kjeldsen et al. (2002).
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Physical/chemical treatment of landfill leachate is also used for treatment 
lines (pre-treatment or final purification) or for treatment of specific pollutants 
(ammonia stripping) (Anqi et al., 2020). The physical and chemical treatments 
are limited by a large amount of sludge produced and the need to consume a 
large amount of coagulant (Verma & Kumar, 2017).

Due to the large variability of characteristics and complex nature of landfill 
leachate, the leachate treatment requires the combination of technologies to 
fulfill the legal standards for discharging.

An integration of membrane processes such as membrane MF, UF, RO, and 
NF as possible processes for the treatment of landfill leachate has also been 
increasingly explored. A membrane process has the advantages of stable effluent 
and a high rejection rate for refractory organic matter (Anqi et al., 2020).

Given the strict regulation of the application of treatment of landfill leachate, 
the use of membranes as a single process or combined with biological and 
physicochemical processes could play an important role in the development of 
treatments for achieving the required limit for discharge of the leachate.

13.4 MEMBRANE SEPARATION PROCESSES
Membrane separation technology has gained considerable attention in 
wastewater, including landfill leachate treatment. A membrane is a thin 
film or barrier with selective permeability. Membrane separation involves 
the selective filtration of influent through different-sized pores (Warsinger 
et  al., 2018). According to the pore size of membrane materials, the leading 
membrane processes can be categorized into four groups: MF, UF, NF, and RO. 
The driving force for material transport through this membrane is a pressure 
difference. These processes are called pressure-driven membrane processes. 
The range of operating pressures and limit particle size for the four pressure-
driven membrane processes are given in Table 13.3. The wastewater that goes 
through the membrane is called permeate, and that which remains on the other 
side of the membrane containing the solute is referred to as the retentate (or 
concentrate). When landfill leachate passes through the membrane only the 
particles smaller than the membrane’s pore can penetrate the membrane.

Membrane filtration technologies offer great promise for removal of 
pollutants. Membrane filtration has various advantages including higher 

Table 13.3 Typical range of application of pressure-driven 
membrane separation processes.

Process Typical Operating 
Pressure Range (bar)

Limit Particle Size 
Range (nm) or (MW)

MF 0.2–5 100–10,000

UF 1–10 1–100 (102–106 Da)

NF 5–10 0.5–5 (102–103 Da)

RO 10–150 (101–102 Da)

Source: Berk (2009).
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separation efficiency, conservation of energy, lack of phase change, eco-friendly, 
and scaled-up simplicity (Zhu et  al., 2014). However, MCs and membrane 
fouling are considered the main drawbacks of the process.

Membrane filtration is generally considered an efficient and economical way 
of separating components from wastewater. It requires less energy compared 
with other separation technologies, such as distillation or evaporation, because 
it relies on pressure differences to push the feed solution through the membrane 
rather than heat. Several factors can impact the energy efficiency of membrane 
filtration technology, including the type of membrane used, the concentration 
of the feed solution, and the occurrence of membrane fouling.

According to the study by Pearce (2008), the average energy requirement 
for treating pre-treated wastewater using an RO system is 1.2–1.5 kWh/m3. 
Iskander et al. (2017) found that the energy consumption for forward osmosis 
treatment of landfill leachate was 0.276 ± 0.033 kWh/m3, with a recirculation 
rate of 110 mL/min. The energy consumption was lower for leachate with lower 
concentrations of contaminants. Zhou et al. (2015a, 2015b) and Singh et al. 
(2020) reported that the energy consumption for pressurized MF/UF, cross-
flow MF, NF–NF, and NF–RO was in the range of 0.1–0.2, 2.5–3.0, 2.54–4.2, 
and 2.9–5.858 kWh/m3, respectively.

The cost of a leachate treatment process can vary widely depending on 
the specific treatment method and the size and complexity of the system. 
For example, the cost of using a combination of lime application and NF for 
landfill leachate treatment was evaluated by Almeida et al. (2020). The authors 
considered that the landfill would operate for 25 years, and after its closure, the 
leachate treatment plant would continue its activities for an additional 15 years, 
for a total of 40 years. The total cost to treat 1 m3 of leachate was estimated at 
$10.54 (for 25 years) and $11.33 (for 40 years).

In another study, Santos et al. (2019) examined the effectiveness of three 
combinations of advanced oxidation processes (AOPs) with Fenton’s reagent, 
MF, and NF for the treatment of landfill leachate. They found that these 
treatments resulted in high removal efficiencies for COD (94–96%) and color 
(96–99%), based on an average leachate flow of 300 m3/day. The cost per cubic 
meter of the treated leachate was in the range of $29.32–69.36. In comparison, 
Calabrò et al. (2018) estimated that the on-site treatment cost per cubic meter 
using RO membranes was in the range of $15–40.

Overall, the energy efficiency and cost of membrane filtration technology 
can vary widely depending on the specific application and operating conditions. 
Proper design and operation of a membrane filtration system can maximize 
energy efficiency and minimize operating costs.

13.4.1 Membrane separation in landfill leachate treatment
The complexity of treatment of landfill leachate is related to the variations in 
the composition and volume rate of the leachate. It is crucial to highlight that 
no universal treatment applies to all leachate, given the high complexity and 
heterogeneity of each storage site. To comply with local regulatory constraints, 
the treatment of leachate often requires a combination of processes to adapt to 
the variations in composition and amount of the leachate (Renou et al., 2008).

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



304 Landfill Leachate Management

In any case, pressure-driven membrane processes including MF, UF, NF, and 
RO are considered one of the most promising and efficient methods for landfill 
leachate treatment (Li et al., 2010, 2007; Renou et al., 2008). The membranes can 
achieve high yields of contaminant removal from the leachate; they are generally 
applied as combined processes with biological and physical–chemical treatments, 
achieving thorough and optimal treatment of the leachate. The integrated 
membrane technologies achieve a pollutant removal efficiency of higher than 
95% with a large volume of treated leachate and a low capital cost investment 
(Keyikoglu et al., 2021). Renou et al. (2008) reported that the use of membrane 
technologies in leachate treatment plants has shown to be an indispensable 
means of achieving purification. This technology can be used either as a main 
step in landfill leachate treatment plants or as a single post-treatment step.

Figure 13.2 summarizes some combination of membrane processes with 
biological and physical–chemical treatments as the pre-treatment stage (UF, 

Figure 13.2 Process flow diagram of leachate treatment with combination of membrane 
processes with biological and physical–chemical processes in three landfill leachate 
treatment plants. (Reprinted from Zhang et al. (2013), with permission from Elsevier.)
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NF) or as the polishing stage (NF, RO) using in three full-scale plants in 
China. All three leachate plants incorporated physical/chemical and biological 
processes as the first step for the removal of ammonia, COD, and BOD and UF 
and/or NF membrane as a second step. RO was also used in landfill leachate 
treatment plants (Zhang et al., 2013).

Such hybrid processes must be designed individually considering the 
following aspects (Rautenbach & Mellis, 1994):

• effluent quality
• flexibility concerning flow rate and concentration of the wastewater
• residues
• required chemicals
• energy consumption
• investment costs
• required area
• limit of discharging.

After a brief description of membrane processes in landfill leachate treatment, 
this section presents the processes employing MF, UF, NF, and RO.

13.4.1.1 Microfiltration
MF is classified as a low-pressure cross-flow membrane process. The relatively 
large pore size of the membrane limits the removal of suspended solids or 
particles. Dissolved organic and inorganic impurities could not be effectively 
treated (Warsinger et al., 2018).

As a single process, no significant retention rate was achieved. Piatkiewicz 
et al. (2001) reported using MF as a pre-filtration stage that COD reduction was 
between 25 and 35%. MF is not applied alone as their effectiveness is poor for 
limit standard requirements.

A landfill leachate-collected sedimentation tank was treated by the MF 
process after an activated sludge treatment, allowing the elimination of COD and 
BOD5 up to 43 and 63%, respectively. It was found that MF was insufficient for 
inclusion in the regulatory standards for effluent discharge (Pertile et al., 2018).

MF is generally used as a pre-treatment for other membrane processes (UF, 
NF, or RO) or to assist chemical treatments (Abbas et al., 2009). The use of MF 
has been considered a good pre-treatment method for RO processes since early 
reports (Chakravorty & Layson, 1997; Ebrahim et al., 1997). This is mainly due 
to its ability to retain microorganisms and suspended solids, avoiding fouling of 
RO membranes (Anis et al., 2019).

More recently, combinations between ozonation process (O3) and submerged 
MF demonstrate the great capacity as fouling reducing pre-treatments for RO 
in the treatment of landfill leachate. Figure 13.3 shows the combination of 
ozonation and MF scheme to condition landfill leachate avoiding fouling of RO 
membranes and increasing leachate treatment efficiency (Gripa et al., 2021).

The use of a microfiltration–powdered activated carbon (MF–PAC) hybrid 
system met the COD discharge limit value when 8 g PAC/L concentration was 
used compared with the NF unit. According to Ince et al. (2010), hybrid Fenton–
MF process had the best removal efficiency of color and COD with 47 and 67%, 
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respectively. Moravia et al. (2013) reported that combining the Fenton process 
with MF improves the effluent quality and eliminates the sedimentation stage 
used for sludge separation, drastically reducing the treatment time.

13.4.1.2 Ultrafiltration
UF is a membrane separation technique between MF and NF, with pressure as 
the driving force. UF is commonly operated mainly as sieving for separation, 
concentration, and fractionation. UF contains a wide separation range compared 
with MF and allows us to remove macromolecular substances, pathogens, 
particles, and colloids from landfill leachate (Warsinger et al., 2018). However, 
the removal efficiency greatly depends on the type of membrane material and 
the range of pore size.

As single-step UF membranes have been successfully studied in lab scale 
and ensured that scaling up was tested using industrial modules at bench scale. 
Higher permeate fluxes can be obtained using mineral membrane, which in 
addition can be used under higher pressures and membrane regeneration is 
easier (Tabet et al., 2002). Therefore, UF has a lower treatment cost. However, it 
is characterized by low rejection of organics with a low molecular weight (MW) 
(Kulikowska et al., 2019).

In a treatment of landfill leachate using air stripping followed by a combined 
process of coagulation/UF, the removal efficiency of COD, color, and NH4-N 
was 84.2, 75, and 22.5%, respectively. The BOD/COD ratio of effluent increased 
from 0.049 to 0.311 (Pi et al., 2009). The implementation of the pre-treatment 
with lime may allow reducing the costs of a UF unit by about 50% in terms of 
investment and from 5 to 30% for operating costs (Renou et al., 2008).

In terms of leachate treatment, similar to MF membranes, it is also usually 
used as a pre-treatment process for NF or RO. In general, UF can be used as 
a pre-treatment for RO or carried out after biological treatment (Anqi et al., 
2020). UF can be used to remove the larger MW components of leachate that 
tend to foul NF and RO membranes. UF membranes integrated with membrane 
bioreactors (MBRs) have also been successfully used in full-scale plants as pre-
treatment for NF or RO.

Figure 13.3 Pre-treatment of landfill leachate for RO treatment. (Reprinted from Gripa 
et al. (2021), with permission from Elsevier.)
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It was found that UF was effective as a pre-treatment process for RO; UF 
membranes with pore diameters greater than RO membranes remove particles 
that can foul RO membranes. In addition, given that UF works under lower 
operating pressures, it allows for easier control of fouling compared with RO 
that requires much higher operating pressures (Syzdek & Ahlert, 1984). UF 
was also used as a post-treatment for conventional biological processes and 
50% of COD were separated successfully (Bohdziewicz et al., 2001). In another 
study, old leachate was recycled using two UF stages and evaporation combined 
processes (Figure 13.4) (Xu et al., 2006).

Therefore, to increase the efficiency of leachate treatment, integrated 
systems, two systems, adsorption–UF and coagulation/UF, are used as pre-
treatment for treating stabilized landfill leachate using NF and RO. Coagulation 
provided better efficiencies for removing organic compounds (COD and total 
organic carbon (TOC) decreased by 65 and 86%, respectively) compared with 
adsorption. In such systems, the role of activated carbon is to adsorb low-MW 
organic compounds that cannot be separated by UF alone. Both pre-treatment 
systems showed reversible fouling because flux was recovered very close to the 
initial flux of the RO/NF membranes (Dolar et al., 2016).

In another study, the combination of adsorption with fine-UF membrane has 
been proposed obtaining high rejection of contaminants. The role of adding 
the adsorption before membrane filtration is to reduce membrane fouling 
(Kulikowska et al., 2019).

13.4.1.3 Nanofiltration
NF can eliminate ions contributing to osmotic pressure; thus, it requires lower 
operating pressures than those used in RO (Mojiri et  al., 2020). NF is able 
to remove recalcitrant organic compounds and heavy metals from landfill 
leachate. In NF, the operating pressure is 5–15 bar and allows materials 
dissolved in water to be separated into monovalent and bivalent ions (Top 
et al., 2011). The advantage of using an NF membrane is that it requires lower 
operating pressures, has higher fluxes compared to RO membranes, and has 

Figure 13.4 Recycling concept for mature leachate. (Reprinted from Xu et al. (2006), with 
permission from Elsevier.)
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better retention compared to UF membranes (Li et  al., 2010). Moreover, NF 
presents high retention of charged organics, multivalent ions, and heavy metals, 
requires relatively low investment, and has low operational and maintenance 
costs (Linde et  al., 1995). However, NF cannot remove most contaminants 
from landfill leachate. This can be considered a disadvantage because applying 
NF in leachate treatment requires additional processes for removing nitrogen 
compounds and monovalent salts.

NF separation occurs in two stages: neutral species are rejected according 
to their size, and the inorganic ions are separated by electrostatic interaction 
between the ions and the membrane (Yacubowicz & Yacubowicz, 2005). 
However, the type of membrane used significantly affects the separation of 
organic compounds and the operational parameters (Trebouet et  al., 2001). 
Table 13.4 summarizes a comparison of the efficiency of two types of membranes 
for leachate treatment.

NF as a single process does not play a significant role in landfill leachate 
treatment. In a laboratory-scale unit, COD removal was 52–66% (Marttinen 
et  al., 2002). A pilot study shows that the NF process efficiently treats the 
refractory organic matter as COD removal was 70–80% (Trebouet et al., 1999, 
2001). Although they used stabilized and low-strength leachate, the NF permeate 
did not meet the strict legal standards for nitrogen compounds (see Table 13.4). 
The nitrogen concentration is given in total Kjeldahl nitrogen (TKN). The 
modification of pH of the stabilized leachate and coagulation as pre-treatments 
did not enhance the permeation flux and the retention rate of the membrane but 
influenced the performance of the membrane (Trebouet et al., 2001).

Table 13.4 Stabilized leachate and permeates characteristics, DP = 2 MPa, U = 3 m/s 
and constant concentration.

Parameters Raw 
Leachate

MPT-20 
Membrane

MPT-31 
Membrane

Discharge 
Limit of 
Leachate, 
(Saint-Nazaire, 
France)

Permeate R 
(%)

Permeate R 
(%)

pH 7.5 8.3 — 8.4 — 5.5 ≪ 8.5

SS (mg/L) 130 0 — — — 30

COD (mg/L) 500 130 74 100 80 120

BOD5 (mg/L) 7.1 1 85 0.11 98 30

TKN (mg/L) 540 420 22 380 30 30

N-NH4
+ (mg/L) 430 380 12 340 21 —

Na+ (mg/L) 520 440 15 435 16 —

Ca2+ (mg/L) 140 90 36 61 56 —

Cl− (mg/L) 700 600 14 620 11 —

Fe (mg/L) 10 ≈0 >99 ≈0 >99 10

Ni (mg/L) 0.15 ≈0 >99 ≈0 >99 —

Source: Reprinted from Trebouet et al. (2001), with permission from Elsevier.
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NF has been used to treat filtered landfill leachate to remove inorganic 
compounds such as heavy metals, which are multivalent cations and can be 
rejected by the NF membrane. For example, the rejection of Cd, Zn, Pb, and 
Cr was found to be higher than 70%. In contrast, the monovalent cations pass 
through the membrane, while the retention of potassium and sodium was 
<10% (Linde et  al., 1995). Because NF as a single-treatment step presents 
some limitations, combined processes could produce a purified permeate in 
compliance with legislative discharge standards.

NF process offers a versatile approach to meet multiple water quality 
objectives, such as control of organic, inorganic, and microbial contaminants 
when used as post-treatment. The combination of NF with different processes 
can lead to more complex but, at the same time, more cost-efficient processes 
(Meier et al., 2021).

The quality of the leachate treated using MBRs did not comply with the 
standard limits for discharging and needed an additional process for polish 
leachate treatment (Keyikoglu et al., 2021). Combining NF as a polishing step 
for MBR effluents allows achieving a higher efficiency in removing the organic 
and inorganic compounds from leachate. NF process seems to be an economical 
and viable solution for minimizing environmental risks (Li et al., 2010).

Campagna et  al. (2013) investigated the NF of an MBR effluent and 
characterized the MW distribution of the leachate’s organic carbon and 
nitrogen fractions. According to the results, the NF stage can remove 55% of 
the COD after the MBR stage but cannot effectively remove the fraction smaller 
than 500 Da.

In another study, landfill leachate from a sanitary landfill site in Malaysia 
was filtered through an NF membrane in order to determine its rejection 
capability toward pollutants such as COD, conductivity, nitrate, ammonia 
nitrogen, and heavy metals such as Pb, Cd, Cu, Zn, and Fe. The NF membrane 
used was an HL membrane. The overall rejections of total suspended solids, 
heavy metals, conductivity, and COD were more than 85%, except for nitrate 
and ammonia nitrogen being much lower at 45.4 and 20.5%, respectively. NF 
can be considered an alternative for advanced filtration, especially within a 
hybrid treatment system combining conventional biological–physical processes 
and membrane filtration (Mohammad et al., 2004).

An integration of air stripping, MBR, and NF processes in a piloting landfill 
leachate treatment is evaluated. After pre-treatment by air stripping, 65% of 
N-NH3 was removed without pH adjustment. After pre-treatment, the effluent 
was treated using MBR, obtaining 44% COD removal, and part of N-NH3 was 
converted to nitrite and nitrate. In the last step, NF improves the removal of 
organic compounds, high toxicity, and nitrite and nitrate that are generated in 
the MBR. The integration of air stripping, MBR, and NF process obtained an 
excellent efficiency in removing COD, ammonia, color, and toxicity of 88, 95, 
100, and 100%, respectively (Amaral et al., 2015).

Regarding the removal of organic pollutants using the Fenton process, the 
results show that the removal efficiencies were 62.5% for COD and 71.0% for 
TOC. Nonetheless, the NF process was effective as the final polishing stage 
of the effluent, achieving an average removal of 98.4 and 98.1% for COD and 
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TOC, respectively. The combination of Fenton–MF with an NF system also 
allows for improved removal efficiency of pollutants, besides reducing the costs 
of treatment (Moravia et al., 2013).

Moreover, combining Fenton process with membrane processes can provide 
a wide range of advantages. Santos et  al. (2019) evaluated the performance 
of different routes involving the integration of Fenton’s reagents and MF and 
NF membrane processes for the treatment of landfill leachate. High removal 
efficiencies of COD (94–96%) and color (96–99%) were obtained.

NF membrane combined with other processes was widely used in the full 
scale for landfill leachate, an example, a leachate treatment plant in China. The 
detailed flow diagram for the raw landfill leachate treatment process is shown 
in Figure 13.5. The process consists of mixing leachate uniformly in regulation 
tanks, and pH was adjusted in the reaction sedimentation tank. After treatment 
with an ammonia stripping tower and the subsequent expanded granular sludge 
bed process to remove COD, the treated leachate entered a combined processing 
area, including the anaerobic/oxic/oxic reactor, for denitrification. Finally, 
MBR and NF membranes were used to comply with the effluent discharge 
standards (Hou et al., 2017).

Applying NF for landfill leachate treatment requires effective pre-treatment 
for heavily contaminated wastewater. Keyikoglu et al. (2021) provide an overview 
of the combination of NF with a biological and physical–chemical process in 
landfill leachate treatment. Table 13.5 summarizes several combinations in full-
scale plants for landfill leachate treatment.

13.4.1.4 Reverse osmosis
Among the procedures for landfill leachate treatment, RO is one of the most 
promising and effective techniques. RO can concentrate low-MW dissolved and 
suspended solids to purify wastewater (Abbas et al., 2009). RO has the ability to 
work at high fluxes and to operate over wide temperature and pH ranges, with 
a 98–99% rejection rate for organic and inorganic contaminants. In addition, 
RO can be used to remove heavy metals, suspended/colloidal materials, and 
dissolved solids from landfill leachate (Kurniawan et al., 2006). This membrane 

Figure 13.5 Schematic diagram of leachate treatment process. (Reprinted from Hou et al. 
(2017, with permission from Elsevier.)
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separation process is now the most widely used in many countries in western 
Europe, North America, and Asia, due to its good ability to retain both organic 
and inorganic contaminants.

In general, biological and physical–chemical treatments have been widely 
used for leachate treatment. However, they are not good end-of-pipe solutions 
to comply with the strict legislation of discharge. RO is one approach being 

Table 13.5 Combinations of biological and physical chemical processes with NF in full-
scale plants for landfill leachate treatment.

Option 
No.

Treatment Processes Location 
of Landfill

Reference

1 S UASB A/O MBR UF NF Zhejiang 
(China)

He et al. 
(2015)

2 S AS EGSB AN-O-O MBR NF Shenzhen 
(China)

Hou et al. 
(2017)

3 S UASB A/O MBR-UF NF Zhejiang 
(China)

Zhang et al. 
(2013)

4 UASB MBR NF Zhejiang 
and 
Qingdao 
(China)

Qiao et al. 
(2018)

5 UASB A1-A2-O MBR NF Shenzhen 
and Beijing 
(China)

Li et al. 
(2016)

6 A2-O MBR- UF NF Istanbul 
(Turkey)

Top et al. 
(2011)

7 A1O MBR NF Chengdu 
(China)

Chen et al. 
(2019)

8 AS AN O-A2 S NF Shenzhen 
and Beijing 
(China)

Li et al. 
(2016)

9 A2-A1 AN MBR UF NF Beijing 
(China)

Soomro 
et al. (2020)

10 AN DN-N MBR NF Jiangsu 
(China)

Cui et al. 
(2018)

11 DN-N MBR UF NF Qingdao 
(China)

Wang et al. 
(2016)

12 AN MBR NF Wuhan 
(China)

Xiong et al. 
(2014)

13 C-F AN DF-N UF NF Zhejiang 
(China)

Zhang et al. 
(2013)

15 MBR NF Changzhou 
(China)

Xu et al. 
(2017a)

UASB, up-flow anaerobic sludge blanket; AN, anaerobic oxidation; CF, coagulation–flocculation; S, 
sedimentation; DN-N, denitrification–nitrification; A1-A2-O, anoxic–aerobic–oxic; EGSB, subsequent 
expanded granular sludge bed process; AS, air stripping.
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implemented as a complement for other treatments or, in some cases, is the only 
step for leachate treatment and has proved to be an efficient purification step to 
comply with limit standards (Labiadh et al., 2016; Zhou et al., 2016).

An integrated membrane process MBR + RO has been proposed for the 
treatment of leachate. This way, the MBR process enhances the removal 
efficiency of biodegradable organic matters and nitrification rate, and RO 
aims to remove physically the remaining inorganic nitrogenous ions and non-
biodegradable matters. An MBR + RO system was found to be more economical, 
and reduces operating cost from $5/ton to $3/ton for conventional treatment 
(Ahn et al., 2002).

Moreover, an MBR + NF/RO process can effectively separate organic and 
inorganic pollutants that could not be degraded during biological treatment 
and produces effluent with stable quality. The global removal efficiency of the 
MBR + NF/RO process was >97% for both COD and BOD5 (Keyikoglu et al., 
2021). In addition, Li et  al. (2007) used an integrated biological treatment 
process to treat leachate. The process combines an up-flow anaerobic sludge 
blanket, a sequencing batch reactor, a continuous MF, and RO process to treat 
leachate. The combined process could achieve removal efficiencies of 99.5, 99.8, 
and 99.8% for total nitrogen, COD, and BOD5, respectively. Also, the effluent’s 
final quality met the water reuse standards.

In a pilot-scale study, membrane filtration (UF + RO), struvite (magnesium 
ammonium phosphate (MAP)) precipitation, and ammonia stripping alternatives 
were studied on biologically pre-treated landfill leachate. The results indicated 
that the system, including the up-flow anaerobic sludge blanket reactor and 
membrane reactors (UF + RO), could be proposed as an appropriate treatment 
alternative for young landfill leachates. This system provided high removals of 
COD, color, and conductivity (>98–99%) (Ozturk et al., 2003).

Combinations between the ozonation process (O3) and submerged MF 
were evaluated as fouling-reducing pre-treatments for RO in the treatment of 
leachate. The results demonstrate that a first ozonation step followed by the MF 
step represents the best route, reducing the leachate’s modified fouling index 
over 170 times. The integration of O3 + MF + RO results in the removal rate of 
99.09 and 99.6%, respectively, for COD and N-NH3 (Gripa et al., 2021).

Several studies were performed to evaluate the efficiency of RO systems 
combined with conventional biological and physicochemical processes on the 
purification of landfill leachate at full scale. Among these combinations RO and 
MBR processes have been applied for the removal of organic compounds, heavy 
metals, and inorganic from leachate. Table 13.6 summarizes multiple processes 
combined with RO for leachate treatment.

RO was also employed for the treatment of leachate from the Spillepeng 
(Sweden) and the Wijster landfills (Netherlands). Both plants consist of two 
stages: the first stage is equipped with tubular modules and the second with 
spiral wound modules. Adjusting the pH to a value below 6.5 makes possible to 
reduce fouling (Linde et al., 1995).

The reduction of COD and N-NH4
+ was found to be 98% with the initial 

concentrations of 335 and 140 mg/L, respectively. In addition, the application 
of RO for the treatment of stabilized leachate from Lipowa landfill (Poland) 
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was also explored. With the initial concentration of 1,780 mg/L, 97% of COD 
was removed (Kurniawan et al., 2006).

The stabilized leachate from Kolenfeld (Germany) was treated by two 
systems. First, leachate was pre-treated through an activated sludge process, 
followed by coagulation/flocculation, sedimentation, and RO. The maximum 
removal of COD and N-NH4

+ with initial concentrations of 3,100 and 
1,000 mg/L was found to be 99.7 and 99.9%, respectively. In the second system, 
raw leachate was fed directly into the RO system. The maximum removal of 
COD and N-NH4

+ was found to be 99.5 and 98.9%, respectively. The use of 
direct RO membrane filtration with thin open channel spiral wound modules 
is able to achieve satisfactory results in terms of water quality, process stability, 
and membrane flux (Li et al., 2009).

Table 13.6 Combination of biological and physical chemical processes with RO for 
landfill leachate treatment.

Option 
No.

Treatment Processes Location of Landfill Reference

1 RO Bohemia (Czech) Hendrych 
et al. (2019)

RO Kolenfeld 
(Germany)

Li et al. (2009)

RO1 RO2 Wijster (Holland)
Spillepeng (Sweden)

Linde et al. 
(1995)

2 C-F 2 stage 
(DN-N)

UF NF RO Zhejiang (China) Zhang et al. 
(2013)

3 UASB SBR CMF RO Guangzhou (China) Wu et al. 
(2010)

4 A2-O MBR UF RO Qingdao (China) Wang et al. 
(2016)

5 A2-O/
A2-O

MBR-UF RO Xiangtan (China) Zhou et al. 
(2016)

6 SF RO1 RO2 Erzurum (Turkey) Hunce et al. 
(2012)

7 AS RO1 RO2 Tunisia Labiadh et al. 
(2016)

8 AS Tertiary 
MBR

DT
RO

Shanghai (China) Xingxing et al. 
(2015)

9 AN A-O1 MBR RO Wuhan (China) Song et al. 
(2019)

10 C-F MBR RO Sfax (Tunisia) Kallel et al. 
(2017)

11 SF CF RO Warminsko-
Mazurskie (Poland)

Talalaj (2015)

UASB, up-flow anaerobic sludge blanket; SBR, sequencing batch reactor; CMF, continuous micro-
filtration; DT, disk tube; AN, anaerobic oxidation; C-F, coagulation–flocculation; SF, sand filter; CF, 
cartridge filter; DN-N, denitrification–nitrification; A1–A2–O, anoxic–aerobic–oxic; AS, air stripping.
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The treatment of intermediate leachate collected from Siedliska landfill 
(Poland) was carried out using RO. Before separation into the RO membrane 
modules, suspended particles (>50 µm) were removed by a sand filter and for 
suspended particles (>10 µm) a cartridge filter was employed. Then, to make 
inorganic salts more soluble, the leachate’s pH value was adjusted between 
6.0 and 6.5 using H2SO4 before treatment process. Furthermore, to calculate 
the effectiveness of removing organic and inorganic pollutants from landfill 
leachate, a long-term RO was used. Investigations were carried out during 1 year 
of RO exploitation. Some parameters were analyzed. The results showed that 
the average removal of COD, conductivity, N-NH4

+, total inorganic nitrogen, 
CN−, Fe, and Cl− attained 97, 97.2, 98.7, 99, 93, 97.6, and 98%, respectively. 
Despite these results, the permeate quality did not meet the Polish discharge 
standards for S− (Talalaj, 2015).

An integrated two-stage disk tube-reverse osmosis (DTRO) membrane 
system was also used in leachate treatment. The separating size of an 
integrated DTRO membrane is <0.1 nm (approximately the size of many ions), 
which makes DTRO the most sophisticated membrane separation technology 
available. Global removals for each stage were 92.4–99.2, 46.2–95.8, 84.8–
97.9, and 88–95.5% for COD, NH4

+, NOx, and total dissolved solids (TDS), 
respectively (Cingolani et al., 2018).

In a recent study, landfill leachate was first filtered through a sand filter, 
cloth bag filter, and another cartridge filter. Then, the filtered leachate was 
pumped to DTRO. The DTRO system achieved >83% water recovery rate, 
reduced the electrical conductivity of effluent to 0.15–0.22 mS/cm, and reduced 
carbonaceous and nitrogenous pollutants to a level suitable for discharge. 
Furthermore, a DTRO system effectively removes salts (e.g., Cl− and SO4

2−) 
and refractory dissolved organic matter (DOM) (e.g., humic- and fulvic-
like substances). A DTRO system can effectively remove a large number of 
macromolecular dissolved organic compounds with carbon number >23, and 
highly unsaturated compounds with double-bond equivalent >12. Additionally, 
>80% of the molecules assigned to the dissolved OM were removed; even 
CHONS compounds with complex molecular structures were wholly removed 
(Wu et al., 2021). Figure 13.6 shows an integrated two-stage DTRO membrane 
system for leachate treatment.

Figure 13.6 Integration of two-stage DTRO membrane system for leachate treatment. 
(Reprinted from Wu et al. (2021), reproduced with permission from Elsevier.)
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RO is highly efficient for treating leachate with rejection coefficients on 
an average >0.98. NF compared with RO can be operated at lower pressures; 
offers higher fluxes; rejects organics and multivalent ions selectively; and needs 
lower investment, operation, and maintenance costs (Ramaswami et al., 2018). 
Due to these advantages, some studies in the recent past have preferred NF 
over RO and have explored its ability for the treatment of landfill leachates 
(Košutić et al., 2015; Mohammad et al., 2004). However, it should be considered 
that monovalent ions can permeate an NF membrane, whereas organic solutes 
and other electrolytes are mostly rejected.

A comparative study of the treatment of stabilized leachate from the Hallenberg 
landfill (Germany) was carried out using RO and NF. At a permeate flux of 15 L/
(m2 h), RO gave a higher removal efficiency of COD (99.2%) and NH3-N (99.9%) 
when compared with NF (COD: 95.88%; NH3-N: 57.61%) (Peters, 1998).

In another study, NF–RO and RO–NF systems were used and compared for 
the treatment of an old leachate. In this case, both NF and RO stages in NF–RO 
can be operated at lower pressures compared with NF and RO stages in RO–NF. 
For similar operating conditions, individual stages in NF–RO provided higher 
water fluxes than those in RO–NF, showing NF–RO to be more energy efficient 
(Ramaswami et al., 2018). Table 13.7 summarizes a comparison of features of 
NF and RO membranes in landfill leachate applications.

Membrane separation processes such as NF and RO are widely used as a 
polishing step for landfill leachate treatment. However, two factors can be 
identified as significant limitations for the implementation of membrane separation 
processes: (1) the need for further treatment of the MCs and (2) membrane fouling.

13.4.2 MC landfill leachate removal
13.4.2.1 Composition of MCs
Membrane separation processes do not destroy the pollutants but merely 
concentrate them into smaller volumes of wastewater called MCs (Safarpour 

Table 13.7 Features of NF and RO membranes in landfill 
leachate applications.

Parameter NF RO

COD retention (%) 90–99 92–99

AOX retention (%) 85–93 90–96

NO3-N retention (%) 10–20 83–93

NH4-N retention (%) 10–20 86–94

Cl− retention (%) 5–10 98–99.6

SO4
2− retention (%) 94–98 99–99.9

Heavy metal retention (%) 85–96 88–97

Permeate flux (L/m2 h) 20–80 10–20

Water recovery (%) 76–85 70–80

Transmembrane pressure (bar) 10–30 40–65

Source: adapted from as cited in Meier et al. (2021).
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et  al., 2017). MC results in a secondary pollution problem that must be 
appropriately treated before being discharged into the environment. For 
example, during NF and RO membrane processes, as much as 13–30% of the 
total incoming leachate resulted in a concentrated leachate (Wang et al., 2016). 
Other studies reported approximately 25–50% of untreated leachate (Hendrych 
et al., 2019; Kallel et al., 2017). MC composition depends on various factors, 
such as initial leachate composition and treatment process (Zhang et al., 2018).

MC is a dark-colored solution and heavily loaded with refractory pollutants 
and inorganics salts, which are highly toxic and carcinogenic, and their 
treatment is an urgent issue (Hou et al., 2017). Membrane usually concentrates 
five main groups of pollutants (Keyikoglu et al., 2021):

(i) major pollutants: COD, BOD5, BOD5/COD, TOC, TN, and NH3-N
(ii) ions of inorganic salts: Cl−, NO3

−, and SO4
2−

(iii) heavy metals: As, Cd, Cr, Co, Cu, Ni, Pb, and Zn
(iv) humic substances: humic and fulvic-like compounds
(v) XOCs: aromatic compounds, halogenated hydrocarbons, and endocrine-

disrupting chemicals.

The main characteristics of the MCs are summarized in Table 13.8.
As observed from Table 13.8, MCs are a type of low-biodegradable wastewater 

because of high COD and low BOD5 concentrations resulting in a low BOD5/
COD ratio (<0.10).

Table 13.8 Main characteristics of the MCs of landfill leachate 
treatment processes.

Parameter NF RO

EC (mS/cm) 10–100 10–100

COD (mg/L) 1,100–6,800 400–49,500

BOD5 (mg/L) 3–290 95–4,800

BOD5/COD ratio <0.10 <0.10

NH3-N 1–490 240–3,000

NO3-N 90–1,045 20–170

Cl− 2,500–6,500 2,500–6,500

SO4
2− 400–2,000 400–2,000

TDS 8,000–67,000 8,000–67,000

As 0.060–3.7 0.1–1.5

Cd 0.001–3 0.004–1.2

Co 0.01–7.7 0.01–0.2

Cr 0.06–26.9 0.32–2.2

Cu 0.01–23.2 0.02–3.7

Ni 0.04–26.6 0.18–1.02

Pb 0.06–57 0.05–22.79

Zn 0.079–6,656.3 0.008–2,662.5

Source: Keyikoglu et al. (2021).
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13.4.2.2 Treatment of MCs
A high concentration of salts and refractory pollutants in MCs significantly 
reduces biodegradability, making it untreatable by biological treatment 
processes. Therefore, physicochemical methods such as evaporation (Yang 
et al., 2018), recirculation (Sun et al., 2011), solidification/stabilization (Hunce 
et al., 2012), adsorption (Wang et al., 2013), membrane distillation (Xingxing 
et  al., 2015), coagulation (Long et  al., 2017), chemical coagulation, and 
oxidation (Ye et al., 2017) are used. However, physicochemical methods could 
not degrade the pollutants and only separate/concentrate the pollutants from 
MCs (Keyikoglu et al., 2021).

On the contrary, AOPs such as ultraviolet (UV) radiation-based processes 
(UV/O3/H2O2), Fenton-based processes (H2O2/Fe2+), chemical oxidation 
(ozonation or H2O2 oxidation), photo-Fenton processes, and electrochemical 
processes, are known for their effectiveness in the degradation of refractory 
pollutants. Table 13.9 summarizes some examples of advanced processes for 
treating MCs.

Several studies have implemented the combination of processes of physical, 
chemical, and AOPs to improve the efficiency of MCs, including photo-
electrocatalytic oxidation (Zhou et al., 2015b), microwave-Fenton (Zhang et al., 
2018), O3/Fenton (Huang et  al., 2019), coagulation–ozonation (Chen et  al., 
2019), and combination of electrocoagulation and electro-oxidation (Soomro 
et al., 2020).

Another perspective in the management of MCs could be the recovery 
of some by-products such as phosphate (Kumar et  al., 2007), minerals 
(Mohammadesmaeili et  al., 2010), potassium, chlorine (Li et  al., 2015), and 
humic substances (Xu et al., 2017b).

13.4.3 Membrane fouling
One of the major limiting factors of membrane separation processes is fouling 
or biofouling of the membrane, induced by deposits of inorganic, organic, 
and microbiological substances on both the membrane surface and inside 
the membrane pores, leading to membrane’s efficiency deterioration (Gkotsis 
et al., 2017; Wiszniowski et al., 2006). Moreover, membrane fouling leads to 
a decrease in permeate flux, causing the flux to become independent of the 
pressure across the membrane, which can affect the economic efficiency of the 
membrane plant.

The fouling index of landfill leachate has been reported to range between 3.5 
and 5.4, which indicates a high tendency to fouling (Trebouet et al., 1999). In 
addition, membrane fouling increased at low pH is explained by electrostatic 
effects and also depends on membrane material (Trebouet et al., 2001).

Membrane fouling requires extensive pre-treatment or chemical cleaning of 
the membranes and results in a short lifetime of the membranes and decreases 
process productivity which involves the increase of the operational costs (Renou 
et al., 2008). Given that leachate contains a variety of contaminants deposited 
on the membrane surface, membrane cleaning is a complex issue, which should 
be addressed for the selection of the most economical and effective cleaning 
solution (Peng, 2017).
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To sum up, the appropriate selection of feeding characteristics, the 
hydrodynamic conditions of the system, and cleaning techniques can minimize 
fouling. Thus, knowledge of fouling mechanisms is necessary to adequately 
select methods for mitigating it (Moravia et al., 2013).

13.5 CONCLUSIONS
Currently, membrane separation processes are widely used as a pre-treatment 
or polishing step combined with biological and physical–chemical processes for 
leachate treatment and have been successfully implanted in multiple full-scale 
plants. NF and RO can eliminate refractory organic matter, total nitrogen, 
inorganic salts, and heavy metals. NF and RO have proved to be an efficient 
purification step achieving limit water reuse standards.

Nevertheless, NF and RO present some economic and technical problems, 
such as membrane fouling, replacement, and MCs. For membrane fouling, 
it requires extensive pre-treatment or chemical cleaning. A large volume of 
concentrate remaining at the end of the treatment process has to be appropriately 
treated before it can be discharged into the environment.
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ABSTRACT

Optimized models of landfill leachate processes that could lead to the production of fuel 
oils from the pyrolysis of plastics and cultivation of microalgae can be highly efficient and 
have sustainable activities. Studies using advanced oxidation processes in combination 
with biological processes showed to be efficient in treating leachate. The complexity of 
this type of waste, as well as the continuous modification of its properties due to local 
seasonality, prevents kinetic and thermodynamic studies to predict the steady state at the 
final disposal. Environmental management systems using Lean Six Sigma accompanied by 
process modeling and optimization tools, whether statistical or computational, generate 
reliable models. These models can reproduce reductions in contaminants by confirming 
the initial conditions of each leachate enabling the scale-up of the process. This chapter 
provides data survey, types of treatment, and models linked to optimization tools in 
wastewater decontamination processes from municipal solid waste. Also, this chapter 
includes the synthesis and proposal for treatment and management of the classification 
of garbage until the generation of leachate, aiming to contribute to future research in the 
area of leachate treatment.

Keywords: Leachate, NBI, modeling, optimization.

Chapter 14

Modeling and optimization 
of hybrid leachate 
treatment processes and 
scale-up of the process
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14.1 INTRODUCTION
The goal to achieve the steady state of a process may be more important than 
the removal of organic load from the leachate treatment. This indicates that 
the disposal parameters can be properly controlled over time (Naves, 2019). 
A modeling and optimization process must be contextualized according to 
Figure 14.1.

The optimization of the leachate treatment process must be modeled robustly, 
considering all or most of the process variables in a range of levels that can 
represent their respective changes in different seasonal periods. There is a 
significant increase in the recalcitrant organic load with time in landfills. This 
increase, as already demonstrated in the literature, completely changes the 
kinetics of the treatment. On certain seasonal periods, leachate can have very 
specific characteristics even in very short time intervals, alternating in properties 
from high-organic loads in dry seasons and low-organic loads in periods of heavy 
rainfall. It is underestimated that in high-organic loads, there is a need for higher 
concentrations of oxidants to remove organic matter. The low-organic load of 
the leachate dilution caused by greater rainfall requires a lower concentration of 
oxidants. There are currently no models that can predict these changes.

Hamid et al. (2020) used an electrocoagulation process to remove NH3-N 
from leachate. To evaluate the levels and factors (zeolite dosage, current density, 
electrolysis time, and pH), a response surface was used to create a model of 
removal of NH3-N. All factors were significant and consequently can change 
the response when the levels are adjusted under different conditions. The 
model was convex in terms of its convexity, and a point of maximum removal 
of NH3-N was easily detected. The optimization using desirability algorithm 
determined the optimum levels of each of the factors: content of zeolite 105 g, 

Figure 14.1 Flowchart for process modeling and process optimization.
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current density 600 A/m2, duration of the electrolytic process 60 min, and pH 
8.2. A removal of 72.51% of NH3-N was obtained under these conditions.

Wang et  al. (2016) used a statistical model based on the Box–Behnken 
arrangement, to evaluate chemical oxygen demand (COD) removal and the 
biological oxygen demand (BOD)/COD ratio during treatment using a micro-
electrolysis Fenton process. The factors studied were Fe–C dosage, H2O2 
concentration, and initial pH; the latter showing no significance to the model 
for both responses. The ‘optimization’ of the process was carried out through 
the peaks related to the response surface, which could lead to erroneous results. 
The bi-objective problem to reduce COD and increase the BOD/COD ratio is 
not simply trivial, and leads to trade-off responses. These responses can be 
spelled out as an inverse relationship of increased COD and decreased BOD/
COD ratio. A pair of responses was stated in an optimization problem using the 
normal boundary intersection (NBI) algorithm; it would be possible to build a 
Pareto frontier based on the simultaneous optimization of both responses. From 
the frontier, it would be possible to choose setups that represent association of 
different levels that lead to strategic results of COD reduction or increase in 
BOD/COD.

Aziz et al. (2011b) studied a leachate treatment process using a reactor with 
activated carbon for 5.5 h and reported a removal of 64.1% of COD, 71.2% of 
color, 81.4% of NH3-N, and 33% of total dissolved solid. The factors monitored 
for the construction of a quadratic model from a response surface were aeration 
rate and contact time. The responses were optimized individually, but it was 
not possible to determine which levels of each factor led to the best responses.

In Gopikumar et al. (2021), Arduino-computer-server-sensor sequence was 
used to control the properties of the landfill leachate treatment, using pre-
treatment with ultrasound and later with an upflow anaerobic sludge blanket 
(UASB) reactor. Turbidity, dissolved oxygen, and liquid level sensors were 
used. On the contrary, leachate entry patterns were not considered, and may 
vary over different seasonal periods, which consequently would not have been 
previously programmed in the dynamic control system.

Mahtab et al. (2020), using a response surface, modeled the Fenton process 
in the treatment of landfill leachate, with fixed entry conditions, obtaining 61% 
of COD removal in 36 min. Under practically the same experimental conditions 
as Mahtab et al. (2020), but with an even shorter reaction time and a much 
higher initial organic load of leachate of 17,988 mg O2/L, Zhang et al. (2005) 
studied the removal of 87% COD through the Fenton process; however, the 
difference between COD removal techniques is completely unclear in both 
studies. Venkatesh Reddy et al. (2020) studied the behavior of factors such as 
pH, COD, BOD, and solids influenced by volumetric precipitation. In that study, 
it is possible to note that the pH undergoes a slight increase with an increase 
in rainfall, characterized by a decrease in volatile acids. The other variables 
analyzed during the period of volumetric precipitation were characterized 
by a behavior with a high Pearson correlation. This correlation demonstrates 
that based on the determination of one of the parameters, the others can be 
estimated and, controlled, during the treatment process.
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Some researchers have used techniques of artificial neural networks (ANN), 
aiming precisely to understand the relationships between the inputs and 
outputs of the process (Bunsan et al., 2013). One of the great difficulties of the 
application of ANN is that they must be trained to simulate such correlations 
between the independent variables (Jalili Ghazi Zade & Noori, 2008). The 
use of models that can directly predict the leachate treatment process in an 
experimental way may be more viable, because it is optimized in a multivariate 
and multiobjective way (Pinto et al., 2019).

Applied models can represent the treatment process but the need for a more 
robust modeling is justified when different properties of analyzed responses have 
to be assessed. The use of algorithms to optimize the models becomes essential 
to model several setups referring to different initial leachate conditions.

14.2 OPTIMIZATION OF LEACHATE TREATMENT MODELS
The high complexity of the composition of real effluents such as landfill leachate 
requires robust models to predict possible changes in the environment, which 
would enable the adaptability of the treatment process considering the levels and 
factors from the desired responses. Most industrial controls are programmed to 
obtain stability from a defined set point. Several studies in the literature showed 
that optimization is carried out only for a possibly stationary regime, where 
the initial leachate properties do not vary. The properties of real effluents are 
constantly changing. Even if the treatment plant is operating in a satisfactory 
way, it can lead to undesirable values of the desired responses at any moment.

Initial parameters of the leachate can be characterized in optimization 
problems by using a multivariate context and the use of algorithms that can 
predict, according to the leachate’s properties, the chemical and physical 
conditions related to a certain type of treatment that may lead responses within 
the ranges established by regulatory bodies.

One of the most robust methods for multivariate and multiobjective analysis 
in environmental processes is the NBI algorithm (Naves, 2019), developed 
by Das and Dennis (1998). Some authors have applied this tool for modeling 
environmental processes (Braga et al., 2020). Paixão et al. (2019) studied the 
optimization of a black eriochrome T dye treatment process. This type of dye 
has some similarities with the landfill leachate. It uses advanced oxidation 
treatment based on molecular ozone; the color removal is high when compared 
to the removal of COD. This is based on the characteristic of the steric effect 
and recalcitrance of the molecules. This study showed a possible improvement 
in the removal of COD to 90% when both Pareto boundary and NBI algorithm 
were used.

This method favors the construction of the Pareto frontier from two points 
considered by Nadir and Utopia (Das & Dennis, 1998). Once the variation of 
properties in a landfill leachate within a range with their respective deviations 
is known, a boundary can be built and that can represent these properties under 
sufficient experimental conditions to remove the environmental parameters.
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Researchers have commonly selected some variables of importance for study, 
as well as the initial conditions. Bakraouy et al. (2017) using a coagulation and 
flocculation process using ferric chloride together with a coagulant studied the 
removal of the percentage of phenol, color, turbidity, COD, and abs 254. The 
initial organic loads of the leachate in terms of COD and BOD were 11,520 
and 6,710 mg/L, respectively, yielding a BOD/COD ratio of 0.58. This ratio 
would provide a biological treatment to remove organic matter at the time of 
collection to carry out the experiments. At the time of operation of the landfill, 
there will be a considerable reduction in the BOD/COD ratio, which would 
directly influence the efficiency of a possible biological treatment. The current 
efficiency for removing up to 96% of COD, by coagulation and flocculation, 
could be substantially reduced.

Tawakkoly et  al. (2019) also used a coagulation process to verify COD 
removal. The coagulant was the Hispanic Salvia extract. The COD reduction 
for this study was on average 39.76% with an initial COD of 62,500 mg/L 
and BOD of 22,500 mg/L. Although COD removal is less when compared to 
Bakraouy et  al. (2017), the BOD/COD ratio is much lower with an average 
value of 0.36. Mohajeri et  al. (2010) using an electro Fenton process in the 
treatment of leachate with an initial COD of 2,950 mg/L, obtained a COD 
removal of 94.07% after 43 min. On the basis of the COD value, it would be 
possible to propose a biological treatment, which would considerably decrease 
the cost of application on larger scales (Oloibiri et al., 2017).

COD and BOD as initial factors, and the levels of each of the factors 
studied, pH, coagulant and flocculant concentration, Fe2+/H2O2 ratio, ozone 
concentration, treatment time among others could be determined for various 
dilutions other than the leachate. These dilutions could temporarily represent 
the quality of the leachate. Multiobjective problem could be described according 
to equation (14.1) for the optimization problem:

Min COD BOD

st
BOD
COD

,

, .> 0 33
 

(14.1)

The above equation referring to the optimization of the COD and BOD 
removal process, aims to establish the disposal parameters.

Leachate dilutions can be simulated under various leachate conditions 
throughout the landfill operation. The solutions will be linked to the disposal 
parameters of each country linked to regulatory bodies. Paixão et al. (2019) 
used an NBI algorithm to predict, from the Pareto boundary, the volume of 
a reactor for the treatment of black dye eriochrome. It is always possible to 
predict a boundary for a bi-objective problem or a Pareto surface for a number 
of responses greater than two, which usually occurs in an environmental 
problem at real scales. The Pareto surface draws the best curve that represents 
the set of points referring to the levels of optimized responses within a pre-
specified pattern.
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14.3 PROPOSED OPTIMIZATION USING NBI
This chapter proposes a further application of the technological frontier in 
subsequent publications. Table 14.1 presents the data referring to the studies 
already published on the theme, which contains the data on the characterization 
of the leachate.

Table 14.1 Studies that optimized leachate treatment processes.

Reference Studied Parameters

COD 
(mg/L)

BOD 
(mg/L)

BOD/
COD

N-NH3 
(mg/L)

pH

Braga et al. (2020) 860 116 0.13 8.3

Gomes et al. (2019) 3,581 190 0.053 1,771 8.1

Moreno-Garcia et al. (2019) 0.74

Amirian et al. (2017) 4,083.5 1,960 0.49

Aziz et al. (2011a) 400–2,860 50–1,024 0.09–0.4 400–1,039 6.93–8.31

Yilmaz et al. (2010) 38,200 22,000 0.58 7.25

Amiri and Sabour (2014) 11,260 2,930 0.26 7.21

Bashir et al. (2010) 2,615 100 0.038 2,010 8.7

Wang et al. (2016) 4,980 548 0.11 1,850 7.52

Farrokhi et al. (2015) 19,840 180 0.009 1,750 6.8

Amr et al. (2013) 1,780 107 0.06 780 8.6

Liu et al. (2020) 1,200 350 0.29 125 5.5

Zhao et al. (2014) 900 1,381 8.4

Saranga et al. (2020) 20,000 7.5

Adlan et al. (2011) 2,610 1,975 8.13

Aziz et al. (2011b) 1,655 373 0.218 600 7.87

Yeh et al. (2018) 233 29.7 0.127 325 7.4

Azadi et al. (2018) 678 130 0.19 15 8.7

Zhou et al. (2017) 4,378 29.1 0.01 7.8

Hilles and Abu Amr (2016) 20,000 1,821 0.09 2,487 8.42

Shaylinda et al. (2018) 770 109 0.14 500 8.1

Lessoued et al. (2017) 4,219 1,100 0.26 8.7

Cheng et al. (2020) 1,020 720 8.5

Bakraouy et al. (2017) 11,520 6,710 0.58 8.4

Jegan Durai et al. (2020) 2,990 135 0.045 8.8

Tripathy et al. (2019) 2,240 80 0.036 2,293 6.61

Huda et al. (2017) 7,230 540 0.075 8.43

Mohd-Salleh et al. (2018) 2,954 166.89 0.058 920.4 8.76

Sabour and Amiri (2017) 11,250 2,810 0.25 7.17

Azmi et al. (2015) 2,740 193.2 0.07 1,113.2 8.3

Kabuk et al. (2014) 9,800 3,710 8.05
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The survey showed that the initial leachate parameters studied by several 
researchers are indeed different; it may have a direct relationship with the time 
of operation of the landfill. Figures 14.2 and 14.3 present the catalogued data 
in graphic terms.

Figures 14.2 and 14.3 present a trend that may predict the considerable 
variation for the initial leachate parameters studied by researchers. The levels 
of the factors presented can initially be used to predict intervals for each of 
the factors used in the treatment of leachate. Figures 14.4–14.6 present these 
intervals as well as existing outliers in some of the factors.

Despite the pH, BOD, and COD parameters having an outlier, it is possible 
to predict the range values of each parameter very accurately and are shown 
in Table 14.2.

The listed parameters are the factors with respective input levels and 
response times which must be controlled after treatment. An experimental 
model composed of a response surface could be used, and later optimized. 
A considerable range of levels of the associated factors can generate a robust 
model, applicable in any landfill. The construction of a single-objective function 
could optimize both responses. In this case, NBI algorithm could be used, 
which would generate a point cloud that could be better represented by a trend 
line as shown in Figure 14.7.

Each point at the frontier presents an optimal point, corresponding to a 
certain experimental condition regarding the levels of the input factors. For 
example, a given point has an initial leachate value of pH, COD, BOD, BOD/
COD, and N-NH3, which optimizes the output responses.

Figure 14.2 Behavior of leachate parameters most studied by researchers (pH, 
hydrogenionic potential; BOD, biochemical oxygen demand; COD, chemical oxygen 
demand; BOD/COD, recalcitrance ration).
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14.4 IMPLEMENTATION OF NBI IN ENVIRONMENTAL CONTROLS
The NBI generally represents a function that simultaneously optimizes both 
desired responses. Thus, any point on the frontier corresponds to a different 
process setup within an optimal region. The manual adjustment of input 
parameters can lead to inaccurate adjustments. For example, Amiri and Sabour 
(2014) used response surface models to study COD removal and iron and 
organic compounds present in sludge. The Fenton process analyzed the factors: 
iron peroxide ratio, pH, and Fe2+ dosage. The leachate was characterized with a 

Figure 14.4 Presentation of intervals and outlier verification at the levels of factors 
established by selected researchers BOD and COD data (BOD, biochemical oxygen 
demand; COD, chemical oxygen demand; G, test of grubber; P, P-value).

Figure 14.3 Oscillation of ammoniacal nitrogen concentration from historical data in 
landfill leachate (N-NH3, ammonia nitrogen concentration).
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COD of 11,260 mg/L, pH 7.21, BOD of 2,930 mg/L, and turbidity of 125 NTU. 
Both COD and BOD directly interfere in the effect of the treatment and final 
disposal of the leachate; this demonstrates the optimization from pairs of 
responses.

The use of NBI from the models created by the response surface optimizes 
both responses and builds a single model that would represent the overall 
process. Each point from the Pareto frontier determines the optimal levels of 

Figure 14.5 Presentation of intervals and outlier verification at the levels of factors 
established by selected researchers BOD/COD and N-NH3 data (BOD, biochemical oxygen 
demand; COD, chemical oxygen demand; G, test of grubber; P, P-value).

Figure 14.6 Presentation of intervals and outlier verification at the levels of pH established 
by selected researchers (G, grubber test; Min, minimo; Max, maximum; P, P-value).
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factors, such as pH, [H2O2]/[Fe2+] ratio, and Fe2+ dosage. This frontier would 
represent only the treatment process for initial leachate conditions as presented 
in this study. Changes in the leachate’s properties over time could reflect on 
different levels to reach the same responses. However, if the researcher could 
have also used COD and BOD values from the studied landfills, the change in 
COD and BOD could be predicted by adjusting the pH parameters, [H2O2]/[Fe2+] 
ratio, and Fe2+ dosage. This could supply and maintain the desired response.

The incorporation of the optimized function through the NBI in 
programmable logic controllers leads to several set points, levels of the input 
factors in the leachate treatment process, which generally does not occur with 
this type of specific set point instrumentation. As the nature of the leachate 
is extremely dynamic, this controller could act under the optimal points of 
the Pareto frontier, and, the natural variations of the leachate would require 
changes in the process parameters such as pH, [H2O2]/[Fe2+] ratio, and Fe2+ 
dosage.

Table 14.2 Limits of each parameter.

Parameters Minimum Medium Maximum

pH 6.61 7.7 8.8

BOD (mg/L) 29.10 3,369.6 6,710

COD (mg/L) 233 10,036.5 19,840

N-NH3 (mg/L) 0.74 1,855.4 3,710

BOD/COD 0.01 0.3 0.58

Figure 14.7 Presentation of the proposal for multivariate and multiobjective optimization 
in the treatment of leachate using normal boundary intersection.
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The proposal presented in this study considers a leachate treatment that 
adopts the following characteristics:

• Treatment process – ozonation;
• Reactor type – rotating packed bed (RPB);
• RPB entry factors – pH, reaction medium, ozone flow, reactor rotation 

frequency;
• Leachate entry factors (controlled by dilution) – COD, BOD, pH;
• Modeling tool – surface response central composite design;
• Responses analyzed after treatment – COD, BOD, TOC, N-NH3;
• Optimization tool – NBI algorithm.

The proposed ozonation process was chosen due to a better color removal 
capacity and increased BOD/COD ratio (Braga et  al., 2020). An amount of 
leachate can be introduced to the RPB reactor, which has the ability to increase 
the diffusion of ozone to the medium, increases the formation of hydroxyl 
radicals; minimize reaction time and operating costs. Controllable factors of 
the model linked to the reactor, and at the same time factors of the leachate 
can be controlled within certain levels of dilutions and pH correction using 
standard solutions of sulfuric acid and sodium hydroxide. It would take 90 
experiments to validate a second-order model with 10 central points and only a 
single block. This model, after validation, could be applied to any leachate with 
any input characteristic.

The modeling and optimization using the NBI algorithm would result in 
a solution to the optimization problem so that the variance determined from 
the standard error calculated by the ordinary least square was minimized and 
the removal of COD, BOD, TOC, and N-NH3 was maximized (Naves, 2019). 
The application of the NBI algorithm leads to the construction of the Pareto 
frontier (Figure 11), a control parameter in the treatment of leachate.

There are two possibilities: to use regression and determine a polynomial 
function or use the point cloud itself in controllers. The proposal would be 
schematically similar to Figure 14.8.

Gupta and Paulraj (2017) evaluated the properties of the landfill leachate as 
well as their interactions. The COD and BOD parameters presented a Pearson 
correlation of 81.7%. As for this proposal, the initial treatment of leachate must 
be at a BOD/COD ratio above 0.33 so that the subsequent biological process 
of cultivating microalgae is not impaired. A colorimetric sensor for COD 
identification can be used to predict other proposed parameters. A simplified 
form of NBI controller block diagram is shown in Figure 14.9.

The great versatility of the NBI control system, as shown in Figure 14.9, 
implements process models within countless boundary conditions of the 
input factors, built by response surface statistical arrangements. It allows 
multiobjective optimization to the detriment of numerous set points associated 
with the Pareto boundary or surface. The boundary conditions of the factors 
associated with the entry of the model relevant to the leachate can be applied 
at any time of operation of the landfill.

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



338 Landfill Leachate Management

14.5 SUSTAINABLE IMPLICATIONS IN LEACHATE TREATMENT
The application of modeling and optimization techniques to treat landfill 
leachate, a worldwide concern, as proposed in this chapter, leads to more 
effective results in reducing organic and inorganic load, in a more sustainable 
way. In the general context of the process shown in Figure 14.1, the destination 
of plastic waste for energy generation with bio oil production can lead to 
considerable reductions in CO2 released into the atmosphere (Joshi & Seay, 
2020). These reductions in CO2 in the atmosphere can be considerably improved 
by applying models built from pyrolytic processes (Zhang et al., 2020).

The nutrients nitrogen and phosphorus are difficult to remove from the 
leachate by advanced oxidation processes. In contrast, the organic load can be 

Figure 14.9 Block diagram of NBI controller.

Figure 14.8 Proposed leachate treatment using robust models with minimization of 
associated variance and improvement of the proposed advanced oxidation treatment 
(pH, hydrogenionic potential; BOD, biochemical oxygen demand; COD, chemical oxygen 
demand; BOD/COD, recalcitrance ration; TOC, organic carbon total).
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easily removed by advanced oxidation processes, increasing the biodegradability 
of the leachate. The control of the leachate’s biodegradability can be applied 
to the cultivation of microalgae, which may be able to use nutrients that are 
difficult to remove using advanced oxidation processes. The bio oil generated 
from microalgae may, from optimized models, be used in machines, which 
could reduce the use of fossil fuels (Bhuana et al., 2020). The reduction of CO2 
released into the atmosphere would be considerably reduced by adding value 
to the waste.

Ordinary diesel from fossil fuels generates 96,440 kg of CO2/MJ of energy 
from the fuel. Fuels generated from pyrolysis of recyclable plastics generate an 
average of 20% less carbon dioxide than those released into the atmosphere 
(Joshi & Seay, 2019).

14.6 CONCLUSION
This chapter proposes the use of hybrid treatment processes to yield better results 
when they are associated with the construction of models and optimization 
using management tools. The characteristic of landfill leachate is quite complex 
and at the same time unstable. The need for models that predict these changes 
as input factors and, at the same time, the responses to be evaluated, can lead to 
better process generalizations with possible application in any type of landfill. 
These models can be subsequently optimized using the NBI algorithm. The 
transfer function can be used in controllers that might maintain the leachate 
treatment process, even under unstable conditions, within specification limits 
defined by the environmental agencies. The addition of value to the waste 
by applying management tools for the generation of biodiesel and bio oil is 
supported by a sustainability and social aspect.
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ABSTRACT

Landfill leachate contains a significant proportion of pollutants, organic matter, and 
heavy metals which negatively affect the surrounding ecosystem, groundwater, and soil. 
Leachate has the potential to generate energy and produce other valuable products such 
as biogas, bio-hydrogen, and microalgae for biofuel production. However, there is a need 
to explore various processes such as anaerobic digestion (AD), microbial processes for 
fuel cells, cultivation of microalgae, and extraction of heavy metals. On the basis of this, 
these processes have been explored to examine various valuable products that can be 
recovered from leachate and challenges related to these processes are also discussed. 
AD and microbial fuel cells are processes that tend to produce energy sources such as 
biomethane and electricity, respectively. Similarly, the cultivation of microalgae in leachate 
is the main source to capture carbon dioxide gas to a great extent. These processes aim 
to recover energy and other chemical products further can be developed in the future 
socially and economically.

Keywords: Leachate, resource recovery, emission mitigation, bioenergy

15.1 INTRODUCTION
Municipal solid waste (MSW) generation, which typically amounts to 2.2 billion 
metric tonnes per year, is growing continuously around the world as a result of 
fast industrialization and uncontrolled increase in population. Most nations favor 
landfills for the disposal of MSW due to the economic benefits and simplicity 
of operation (Wijekoon et  al., 2022). However, a huge amount of leachate is 
produced at the bottom of landfills attributable to the physicochemical and 
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biological changes that occur in MSW. Furthermore, these changes along with 
rainwater and waste moisture result in leachate formation which is a serious 
issue nowadays (Bakonyi et al., 2019). Hazardous substances found in leachate 
include heavy metals (Al, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb and Zn) (Martínez-
Ruiz et  al., 2022), inorganic macro-pollutants (Ca2+, Mg2+, Na+, K+, NH4+, 
Fe2+, Cl− and SO4

2−), halogenated compounds, phenols, organic compounds, 
pesticides, and other micropollutants. These hazardous compounds get mixed 
with groundwater, polluting it and near-surface water bodies (Bakonyi et al., 
2019), because engineered landfills are preferred to avert infiltration of leachate 
to groundwater (Martínez-Ruiz et al., 2022). But usually underdeveloped and 
developing countries have opted for non-engineered landfills and open dumps, 
which have a severe effect on living beings (Wijekoon et al., 2022). As shown in 
Figure 15.1, 33% of total MSW (which is maximum) disposed into open dumps 
and only 11% to engineered landfills, which signifies that more awareness is 
required to avoid disposal of MSW in open areas. In addition, the composition 
of leachate varies depending on where it is produced. For example, leachate 
produced in Africa would be different from leachate produced in Asian or 
American countries due to their disparate waste production, cultural practices, 
weather patterns, geographic differences, and regulations (Martínez-Ruiz et al., 
2022). Leachate quality is also affected by its properties such as chemical oxygen 
demand (COD), biological oxygen demand (BOD), suspended solids (SSs), pH, 
and ammonia content. However, environmental factors including the amount of 
rainfall, infiltration, and surface run-off have a significant impact on leachate 
quantity (Abuabdou et  al., 2020). The composition of leachate depends on 
MSW type, age of landfill, and site hydrology. Generally, high concentration 
of ammonia-nitrogen (1,000–3,000 mg/L), COD (10,000–70,000 mg/L) (Gu 
et al., 2019), and low BOD5/COD ratio (<0.1) are found in leachate. Among all 
pollutants, ammonia-nitrogen is one of the important pollutants as it causes 
nitrification and depletes dissolved oxygen resulting in toxic effects on living 
organisms and also increasing chlorine demand for sterilization treatment 
(Kurniawan et al., 2021). However, recovery of these pollutants (organic matter 
and ammonia-nitrogen) will be valuable from an economic point of view as 

Figure 15.1 Global production of MSW and its sources.
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bioenergy (biomethane, biohydrogen, and microbial fuel cells (MFCs)) can be 
obtained from organic matter, fertilizers recovered from humid substance (Gu 
et al., 2019), and ammonia recovered from ammonia-nitrogen, which is important 
due to its industrial and commercial applications (Zico et al., 2021). Therefore, 
treatment of leachate is required before its final disposal. For landfill leachate 
treatment, many biological and physicochemical approaches are preferred. 
Physicochemical techniques such as coagulation/flocculation, adsorption, 
chemical oxidation, chemical precipitation, air stripping, and filtration are used. 
Similar to this, biological methods such as aerobic and anaerobic treatment 
or some methods to improve fundamental processes of these methods play a 
significant role in recovering organic matter and nitrogenous contaminants 
(Wijekoon et al., 2022). Common methods used for treatment are air stripping, 
nitrification–denitrification, and struvite precipitation. Volatile compounds 
from leachate get transferred to air due to intensive contact between leachate 
and air during air stripping methods. Nitrosomonas bacteria are used to convert 
ammonium ions into nitrite to nitrate and clostridium or pseudonymous bacteria 
to convert that nitrate to nitrogen gas during nitrification–denitrification. 
Struvite precipitation is used for recovery of phosphorous. But these techniques 
have a severe impact on environment and loss of valuable resources such as 
the release of nitrogen gas into atmosphere, volatile compounds mixed with 
air, wastage of ammonia, and so on. To remove ammonia and hydrogen sulfide, 
membrane-based treatment is an efficient technique. When an ammonia-rich 
nutrient solution is passed through a microporous hydrophobic membrane, the 
resulting products are absorbed by an absorbing solution (such as sulfuric acid), 
and valuable products are then recovered, such as sulfate ammonium (Zico 
et  al., 2021). Another efficient method for removing refractory contaminants 
from leachate is adsorption (Kurniawan et al., 2021). It is a simple operational, 
cost-effective, and less energy consumption method in which via electrostatic 
interactions, the dispersive force between π-electrons of absorbent and 
absorbates or hydrophobic interactions, targeted pollutants get relocated 
from liquid surface to solid surface. Due to its vast surface area, reactivity, 
and inexpensive, activated carbon is considered a superb absorbent material 
(Kurniawan et  al. 2021). Above-discussed methods possess some challenges 
either in terms of cost or environmental impacts such as additional additives, 
poor removal performance, and secondary emissions. Therefore, other methods 
such as anaerobic digestion (AD), MFCs, and treatment with microalgae or 
macroalgae are used to overcome these challenges and recover the energy from 
the leachate (Saleem et al., 2022). AD is an environmentally friendly method 
for producing cleaner energy by biological conversion of organic matter. MSW 
leachate proved as a favorable for co-digestion in AD and provides an optimistic 
condition by improving buffering capacity due to high ammonium nitrogen 
concentration and enhancing the stable supply of nutrients for anaerobic bacteria 
due to the presence of trace metals. MFC is another effective approach toward 
COD and ammonium removal from leachate with the efficiency of ∼97 and 
98%, respectively, with an algae cathode. MFC not just helps in removing the 
pollutant but also generates energy with the benefits of higher energy conversion. 
Secondary pollutants have some setbacks such as large internal resistance, low 
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output power, and no storage for electrical energy (the energy has to be utilized 
as soon as it is generated, otherwise it would be wasted) (Feng et al., 2020).

15.2 CHARACTERIZATION OF LANDFILL LEACHATE
Leachate from landfills is characterized using a number of variables, including 
pH, ammonia, heavy metals, COD, total organic carbon (TOC), BOD, and 
SSs. BOD to COD ratio and COD to TOC ratio are popular indicators of the 
degradability of organic compounds and the conditions of oxidized carbon. 
Several variables impact the quality of landfill leachate including trash type, 
operational parameters, weather, groundwater study, and landfill maturity 
(Dabaghian et  al., 2018). Changes in waste content and water content, as 
well as temperature and rainfall throughout the year, have a major impact on 
the toxicity and appearance of landfill leachate (Costa et  al., 2019). Due to 
high temperatures in summers, a drop in dissolved organic carbon and COD 
is observed, whereas winters result in an increase in pH, total nitrogen, and 
electrical conductivity of leachate. By contrast, there is little to no seasonal 
fluctuation in oxidation–reduction potential or amounts of metals and total 
or volatile SSs (Zhao et  al., 2013). Higher values in summer for the ratio 
of absorbance at 254 nm to total organic carbon concentration (specific 
ultraviolet absorbance at 254 nm (SUVA254)) suggest greater aromaticity in 
landfill leachate than values in winter (Yang et al., 2019). Due to the increased 
effectiveness of biodegradation in landfills when temperatures are higher, 
aromatic structures make up a larger percentage of the dissolved organic 
matter (DOM) found in leachate throughout the summer. The composition 
and characteristics of landfill leachate are significantly influenced by the age 
of the landfill. Leachate can be divided into three kinds based on the age of 
the waste (Miao et al., 2019). Hydrophilic organic matter with low molecular 
weight, high biodegradability index (BOD/COD), and low pH are the major 
constituents of fresh landfill leachate. In contrast, leachate from abandoned 
landfills is predominately made up of humic acid (HA) and fulvic acid (FA) with 
high molecular weights, which causes a high pH and a low biodegradability 
index. Notably, when pH increases with age, the concentration of heavy metals 
decreases as the metals become less soluble. DOM can be split into discrete 
fractions according on various criteria, and these fractions respond differently 
to various therapies. DOM fractions are categorized as chromophoric DOM 
(CDOM) and fluorescent DOM (FDOM) based on their fluorescence emittance 
(Helms et  al., 2008). The high UV and visible light absorption of CDOM 
contributes to the overall DOM’s dark hue in solution (Lozinski et al., 2019). 
However, FDOM only comprises a fraction of the overall DOM. A combination 
of XAD-8 resin and cation exchange resin is used to extract the HA, FA, and 
hydrophilic fractions from landfill leachate DOM because of their different 
solubilities in various solvents (Zhang et al., 2013). In addition, landfill leachate 
can be separated into four parts depending on hydrophobicity by employing the 
XAD-8 resin method: hydrophilic component, hydrophobic base, hydrophobic 
neutral, and hydrophobic acid (He et al., 2016). Table 15.1 depicts the overview 
of techniques used to analyze different characteristics of leachate.
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The aromatic moieties present in the hydrophobic fraction of DOM have been 
shown to contribute to generation of disinfection by-products as chlorination 
takes place (Korshin et al., 2007). Biodegradable and non-biodegradable DOM 
fragments can be distinguished. The non-biodegradable fractions are composed 
of mostly humic substances formed by the condensation and polymerization 
of microbial breakdown by-products (Iskander et al., 2018). On the contrary, 
biodegradable organic matter generally arises from the early stages of degradation 

Table 15.1 Techniques used for the characterization of leachate.

Techniques Components Relevance Reference

Basic 
characteristics

BOD Quantity of organic 
substance capable of being 
reduced

Babuponnusami and 
Muthukumar (2014)

COD Quantity of all 
biodegradable materials

Wang et al. (2015)

BOD5/COD Biodegradability indicator Liu et al. (2020)

TOC Quantity of all carbon-
containing chemical 
compounds

Zhang et al. (2020)

Ammonium, 
TKN, TON

Variables that reveal the 
nitrogen content.

Santos et al. (2018)

Procedures 
based on 
molecular 
weight

Cut-offs for 
membranes 
and suspended 
materials

As a measure of 
sedimentation efficiency, 
the rate at which 
membranes of varying 
molecular weights cross 
one another is used.

Oloibiri et al. (2017)

Structured 
analytic 
methods

Analysis of 
the elements, 
FT-ICR MS, 
1H, 15N, and 
13C NMR

Different H-type, N-type, 
and C-type functional 
groups can be determined 
using elemental analysis 
and the H/C, O/C, and 
N/C ratios to accurately 
identify elements and 
their combinations.

Xiaoli et al. (2008)

Strategies 
based on 
spectroscopy

UV-Vis 
spectroscopy

Aromaticity and 
hydrophobicity.

Yan et al. (2018)

FTIR 
spectroscopy

Characteristic peaks can 
be used to identify various 
functional categories.

Wang et al. (2017)

Fluorescence 
spectroscopy

Independent groups of 
fluorescent components.

Ishii & Boyer (2012)

2D-COS 
spectroscopy

To determine the exact 
ordering and relative 
orientations of spectrum 
shifts caused by an 
external perturbation.

Teng et al. (2020)
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of organic solid waste. On the contrary, biodegradable organic matter derives 
mostly from the first stages of decay of organic solid waste. This portion is made 
up of molecules that are all just linked together by carbon atoms, and it can be 
easily filtered by biological treatment methods. Emerging organic contaminants 
(EOCs) such as organic contaminants, endocannabinoid chemical products, 
medicinal and personal care products, antibiotic resistance genes (ARGs) 
and disinfection by-products, which have high prevalence in landfill leachate 
and adverse impacts on the environment and human health have garnered a 
lot of attention in recent years. Different types of microplastics in the range of 
0.42–24.58 items/L were found in landfill leachate (He et al., 2019). In addition, 
phenolic chemicals, such as bisphenol A and 2,4-di-test-butyl phenol, were 
commonly found at extremely high levels (>10 mg/L) in landfill leachate (Aziz 
et  al., 2018). Antibiotics, non-steroidal anti-inflammatory drugs, stimulants, 
and beta-blockers are just some of the 172 pharmaceutical and personal care 
products found in landfill leachate around the world in the last two decades (Yu 
et al., 2020). Furthermore, landfill leachate is regarded as an antibiotic resistance 
reservoir due to the presence of significant amount of ARGs. As landfill leachate 
is a major source of EOCs, it must be properly treated.

15.3 RESOURCE AND ENERGY RECOVERY TECHNIQUES FROM 
LANDFILL LEACHATE
15.3.1 Microbial fuel cells
An MFC is a type of bio-electrochemical system that removes different types 
of substrates from leachate and generates electricity from the combinations 
of biological and electrochemical technologies (Feng et  al., 2020). In MFCs, 
anaerobic reaction of organic substance (e− donor) occurs at anode compartment 
by variety of microorganisms; electrons and protons produced from this process 
will transfer to the cathode chamber either indirectly via mediators or directly 
(electroactive bacteria) as depicted in Figure 15.2. Compared to an aerobic-
activated sludge process, production is 2.4–24.6 times less in MFCs. Due to the 
high organic content of MFCs and the presence of inorganic metals, landfill 
leachate offers a possible fuel source and is found to have strong electrical 
conductivity, which could boost power output (Elmaadawy et  al., 2020). 
Another important factor is the material of electrode used in MFCs, as open 
circuit voltage (OCV) depends on it. Carbon cloth is the most common material 
used for anode through which maximum OCV is achieved and for the same 
leachate condition, a pyrrhotite cathode MFC achieves more OCV compared 
to graphite cathode (Cheng et al., 2022). 

15.3.2 Nutrition removal
15.3.2.1 Carbon removal
Exoelectrogen bacteria are normally used for microbial metabolism serving as 
electron donors at the anode and generating electrons by oxidizing organic 
and inorganic matter to anode electrode exogenously serving as electron 
acceptors as depicted in equation (15.1). Protons infiltrate from the separator 
to the cathode chamber, where they interact with terminal electron acceptors, 
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while electrons move from the anode to the cathode electrode along the electric 
circuit as shown in equation (15.2):

CH COO H O HCO H e3 2 34 2 9 8− − + −+ → + +  (15.1)

O H e H O2 24 4 2+ + →+ −
 (15.2)

15.3.2.2 Nitrogen removal
Landfill leachate consists of N2 in several forms such as ammonium ion, NH3, 
nitrite, N2, and nitrate. A conventional method via bacteria (aerobic autotrophic 
bacteria) converts aerobically ammonia nitrogen (NH4-N) to nitrite (NO2

−-N) 
and then to nitrate nitrogen (NO3

−-N) as depicted in equations (15.3) and (15.4):

2 3 2 2 44 2 2 2NH O NO H O H+ − ++ → + +  (15.3)

2 22 2 3NO O NO− −+ →  (15.4)

Furthermore, the denitrification process takes place in which, the reduction 
of nitrate to nitrite, nitrous oxide, nitric oxide, and ultimately to N2 by 
heterotrophic bacteria occurs using organic carbon in the absence of dissolved 
oxygen (equation (15.5)). Other methods can be carried out either at the anode 
or cathode electrode during the bio-electrochemical denitrification process. 

Figure 15.2 Function and advantages of microbial fuel cell.
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Heterotrophic nitrification occurs in the anode chamber under anaerobic 
circumstances as nitrate from nitrification (aerobic) is transferred from the 
cathode to the anode through an anion exchange membrane (equation (15.5)):

5 28 14 30 286 6 3 2 2 2C H O NO N CO OH H O+ → + + +− −
 (15.5)

15.3.2.3 Phosphorous removal
Electrochemical precipitation as struvite or magnesium ammonium phosphate 
hexahydrate (MgNH4PO4·6H2O) in the cathode chamber is used for removal of 
phosphorous in MFCs. Alkaline pH (8–10) is the optimal operating conditions 
of MFCs; this pH is induced from oxidation–reduction reaction that took 
place near the cathode. The agglomeration of struvite crystals is limited by 
insufficient levels of Ca2+ and Mg2+ cations. To increase the struvite formation, 
pH of the cathode is increased using an external power supply (Elmaadawy 
et al., 2020).

15.4 AD OF LEACHATE FOR BIOGAS PRODUCTION
Landfilling is an affordable and quickly adopted technique for managing solid 
waste; however, it also has environmental drawbacks including managing 
leachate (Yarimtepe & Oz, 2015). Landfill leachate, which is wastewater 
made up primarily of organic matter that results from trash percolation, 
can be a useful resource for the production of electricity (Oz & Yarimtepe, 
2014). Various treatment techniques have been used to treat leachate and gain 
substantial benefits including low energy usage, production of biogas, and 
others (Yarimtepe & Oz, 2015).

Rapid exploitation of conventional energy resources has intended to uncover 
the potential of renewable energy sources. Leachate tends to lessen greenhouse 
gas emissions from landfills while still having the potential to provide energy in 
the form of gas through biological processes including AD and dark fermentation 
to produce methane and hydrogen, respectively. The degradation of organic 
compounds by anaerobic microorganisms under dark fermentation in leachate 
for biogas production depends on the characteristics of waste landfill leachate 
components, their fermentation, reactor design, and co-fermentation of organic 
biomass in leachate. The available technologies include chemical oxidation, 
reverse osmosis, coagulation and flocculation, adsorption, and so on (Bakonyi 
et al., 2019; Yang et al., 2022). Leachate has been reportedly used as a suitable 
substrate in AD with notable biomethane potential (Ma et al., 2018). Figure 15.3 
depicts the steps involved in anaerobic degradation of organic matter. Various 
green treatment schemes are available to ensure sustainability as the emphasis 
has been laid on reducing environmental footprint and feasible resource 
recovery. Microalgae-based treatment is one such technique that helps to 
utilize the nutrients from leachate which leads to further purification (Ali et al., 
2021). To enhance biogas production, the age of leachate also plays a vital role. 
The new leachate has a high amount of contamination with active acidogenic 
reactions, whereas old leachate is more stabilized. As COD determines the 
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organic strength of leachate, new leachate has a COD value extending up to 
even hundreds of thousands (mg/L) determined by waste composition. Studies 
conducted on different blends and recirculation ratios to improve methane yield 
showed that biogas production can be improved by recirculating old leachate 
with new blended leachate (Aromolaran & Sartaj, 2021). Volatile fatty acids 
(VFAs) are viewed as promising ingredients for manufacturing sustainable 
biofuels through an anaerobic route, in addition to the generation of biogas 
from leachate by AD. Figure 15.4 shows the schematic flow of obtaining end 
products through processes involved in single- and two-stage AD. With the 
growing concerns about energy crisis and environmental pollution, using 
cheap and readily available feedstock is a promising alternative. Research has 
been carried out to assess the impact of parameters such as pH, the effect of 

Figure 15.3 Anaerobic degradation of organic matters.

Figure 15.4 Schematic diagram of two-stage AD process.

Downloaded from http://iwa.silverchair.com/ebooks/book-pdf/1290638/wio9781789063318.pdf
by guest
on 20 April 2024



354 Landfill Leachate Management

loading rate on COD, and so on (Begum et al., 2018). To enhance biogas yield, 
various pre-treatment methods before the anaerobic process are also used, 
which enhances the degradation of complex organic matter, thereby ensuring 
higher methane content. Ultrasound pre-treatment is one such method that 
has been analyzed for its effect on parameters such as turbidity, soluble COD, 
SS concentration, and so on. Ultrasound pre-treatment performed at different 
ultra-sonication durations increases the soluble COD because of high cavitation 
energy. The organic matter solubilization was determined by calculating the 
ratio of soluble COD to total COD. For various energy inputs, the total COD 
was essentially steady, but the ratio increased.

According to reports, particulate COD is converted into soluble COD when 
low-frequency ultrasound is applied, boosting the solubilization by 2–35%. Due 
to the application of ultrasound energy, the disintegration of SSs was observed, 
marking an increase in turbidity, approximately two times higher. Although 
disintegration of suspended particles reduces particle size and increases soluble 
COD removal with the reduction in concentration of SSs, it ameliorates AD, 
which is indicated by an enhanced biogas yield. With the above-mentioned 
effects, conclusion can be drawn that ultrasound can enhance the production 
of biogas with a higher methane content (Oz & Yarimtepe, 2014). An anaerobic 
membrane bioreactor (AnMBR), which functions in the absence of oxygen 
and utilizes a membrane for solid–liquid separation, is another type of 
treatment procedure. It combines the advantages of anaerobic processes and 
membrane technology. One of the benefits of AnMBR is biogas production. 
Further ensuring overall performance of AnMBR in terms of economic and 
commercial viability is an efficient methane recovery. Biogas production rate 
depends on the retention of methanogenic bacteria by controlling solid and 
hydraulic retention time. The composition of methane from AnMBR is ∼80%, 
directly proportional to the organic loading rate. The recovery of methane 
from AnMBR poses a challenging issue due to the solubility of methane in 
the effluent, which is significantly affected by operational time. Compared to a 
conventional biogas plant, which has a methane content of ∼70%, AnMBR has 
a methane content in the range of 70–90% with nitrogen (0–15%) and carbon 
dioxide (3–15%). The biogas yield is increased by the thermophilic AnMBR’s 
quick reaction time and high loading rate. Polluted biogas can occasionally be 
produced by landfill leachate that contains high levels of organic contaminants, 
particularly ammonia. Another critical issue is the varying composition of 
refractory compounds in landfill leachate, making sustainability of overall 
process uncertain (Abuabdou et  al., 2020). Studies also reported that air 
injection in aerobic bioreactors could increase the pH of leachate by quickly 
decomposing acid products. By enhancing leachate quality, it speeds up waste 
degradation and creates a window for biogas to electricity conversion. Hybrid 
bioreactor systems that apply both aerobic and anaerobic approaches have also 
been proposed in studies. The aeration affects the composition of biogas as 
high methane content was observed from hybrid bioreactors. The temporary 
aeration also increased alkalinity (Bonu et al., 2022; Xu et al., 2015)(Figure 
15.5 shows the parameters affecting AnMBR process efficiency in terms of end 
product efficiency (Table 15.2).
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Figure 15.5 Factors affecting the performance of AnMBR process (source: Bonu et al., 2022).

Table 15.2 Studies on leachate treatment by AD.

Reference Sample 
Collection

Method Result

Yarimtepe 
and Oz 
(2015)

Leachate 
treatment 
system, Istanbul 
Environmental 
Management 
in Industry & 
Trade

AD in 
integration 
with low-
frequency 
ultrasound

A considerable rise in soluble COD 
content was observed, that further 
enhanced the biogas and methane 
yield as compared to control 
reactors.

Aromolaran 
and Sartaj 
(2021)

Local landfill 
site, Moose 
Creek, ON, 
Canada

AD through 
recirculation 
of blended 
leachate

Enhanced biogas production 
through recirculating leachate 
blended with old leachate. In 
comparison with control reactor 
recirculating only young leachate, 
biogas production increased 
between 77.2 and 193.2% when a 
blend of 1N2O (1 new and 2 old 
leachate parts) is used.

Begum 
et al. (2018)

Municipal 
landfill 
dumpsite, 
Hyderabad

Single- and 
two-stage 
AD process 
to study the 
influence of 
pH and initial 
organic load 
(IOL) on VFAs

A 21% rise in COD removal in both 
two-stage AD. CH4 yields in single- 
and two-stage were AD between 
0.21 and 0.34 L CH4/(g COD 
removed) and 0.2 and 0.32 L CH4/
(g COD removed), respectively. 
VFA yield with varying pH and 
IOL was in the range of 0.26–
0.36 g VFA/(g COD removed).

Abuabdou 
et al. (2020)

Local landfill 
dumpsite

Use an AnMBR Biogas production from AnMBR 
contains a methane content of 80%.

Xu et al. 
(2015)

Shenzhen 
University 
Town, China

AD with hybrid 
bioreactors 
(both aerobic 
and anaerobic 
ways)

High methane content (>60%) 
was observed from aerated hybrid 
bioreactors.
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15.5 CHALLENGES AND FUTURE PERSPECTIVE OF ENERGY 
RECOVERY FROM LANDFILL LEACHATE
Most energy production is dependent on fossil fuels such as petroleum, coal, 
and natural gas. However, usage of renewable energy has been implemented 
for replacing these conventional fuels. In contrast, bioenergy is eco-friendly 
and involved or generated by converting waste into energy and other valuable 
products. Currently, the high potential of waste and leachate is the main 
concern of research in which various valuable nutrients are recovered from 
biodegradable waste by AD. Although AD is a promising and sustainable 
approach to recovering energy in the form of biomethane from leachate, this 
area of research is still underdeveloped. Additional research on energy and 
nutrient recovery from leachate is required to be carried out on a lab scale 
and large scale. There are several challenges such as the concentration of 
leachate, trace elements, C/N ratio, and pH which are the major barriers to 
implementing AD for leachate treatment. Also, mono-digestion of leachate is 
difficult due to concerns related to stability of AD, inhibitors, and economic 
perspective. For this problem, co-digestion of different substrates with leachate 
may help utilize waste and produce energy (Liu et  al., 2022). On leachate, 
research should be conducted to extract nitrogen, potassium, and phosphorus 
using different methods such as chemical crystallization and cultivation of 
microalgae. The economic and technical perspectives should be considered for 
further research before implementing this whole process for leachate treatment. 
On the contrary, there are some studies on MFCs that have been investigated 
by several researchers. In MFCs, leachate is supplied in cells and nutrients are 
utilized for directly generating electricity. However, some barriers also exist for 
using it in MFCs including need of pre-treatment, inhibitors, instability, high 
internal resistances, fouling of membrane, and low growth rate of microbes. 
These challenges need to be addressed during the use of leachate in MFCs (Do 
et al., 2018; Feng et al., 2020). Additionally, the economics of leachate usage for 
energy and resource recovery will be a barrier, but it will be beneficial if energy 
recovery, reduced environmental degradation, and utilization of leachate are 
considered. Still, there are numerous parameters that will hinder the processes 
used for energy and nutrient recovery from leachate (Gu et  al., 2019). Also, 
researchers can work on an integrated system of MSW and leachate for proper 
utilization of waste for generating energy. This integrated system will mitigate 
emission of leachate and create new opportunities for young professionals and 
local people.

15.6 CONCLUSION
As reported, many pollutants, including dissolved organic and inorganic 
pollutants, heavy metals, and other NH3-producing chemicals, are present in 
landfill leachate and have an adverse effect on the ecosystem and living organisms. 
There are numerous techniques such as AD, MFCs, microalgae production, and 
resource recovery methods which tend to utilize leachate for valuable assets. 
The performance of AD processes can be increased when different types of 
membranes are used. Additionally, carbonation and ammonia may be used for 
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removal of calcium from leachate and recovery of NH3 simultaneously. On the 
contrary, MFCs are a better approach to nutrient removal from leachate as 
they increase the removal efficiency as well as generate electricity. However, 
it is reported that the performance of MFCs depends on quality, age, and 
source of leachate. There is a recommendation for an integrated system that 
should be applied for recovery from both MSW and leachate. This proposed 
integrated system has numerous advantages such as proper utilization of waste 
(including leachate), and environmental and economic benefits as compared to 
traditional processes of leachate. There are various ways to use landfill leachate 
for industrial and commercial purposes that can provide leachate management 
that is sustainable. It also reported that energy and resource recovery from 
leachate will support landfill management because utilization of leachate for 
generating energy will provide economic benefits to involved governments and 
industries. However, it will require an initial investment and other expenses 
and the feasibility of processes that will be used.
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ABSTRACT

Landfill and plant species have a symbiotic relation; nutrient-rich leachate supports 
plant growth, whereas plants absorb heavy metals from landfills and accumulate them 
in different parts, reducing leaching of heavy metals. Thus, the current study aims to 
understand how nutrient-rich leachate obtained from the Gazipur landfill supports the 
growth of Indian marigold (Tagetes erecta L.) by comparing the growth observed in 
stem height, leaf width, leaf length, root length, and chlorophyll content when treated 
with raw leachate, inorganic fertilizers and under controlled conditions. Furthermore, 
marigold was used for remediating landfill soil under three treatment conditions. It was 
observed that the order of growth in marigold follows control > leachate > inorganic 
fertilizers. However, the chlorophyll content follows the order leachate > inorganic 
fertilizer > control; thus, plants are more productive when treatments are applied. When 
the number of flowers is compared, maximum number of flowers is produced in the 
presence of leachate. When total metal removal is considered, maximum remediation 
observed is of the order leachate > control > inorganic fertilizers; this can be attributed 
to the root length which is the least in the case of inorganic fertilizers. Furthermore, 
it was also observed that heavy metal accumulation is least in marigold flowers, thus 
application of leachate makes the use of marigold flowers safer in comparison with other 
treatments. Finally, the economic potential of the three treatments is evaluated with 
refund values of 5.702, 5.165, and 5.09 for marigolds grown in leachate, with fertilizers and 
under control conditions, respectively. The chapter will be a value-add for policymakers 
in ensuring sustainable development by minimizing the production of chemical, toxic, 
and hazardous waste.

Keywords: Landfill leachate, marigold, phytoremediation, growth and economy.

Chapter 16

Efficient and economical 
landfill leachate management 
with phytoremediation
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16.1 INTRODUCTION
Leachates are results of various waste decomposing processes taking place in a 
landfill. They are highly enriched in various organic and inorganic compounds 
such as chloride, sulfate, calcium, magnesium, pesticides, polychlorinated 
biphenyls, dioxins, humic/fulvic acids, and metals such as arsenic, lead, 
chromium, cadmium, nickel, and so on (Bhagwat et al., 2021). Besides being 
rich in toxic chemicals, they can also be rich in organic matters such as nitrogen, 
phosphorous, potassium (NPK), carbon, and trace metals used as biofertilizers 
(Romero et al., 2013; Sanadi et al., 2019). Thus, landfill leachate supports the 
growth of various plant species such as sugarcane, hemp, sunflower, marigold, 
and so on (Abrile et al., 2021; Bhagwat et al., 2023; Kalousek et al., 2020a; 
Kalousek et al., 2020b; Shaarani et  al., 2019). Landfills and plant species 
have a symbiotic relation; the nutrient-rich leachate supports the growth and 
development of plant species, whereas the plants grown absorb heavy metals 
from landfills and accumulate them in different parts and help in reducing the 
leaching of heavy metals in the leachate.

Thus, several studies have focused on remediating heavy metals from 
contaminated soil using different plant species. Abbas et  al. (2019) tested 
the removal of heavy metals from landfill leachate with aquatic plants such 
as water hyacinth and water lettuce over 15 days and found that these plants 
are good candidates for removing Zn, Fe, and Pb. Furthermore, Awan et al. 
(2020) observed that marigold is the best choice for the remediation of 
Zn-contaminated water. Madanan et al. (2021) used marigold for removing 
heavy metals from landfill leachate and found that marigold is a good 
candidate for phytoextraction of Zn and Cd but not for Pb. Barasarathi 
et  al. (2022) used four ornamental plant species, Cordyline fruticosa, 
Duranta variegated, Tradescantia spathacea, and Chlorophytum comosum 
for phytoremediation of leachate-contaminated soil in Malaysia and found 
that C. fruticosa has the highest potential toward heavy metal uptake. Even 
though studies have shown phytoremediation as an efficient method for soil 
remediation, its field applicability still needs to be evaluated. Włóka et al. 
(2019) pointed out that the cost of growing plants for phytoremediation 
is many times higher than the income generated by selling the biomass; 
thus, it becomes important to assess the economy and efficiency of the 
phytoremediation process.

As marigolds showed the potential for removing more than one heavy metal 
under different experimental conditions, the Indian marigold (Tagetes erecta L.) 
is considered the best choice for remediating the leachate produced from the 
Gazipur landfill site. Additionally, it has a short life cycle (50–60 days), a rapid 
and well-grown root system, and can quickly grow in laterite soil (Goswami & 
Das, 2017). Marigolds can quickly grow on nutrient-deprived soils and show 
quick heavy metal uptake in their initial growth phases (Choudhury et  al., 
2016). Furthermore, marigold flowers are considered aesthetic and used for 
worship and other religious purposes in India, as natural coloring agents and 
hedges in gardens and farms for attracting pollinators, increasing their market 
demand and economic value.
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The current study was thus undertaken with the following objectives:

(i) To assess the phytoremediation potential of Indian marigolds.
(ii) To evaluate the growth potential of Indian marigolds when treated with 

landfill leachate, fertilizers, and under natural (control) conditions.
(iii) Comparative analysis of the economic potential of marigold when 

treated with landfill leachate, fertilizers, and under natural (control) 
condition.

The study will be particularly useful for policymakers in ensuring sustainable 
development goal 6: ‘Clean water and sanitation.’ By eliminating dumping, 
minimizing the production of chemical, toxic, and hazardous waste, reduced 
proportion of untreated wastewater, and increased safe recycling and reuse can 
improve water quality by 2030.

16.2 MATERIALS AND METHODS
16.2.1 Experimental setup
Indian marigolds (T. erecta L.) were selected for experiments. Two to three 
plantlets of marigold were first allowed to acclimatize into pots of dimensions 
10 × 10 × 12 cm3. Plants were grown for 14 days in hydroponic culture, under 
controlled conditions of the cultivation room. The average temperature was 
25°C at day/22°C at night; relative humidity was 55–65%. The photoperiod was 
14 h a day and night with average sunshine hours of 12 h/day.

The pot experiments were performed at the National Institute of Hydrology, 
Roorkee, India. The sapling of 5–10 cm in length was sown in undistributed 
evenly mixed alluvial soil collected from the campus. All the debris and 
impurities were carefully removed before filling the pots with soil. An 8 kg 
pot was filled with soil, and plant sapling was sown in the marigold growing 
period from 18 November 2020 to February 15, 2021 (i.e., ∼84 days). The soil 
was treated with different concentrations of landfill leachate every week (Table 
16.1). The control samples were treated with distilled water (DW) only. There 
are three treatments with three replicates each, that is, a total of nine pot 
treatments (Table 16.1). Daily growth parameters such as shoot height, leafs 

Table 16.1 Detailed description of the three treatment procedures namely: (a) raw 
leachate, (b) inorganic fertilizers, and (c) control conditions.

Treatment No. of 
Replicates

Details of 
Treatments

Analysis

100% raw 
leachate

3 100% raw leachate Chlorophyll quantification, root 
shoot, and leaf length and diameter

100% inorganic 
fertilizers

3 Inorganic fertilizers 
(NPK) + 100% DW

Chlorophyll quantification, root 
shoot, and leaf length and diameter

Control 3 100% DW (control) Chlorophyll quantification, root 
shoot, and leaf length and diameter
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height and width, stem diameter, and the number of buds and flowers were 
observed and recorded.

16.2.2 Determination of growth parameters
For evaluating the growth in the plant, stem height, leaf length, leaf width, 
root length, and the number of flowers were calculated. The total height was 
measured from the base of the stem to the top of the apical bud and the total 
growth in the stem was calculated using the below equation:

Stem height Total Height of the plant Transplanted Height= −  (16.1)

For the measurement of leaf length and leaf width, the leaves of the plants from 
the experimental variants were measured with a vernier caliper. The number 
of flowers is calculated by counting the number of flowers the marigold bears 
every 5 days considering the life of the flower to be 5 days. The root length of 
the plants for each treatment is observed at the end of the growth period, that 
is, 184 days.

16.2.3 Analysis of chlorophyll content
The leaves were homogenized and extracted with acetone. The content of 
chlorophylls a, b, and c in the extract was subsequently determined using a 
spectrophotometer (Hach, Mfg., USA) by measuring the absorbance of the 
extracts at wavelengths 663, 645, and 440 nm and calculating according to 
Sang et  al. (2010). From each experimental variant, one mixed sample was 
considered for analysis. The results presented are the average values of three 
independent repeats of the experiment:

(a) Ca = 11.85(absorbance 664) − 1.54(absorbance 647) − 0.08(absorbance 630)
(b) Cb = 21.03(absorbance 647) − 5.43(absorbance 664) − 2.66(absorbance 630)
(c) Cc = 24.52(absorbance 630) − 7.60(absorbance 647) − 1.67(absorbance 664)

where Ca, Cb, and Cc are the concentrations of chlorophylls a, b, and c, 
respectively, mg/L, and absorbance 664, 647, and 630 are the corrected optical 
densities (with a 1 cm light path) at the respective wavelengths.

After determining the concentration of pigment in the extract, calculate 
the amount of pigment per unit volume for the three types of chlorophylls 
given by:

Chlorophyll / / mg/m
/ / Extract volume L
Volume

3 a b ca b c
C C C

( )
( ) ( )

=
×
  of sample m( )3

 
(16.2)

16.2.4 Statistical analysis
All the heavy metal analysis was carried out in triplicates. Standard deviation is 
used for calculating the precision of data. One-way analysis of variance is used 
for analyzing the data with 95% confidence levels. Fisher’s least-significant 
difference post-hoc test is used for finding the variance in and between the 
groups. Minitab 17 is used for the analysis of data.
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16.3 PHYTOREMEDIATION
After the end of 14 weeks, the plants were harvested and stored in aluminum 
foils. The harvested plants were sorted into stems, leaves, and flowers and 
gently washed with tap water and air-dried, and the dry weight of biomass was 
determined. The samples are now considered for heavy metal analysis using 
complete acid digestion.

16.3.1 Heavy metal digestion
The heavy metal digestion in various parts of plants is carried out using the 
procedure suggested by Zehra et  al. (2020). A weight of 10 g of the sample 
(stem, leave, and flower) is taken and grounded finely (2 mm) with the help of 
a pestle and mortar. The sample was then transferred to a 100 mL beaker and 
subjected to acid digestion. In acid digestion, 10 mL HNO3 and DW of 1:1 is 
added and digested at a temperature of 95°C until the solution is reduced to 
half of its volume using a hot plate. Again, 5 mL HNO3 is added and heated 
until the volume is reduced to half. Then, 5 mL HCl is carefully added, and if 
white fumes appear, then again, 5 mL HCl is added and digested to half the 
volume. This makes the solution aqua regia (HNO3 + HCl) and helps in the fast 
digestion of the plant materials. After the volume is reduced to half, add 3 mL 
H2O2 (30%) and check for effervescence; this would indicate the presence of 
undigested plant material. This step is subsequently repeated until there is no 
visible effervescence. Then, 2 mL DW is added, and the sample is digested to 
half of its volume. Finally, after the digestion the sample is cooled and filtered 
through Whatman no. 42 filter paper; the final volume is makeup to 50 mL 
with DW.

16.4 ECONOMIC EVALUATION OF PHYTOREMEDIATION WITH 
MARIGOLD
The economic evolution of phytoremediation was based on the percentage 
refund factor (R) as proposed by Włóka et al. (2019). With the economic refund, 
a balance between annual costs and annual income is evaluated. The refund is 
calculated using the below equation:

Refund
Predicted Income
Estimated Cost

%( ) =
 

(16.3)

The predicted income includes the cost of soil remediation and the cost of selling 
the flowers/biomass, whereas the estimated cost of phytoremediation includes 
the cost of hiring manpower, the cost of transplantation of the marigold plant, 
and the cost of fertilizers.

16.5 RESULTS AND DISCUSSION
16.5.1 Growth parameters
For evaluating the efficiency of leachate in supporting the growth and 
development of the marigold plant, a comparative study is undertaken 
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where the growth parameters, namely shoot height, shoot girth, leaf length, 
leaf width, root length, chlorophyll content, and the number of flowers are 
compared among the plants treated with leachate, inorganic fertilizers, and 
the control, that is, where only tap water is used for growing the plants. The 
results of this comparative study are shown in Figure 16.1. In the initial 45 
days (before the harvest), the rate of increase in plant height is fastest when 
the marigold is treated with fertilizer, followed by the leachate, and least in 
the case of tap water. However, after 45 days, the maximum shoot height 
follows the order: control > leachate > fertilizer as shown in Table 16.2. In 
the case of growth in shoot girth, leaf length, and leaf width, during the first 
45 days before the flowering period, the growth pattern follows the order: 
leachate > fertilizer > control. However, after 45 days the order of growth 
becomes control > leachate > fertilizer. Thus, it is observed that the use of 
inorganic fertilizers accelerates the growth of the marigold in the initial period. 
However, the plants treated with fertilizers are dwarf on all parameters in 
comparison with their natural growth. For marigold plants treated with landfill 
leachate, although the plants are shorter in comparison with natural growth. 
However, the difference is not as significant as in the case of the growth 
observed with the inorganic fertilizer treatment.

Figure 16.1 Temporal changes in plant growth parameters: (a) shoot height, (b) shoot 
girth, (c) leaf length, and (d) leaf width.
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After completion of the harvest period, the marigold plants were taken 
out and their root lengths were measured to analyze the root development 
under different treatment conditions. The root length in the case of control is 
observed as 9 cm, in the case of treatment with landfill leachate 8.34 cm, and 
when treated with inorganic fertilizers 5.3 cm. This is because the plants are 
obtaining the essential nutrients through the application of inorganic fertilizers 
which hinders root development. In the case of landfill leachate, the essential 
nutrients nitrogen, phosphorous, and potassium are available but their quantity 
and forms are not always optimal for needs of plants, which impacts the 
development of roots of marigolds. It can be concluded that the application of 
fertilizers hinders the growth of roots and thus the plants do not hold the soil 
strongly to protect themselves against the strong winds and movement of stray 
animals which are very commonly found at landfills. Furthermore, shorter root 
length hinders the uptake of heavy metals from the landfill soil which is an 
essential objective of phytoremediation.

To understand the health of the marigold plant and its response to 
environmental factors, three types namely chlorophylls a, b, and c were 
calculated for the two sets of treatment and control; the values so obtained 
are given in Table 16.2. Chlorophyll a which is primary for photosynthesis 
is found to be 18.54, 16.21, and 12.02 µmol/m2 when treated with landfill 
leachate, inorganic fertilizers and under control conditions, respectively. Thus, 
the photosynthesis potential of marigolds increases when treated with leachate. 
Landfill leachates are loaded with heavy metals and thus various trace metals 
responsible for the creation of chlorophyll formation achieve their optimal 
value and enhance photosynthesis (Andresen et al., 2018).

On comparing chlorophyll b content in treatment with landfill leachate, 
inorganic fertilizers, and under control conditions, the values are 34.57, 24.52, 
and 12.57 µmol/m2, respectively. The increased chlorophyll b reflects that the 
addition of landfill leachate and fertilizers improves marigold efficiency to 
absorb a broader spectrum of sunlight and is more adaptive to grow in shade 
(Khaleghi et al., 2012). In addition to chlorophylls a and b, the non-essential 

Table 16.2 Growth parameters in marigold at the end of the experiment when treated 
with leachate, fertilizers, and control.

Parameters Leachate Inorganic Fertilizer Control

Shoot height 39.67 37.07 42.90

Shoot girth 8.68 8.34 8.74

Leaf length 6.9 6.53 6.88

Leaf width 1.67 1.77 1.82

Root length 8.34 5.3 9

Chlorophyll a 18.54 16.21 12.02

Chlorophyll b 34.57 24.52 12.57

Chlorophyll c 19.21 12.57 11.24

Number of flowers 345 324 314
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photosynthesis chlorophyll c, which is mostly found in algae (Ferroni et  al., 
2020), is also compared among the three treatments and the values are 19.21, 
12.57, and 11.24 µmol/m2 for the treatment with landfill leachate, fertilizer and 
as a control, respectively. The presence of high chlorophyll c represents the 
growth in algae in the flowering pot which is representative of over-watering. 
Thus, the water requirement for the growth of marigold is the least with landfill 
leachate in comparison with both inorganic fertilizers and natural conditions.

Marigold holds economic value because of their flowers. Marigold flowers 
hold aesthetic value, are used for worshipping at religious places, and are 
popular as raw material for manufacturing natural yellow dyes. Therefore, the 
total number of marigold flowers produced with each treatment in 105 days 
of the growing period is calculated as given in Table 16.2. The total number 
of flowers harvested during the growth period when treated with leachate, 
inorganic fertilizers, and control conditions are 345, 324, and 314, respectively.

16.5.2 Phytoremediation
To understand the effect of the treatment method on phytoremediation, 
landfill soil from the Gazipur landfill site with chemical characteristics given 
in Table  16.3 is subjected to phytoremediation with Indian marigold. Thus, 
the first pot is treated with 100 mL of leachate every week, to the second pot 

Table 16.3 Physico-chemical characteristics of landfill soil and leachate of Gazipur 
landfill site, New Delhi, India.

Sl. No. Parameter Soil Leachate

1 %Sand 60 –

2 %Silt 22 –

3 %Clay 18 –

4 Porosity 50.184 –

5 EC 1,600 µS 35,000 µS

6 pH 7.75 8.43

7 Ca2+ 211.63 ± 77.18 mg/kg 2,985.45 mg/L

8 Mg2+ 91.13 ± 23.27 mg/kg 932.275 mg/L

9 K+ 164.75 ± 88.29 mg/kg 419.917 mg/L

10 Na+ 225.70 ± 97.15 mg/kg 226.905 mg/L

11 HCO3
+ 944.64 ± 408.09 mg/kg 11,924 mg/L

12 %TOC 0.97 ± 0.12 mg/kg 1,277.6 mg/L

13 As 0.006921 mg/kg 0.181035 mg/L

14 Cd 0.757 mg/kg 0.642 mg/L

15 Cr 0.632 mg/kg 1.300 mg/L

16 Pb 0.856 mg/kg 4.659 mg/L

17 Ni 0.038 mg/kg 0.517 mg/L

18 Zn 0.448 mg/kg 0.650 mg/L
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100 mL of inorganic fertilizer is added every week, and the third pot was under 
control conditions. At the end of the harvest period, heavy metal accumulation 
in different parts of the marigold, that is, roots, stem, leaves, and flowers were 
evaluated and the results are given in Table 16.4.

The result shows that the chromium absorption both in the areal and root is 
maximum when treated with leachate followed by marigold accumulation under 
control conditions and the one treated with fertilizers has lower developed 
roots and shoots leading to lower accumulation of chromium. The cumulative 
lead accumulation of 103.27, 26.18, and 50.56 mg/kg is reported when treated 
with landfill leachate, fertilizers, and under the control conditions, respectively. 
The cumulative accumulation of cadmium and nickel is 37.6 mg/kg and 
63.99 µg/kg when treated with landfill leachate, 8.532 mg/kg and 27.673 µg/
kg when treated with fertilizers, and 13.64 mg/kg and 46.46 µg/kg under the 
control conditions. Thus, it can be concluded that marigold is an effective 
phytoremediator in the presence of landfill leachate enriched in heavy metals 
in comparison with situations where the marigold is treated with fertilizers in 
the landfill for supporting its growth.

Furthermore, when the heavy metal absorption under leachate treatment 
is studied in different parts of the plant, the order of accumulation for Cr 
follows: roots > stem > leaves > flowers; Pb accumulation: leaves > roots > 
stem > flowers; Cd gets accumulated in roots > leaves > stem > flowers 
(Bhagwat et al., 2023). Thus, it can be observed that when marigold is treated 

Table 16.4 Heavy metal accumulation in stem, leaves, roots, and flowers of a marigold 
plant under treatment: (a) leachate, (b) inorganic fertilizers; and (c) control.

Treatment 
Method

Cr Pb Cd Ni

Heavy metal accumulation in marigold stem (mg/kg)

Leachate 62 (9.81%) 15.98 (1.87%) 3.80 (0.50%) 6.62 (0.17%)

Inorganic fertilizer 26.42 (4.18%) 7.5 (0.88%) 2.75 (0.36%) 4.10 (0.11%)

Control 15.71 (2.49%) 10.7 (1.25%) 2.68 (0.35%) 6.84 (0.18%)

Heavy metal accumulation in marigold leaves (mg/kg)

Leachate 12.79 (2.02%) 64.95 (7.59%) 12.79 (1.69%) 29.6 (0.78%)

Inorganic fertilizer 0.27 (0.04%) 1.58 (0.18%) 0.27 (0.04%) 0.963 (0.03%)

Control 0.44(0.07%) 0 0.44 (0.06%) 2.99 (0.08%)

Heavy metal accumulation in marigold roots (mg/kg)

Leachate 126.78 (20.06%) 20.58 (2.4%) 20.56 (2.72%) 26.09 (0.69%)

Inorganic fertilizer 25.43 (4.02%) 2.03 (0.24%) 2.232 (0.29%) 7.47 (0.20%)

Control 38.21 (6.05%) 4.27 (0.50%) 2.33 (0.31%) 7.23 (0.19%)

Heavy metal accumulation in marigold flowers (mg/kg)

Leachate 1.25 (0.08%) 1.76 (0.21%) 0.45 (0.06%) 1.68 (0.04%)

Inorganic fertilizer 27.95 (1.77%) 15.70 (1.83%) 3.28 (0.43%) 15.14 (0.40%)

Control 31.56 (1.99%) 35.59 (4.16%) 8.19 (1.08%) 29.40 (0.77%)
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with landfill leachate it accumulates minimum metal concentration in flowers. 
Furthermore, when the heavy metal accumulation in flowers is observed under 
treatment with fertilizers and under the control conditions, the cumulative 
accumulation of flowers is 62.07 and 104.74 mg/kg, respectively, which is much 
higher than 5.14 mg/kg of cumulative accumulation in treatment with leachate.

16.5.3 Economic evaluation
Because of the in-situ character of plant-dependent techniques in 
phytoremediation and the lower cost of sludge disposal generated as a result 
of chemical treatment, phytoremediation methods are considered more 
economical (Seo et al., 2009). However, Włóka et al. (2019) pointed out that 
the procedural cost of phytoremediation-based technologies is high because 
of factors such as types and degree of pollution, local environmental, urban, 
environmental conditions, and availability of infrastructure. Furthermore, 
each phytoremediation method is designed case by case, where the procedure 
includes preliminary evolution of contaminant, terrain type, and local 
environmental conditions.

Thus, to estimate the cost of the phytoremediation procedure in the 
current study it is assumed that the cost was incurred on manpower for the 
plantation of marigolds, and the cost of seeds, transplantation, and fertilizers. 
Furthermore, for estimating the total income generated the cost of selling 
marigolds is estimated at the market price in New Delhi, India which is Rs. 42/
kg. The expenditure incurred and the income generated per hectare of landfill 
is enumerated in Table 16.5.

Table 16.5 Estimation of total expenditure and total income generated with phytoremediation 
with marigold.

Total Cost Incurred in Phytoremediation

Types of 
Treatment

Manpower 
(at Rs. 500/day) 
for 180 Days

Cost of Seeds + 
Transplantation (Rs. 3,000 
for 10 kg)

Cost of 
Fertilizers

Total Cost 
Incurred

Leachate 900,000 30,000 for seeds + 30,000 for 
transplantation

Nil 960,000

Fertilizer 900,000 30,000 for seeds + 30,000 for 
transplantation

20,000 980,000

Natural 900,000 30,000 for seeds + 30,000 for 
transplantation

Nil 960,000

Total income generated with phytoremediation

Types of 
Treatment

Income through flower selling (44,400 plants/ ha)

Leachate 6,433,560

Fertilizer 6,041,952

Natural 5,855,472
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For evaluating the economic sustainability, the refund is calculated using 
equation (16.1). Based on the calculation it was identified that the refund for 
marigolds grown in leachate, with fertilizer, and under the control conditions 
are 5.702, 5.165, and 5.09, respectively. Thus, it can be concluded that marigold 
farming is highly profitable in all three cases. When fertilizers are added the 
growth potential and number of flowers increases when compared with the 
control conditions but the net refund increases by 0.1. However, when the 
marigold plants are treated with landfill leachate, plants are provided with 
trace metals in addition to nitrogen, phosphorous, and potassium leading to 
better flower production, which increases the refund by 0.7 compared to the 
control conditions and by 0.5 compared with fertilizers.

16.6 CONCLUSION
When the symbiotic relationship between landfill leachate toward supporting 
marigold growth, and the phytoremediation potential of marigold from 
leachate-contaminated soil was evaluated, and the applicability of marigold 
for phytoremediation when tested based on economic refund, the following 
observations were made:

(i) The order of growth in marigolds (stem, root, and leaves) follows 
control > leachate > inorganic fertilizers; thus, the presence of heavy 
metals in leachate-contaminated soil hinders the growth of marigolds. 
However, the chlorophyll content follows the order leachate > inorganic 
fertilizers > control; thus, plants are more productive when treatments 
are applied to them.

(ii) The total number of flowers harvested during the growth period when 
treated with leachate, inorganic fertilizers, and control conditions are 
345, 324, and 314 respectively. Thus, the number of flowers harvested 
increases by 10% when leachate is applied to the marigold plant.

(iii) When total metal removal is considered, maximum remediation is 
observed in the order leachate > control > inorganic fertilizer, this can 
be attributed to the root length which is the least in the case of inorganic 
fertilizers. In the presence of leachate, marigold removes 50% of the 
total heavy metals present in the soil, with fertilizer remediation 34.3%, 
whereas under natural conditions the removal is only 19.5%.

(iv) Flowers are the most economical part of marigold plants, and the 
accumulation of heavy metals in the flowers is a cause of health 
concern. The heavy metal accumulation in the flowers follows the order 
control > inorganic fertilizers > leachate. Thus, treating with landfill 
leachate makes marigold flowers safer for use.

(v) The economic potential of the three treatments is evaluated and the 
refund values are 5.702, 5.165, and 5.09 for marigolds grown in leachate, 
with fertilizers, and under control conditions, respectively.

The study suggests that marigold acts as an effective phytoremediator for 
landfill leachate and has a high economic refund when treated with landfill 
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leachate. Thus, the study will be a value-add for policymakers in ensuring 
sustainable development by minimizing the production of chemical, toxics and 
hazardous waste.
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ABSTRACT

A major portion of wastes generated due to rapid industrialization and urbanization ends 
up in landfills. The leachate generated as a consequence of physical and chemical changes 
in landfills can pose danger to the water and soil in the proximity. Poorly designed, faulty 
monitoring of leachate-handling systems could lead to unfortunate contamination 
affecting human and livestock health as well as adversely affecting agriculture and soil. 
An urgent need to quantify the contamination caused due to faulty handling of hazardous 
waste landfill (HWL) leachate has been felt. The leachate pollution index (LPI) has been an 
essential tool for quantifying the leachate contamination potential. The existing index was 
developed based on criteria, in particular, the toxicity and availability of the pollutants in 
the leachate from municipal solid waste (MSW) landfill sites, and thus many pollutants 
which are present in HWL leachate in significant concentrations were screened out. 
However, with rapid industrialization, the quantities of hazardous waste generated and 
its dumping in HWLs and the toxicity associated or rendered with it is not dealt currently 
but there is an urgent need for the same. Thus, pollutants such as halogenated organic 
compounds, polycyclic aromatic hydrocarbons and metals such as selenium need to 
be considered in the formulation of LPI for hazardous waste landfills. In this chapter, a 
review of sources of hazardous wastes, their conventional handling methods, developing 
LPI for MSW landfill sites, and further how the same can be modified to develop LPI for 
HWLs are discussed. The procedure stated for LPI development in this study can serve 
as an essential tool for quantifying the leachate contamination potential, can be used as 
a comparison tool for different HWL leachates, furthermore, and for ranking landfill sites 
based on the contamination potential.

Keywords: Landfill leachate, hazardous waste, leachate pollution index.
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17.1 INTRODUCTION
The rapid surge in population, and subsequent urbanization and industrialization 
in the last few decades have resulted in enormous quantities of solid waste, 
both municipal and hazardous waste (Gholami et al., 2020). Hazardous waste 
is any waste that causes danger or is likely to cause a threat to health or the 
environment, whether alone or in contact with other waste or substances 
because of its physical, chemical, biological, reactive, toxic, flammable, 
explosive, or corrosive characteristics (Central Pollution Control Board, 2016). 
Industrial wastes are immensely hazardous in nature and have the potential to 
cause severe environmental problems.

On the basis of data reported by the Central Pollution Control Board 
(2021), in India, about a net quantity of 10.67 million MT has been generated 
during 2019–2020. As tabulated in the report by Basel Convention (2018), 
the average generation of hazardous waste from high-income countries 
during 2007–2015 has been in the range (min–max) of 134–148 kg/year 
per inhabitant, whereas for low-income countries, it is in the range of 
12–29 kg/year per inhabitant. However, in developing countries, hazardous 
waste management is impaired by a lack of comprehensive legislation and 
unauthorized scrap yards dealing with e-waste (Mmereki et al., 2016). Poor 
understanding and inappropriate disposal methods exercised during the 
handling and disposal of hazardous wastes are increasing significant health 
hazards and environmental pollution.

Generally, most of the wastes (municipal and hazardous) generated end 
up in landfills. The leachate generated from these landfills can be a potential 
threat to the water and soil in the proximity. In addition to this, a faulty design 
or a leachate monitoring facility could aggravate the risks affecting human 
and livestock health as well as adversely affecting agriculture and the soil. 
Therefore, there is a necessity to quantify the contamination caused by the 
faulty handling of hazardous waste landfill (HWL) leachate, and in this chapter, 
tools for quantifying the leachate contamination potential from municipal and 
HWLs are discussed.

17.1.1 Hazardous waste in the recent scenario
In the era of the COVID-19 pandemic, hazardous waste, mainly healthcare 
waste generation, is the primary focus. Healthcare waste is considered 
the second most hazardous waste globally (Das et  al., 2021). It includes 
hazardous and non-hazardous, such as sharps, human body parts, blood, 
chemical waste, pharmaceutical waste, and medical devices. During infectious 
disease outbreaks, the waste accumulation surges exponentially; therefore, as 
suggested in the literature (Ramteke & Lal, 2020), special care must be taken 
by respective management to avoid harmful impacts on the human beings and 
the environment. The types of waste released from healthcare facilities include:

• Non-hazardous waste: The waste generated from the waiting areas of 
these facilities; these wastes are stored in prescribed bags or containers, 
sealed, and moved or disposed of as per the regulations (WHO, 2020).
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• Hazardous waste: Around 10–25% of the total healthcare waste is designated 
as hazardous waste (Chartier et al., 2014). Healthcare hazardous waste can 
be classified as chemical wastes, pharmaceutical wastes, infectious wastes, 
and sharp (needle, syringe, sharp items, etc.) wastes.

• Chemical wastes: This type of waste accounts for ∼3% of the waste 
produced from the total healthcare activities (Ilyas et al., 2020). 
Wastes such as laboratory reagents, film developing reagents, expired/
unused disinfectants, waste containing heavy metals (batteries, broken 
thermometers, blood pressure gauges, etc.) are considered chemical 
healthcare waste (Chartier et al., 2014). There are several safer alternatives 
available to substitute some of these hazardous substances. However, 
there are many facilities in both developing and developed countries that 
still use these toxic chemicals, and have poor chemical waste management 
strategies (Das et al., 2021).
	{ Pharmaceutical waste: Used biological products for therapy and 

transdermal patches, and contaminated pharmaceuticals, including 
vaccines, can also be listed as pharmaceutical waste (Malsparo, 2020). 
As mentioned in Das et al. (2021), there has been a surge in the amount 
of pharmaceutical waste during the COVID-19 pandemic, which 
ultimately increased the waste from the pharmaceutical production 
industries.

	{ Infectious waste: Infected personal protective equipment, that is, 
heavy-duty gloves, masks, goggles, and face shields, are also considered 
infectious waste. Waste generated from these materials has increased 
substantially during the COVID-19 pandemic (WHO, 2020). Waste 
that contains infective pathogens, which could be a potential source 
for the progression of the disease, is considered infectious healthcare 
waste. There is a huge challenge in managing these types of waste 
during the pandemic.

	{ Sharps waste: This type includes used or unused syringes, infusion sets, 
scalpels, knives, blades, and broken glasses. Sharp wastes generated 
from healthcare should be treated with extreme care, and adequately 
managed during the pandemic (WHO, 2020).

Waste management during the COVID era has been a considerable challenge; 
infected healthcare solid wastes are segregated and packed by waste-handling 
employees in hospitals. Das et al. (2021) showed that the method of disposal 
of these healthcare wastes depends on the particular hospital and its waste 
management facilities. However, a commonly adopted approach is sterilizing 
by autoclave or irradiation before disposing of the segment in a licensed landfill. 
Increasing the recyclable fraction and reducing the disposal to landfills has 
been considered to aid sustainable waste management.

Disposing of the incineration ash and the waste into the unsecured landfill 
contaminates the water resource in the proximity (Ramteke & Lal, 2020). 
The pandemic has put a massive pressure on waste management systems. The 
typical disposal technique used for the disposal of hazardous waste is discussed 
in Section 17.1.2.
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17.1.2 Disposal methods for hazardous waste
As suggested, disposal of hazardous waste is the final and the most crucial step 
for an effective hazardous waste management plan. Its effectiveness depends on 
the activities performed in the prior stages, that is, waste collection, prevention, 
minimization, storage, and so on. The choice of a particular disposal method 
would depend on many factors such as financial background, the technology 
available, and so on. However, in general, countries adopt more than one 
disposal option (Visvanathan, 1996). There are different disposal techniques 
available for the final stage of a waste management system. Some disposal 
techniques followed are incineration, immobilization, landfilling, off-shore, 
underground storage, and so on. The disposal of waste lies at the bottom of the 
hierarchy. The first stage would be to reduce the quantity of waste produced 
(reduction at source), the next would be to reuse the waste, and be recycled, and 
the final and least desirable option is to dispose of the waste (Central Pollution 
Control Board, 2016).

In developing countries, hazardous waste management systems lack a 
systematic approach to administer waste management programs: inability to 
effectively collect and manage wastes (Mmereki et  al., 2016). Reports have 
shown that some undefined portions of the hazardous waste are shipped 
legally or illegally from developed to developing countries (Visvanathan, 
1996). However, countries such as India have mentioned the prerequisite for 
the type of waste exported or imported, which could be an initiative toward a 
regulated waste management system. The most apparent reason for the export 
of waste from developed countries to developing countries is the rising cost 
of disposing of hazardous waste in the home country (Orloff & Falk, 2003). 
A waste management system is mainly mismanaged in most developing 
countries; hence, a review of waste disposal techniques followed in context 
with developing countries is discussed in this section.

Incineration: The waste that cannot be recycled, reduced, or safely 
disposed into secured landfill sites is incinerated. This disposal method 
incorporates volume, and weight reduction, detoxification, and energy recovery 
(Visvanathan, 1996). For the current scenario, most countries are using this 
method, as incineration disinfects the hazardous healthcare waste produced. 
Cement kilns and other furnaces have been considered as alternative facilities 
for disposing of the enormous amount of waste produced (Das et  al., 2021). 
The gaseous products of this process are released into the atmosphere, and 
solid residue, which is toxic, will be landfilled. The by-products are hazardous; 
therefore, the disposal of the same needs to be controlled and regulated.

Immobilization: In this method, the toxic waste is mixed with materials that 
create a highly impermeable solid matrix; the mechanism involved can be either 
physical or chemical or physico- chemical processes. Material for creating such 
an impermeable matrix can be cement, epoxy, resins, polymeric sulfur, and so 
on. Some advantages of this method as noted by Visvanathan (1996) are, the 
material used for solidification is cheaply available, and is tolerant of chemical 
variations in sludge. The disadvantages would be that this method adds to the 
weight and makes it bulky. Also, low-strength cement waste mixtures are often 
vulnerable to leaching of pollutants.
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Off-shore: This method can be used in either of these modes: ocean dumping 
or export. As mentioned earlier, the developed countries export a portion of the 
waste to developing countries, where the financial constraints are more relaxed 
compared to the hometown. Ocean dumping is a common practice in many 
countries. As the name suggests, in this method, the waste is discharged into 
the ocean. This method has been considered only as a short-term or medium-
term option for waste disposal (Visvanathan, 1996).

Deep-well disposal: The solid waste is emplaced in a geological formation, 
which should be homogenous, dense, massive, and hydrologically and 
mechanically stable. The pollutants, together with infiltrating water, generate 
leachate, which could cause severe environmental impacts. Another form 
of disposal is the storage of these hazardous wastes in thick salt deposits. 
The waste before disposal needs to be pre-treated, stabilized, and stored 
(Visvanathan, 1996).

Landfilling: This disposal method has been the most commonly adopted 
method, as is evident in Orloff and Falk (2003); Maowei et  al. (2021); 
and Visvanathan (1996). Countries have proposed standards for design, 
maintenance, and technical requirements for a safe landfill site operation. 
An environmentally and technically sound landfill must have a double-layer 
liner system with leak detection, a properly monitored leachate collection 
system, and proper drainage and treatment system. Landfilling is the most 
commonly adopted disposal technique; sufficient attention should be paid to 
design, operate, and monitor if public health and the environment need to be 
protected (Visvanathan, 1996). If the by-products released, such as the leachate, 
are handled recklessly, there are chances of extreme mishaps. The leachate 
released from hazardous waste disposal sites constitutes heavy metals, organics 
with less biodegradable fraction, inorganics, and conventional pollutants 
(Gautam & Kumar, 2021). Quantifying the contamination caused by faulty 
handling of leachate from these disposal sites is the primary focus of this study; 
hence, a review of the existing quantification techniques for quantifying the 
contamination from municipal solid waste (MSW) landfills has been discussed 
in the next section.

17.2 QUANTIFICATION OF POLLUTION USING EXISTING LEACHATE 
POLLUTION INDEX
The pollution index proposed by Kumar and Alappat (2003) has been 
established as an efficient tool for judging the contamination potential by the 
leachate released from MSW landfills. The leachate released from the landfill 
is influenced by the type of waste disposed of, the degree of composition, 
climate, age of the landfill, and many other factors (Katsiri et al., 1999). The 
leachate from a landfill has the potential to pollute the soil and water in the 
proximity. Therefore, a need to quantify the contamination potential was felt, 
as the index could help understand the landfill site that would need immediate 
attention. The methodology for the development of the index was carried out in 
four phases. The first phase required expertise from researchers, academicians, 
authority officials, engineers, and so on.
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In Kumar and Alappat (2003), ∼80 panelists were selected for carrying out 
the first two phases. The first phase was to establish the pollutants for inclusion 
in the index. The steps involved in the first phase are listed below:

• A list of 50 pollutants was given to the panelists, and they were requested 
to designate each pollutant as ‘Do not include’ or ‘Undecided’ or ‘Include.’

• The pollutants designated ‘Include’ were asked to be rated again on a scale 
of ‘1’–‘5,’ where ‘1’ was used for pollutants with relatively low significance, 
and ‘5’ was used for pollutants with relatively high relevance.

• The panel suggested few inclusions; however, these pollutants didn’t 
make into the final list.

• Eighteen pollutants were finalized after the first stage of the procedure. 
Some of the pollutants with high significance were stroke off from the list. 
The studies suggested that those pollutants were present in trace levels in 
MSW landfill leachate.

The second phase of the study was to develop the sub-index curve; the panelists 
were again asked to plot the curve on a graph sheet: the sub-index score in the 
range of ‘0–100’ were marked on the ordinate, and the concentration of each 
pollutant was marked on the abscissa. The responses received were averaged 
out, and the final graphs were proposed. The third phase was the derivation of 
weights, and these were obtained by dividing the significance rating obtained 
for the selected pollutant by the arithmetic sum of the significance rating of the 
selected pollutants. These result in weights which add up to a sum of ‘1.’

The final or fourth phase of the development is aggregating the weights, and 
the scores obtained for each pollutant with respect to their concentration. The 
weighted linear sum aggregation method, as demonstrated in Ott (1978), was 
used. After following all four phases, an index with the potential to quantify the 
contamination was obtained. As mentioned earlier, the LPI can be a potential 
tool for monitoring the leachate trends over the lifetime of a landfill site, and so 
forth. The general LPI, however, fails in communicating the details about the 
strength of pollutant groups. Therefore, a sub-index was formulated.

17.2.1 Formulation of the sub-index
The proposed index was divided into three sub-classifications. The splitting of 
the index made the modified index more informative, and this modified index 
provides a better notion of the strength of the pollutant group. The procedure 
involved has been briefly explained below:

• The selected pollutants were categorized into three groups: ‘Organic,’ 
‘Inorganics,’ and ‘Heavy metals.’

• Around 4 out of the final 18 pollutants were grouped under organic, 5 
under inorganics, and the rest were grouped as heavy metals.

• The weights for each group were calculated such that the sum of the 
weights came out to be ‘1.’

The sum obtained by adding the weights obtained in the earlier study were 
used to aggregate the LPI obtained for each group. A case study to show the 
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application of the modified sub-index has been carried out by Kumar and 
Alappat (2005a). A need for such an index for estimating the contamination 
from leachate released from HWL has been felt. The need and the background 
study for the index developed in the study are discussed in the next section.

17.3 HAZARDOUS WASTE LANDFILL LEACHATE POLLUTION INDEX: 
NEED AND BACKGROUND STUDY
As mentioned earlier, in developing countries, the management and disposal 
are impaired due to the lack of comprehensive regulations. Hazardous waste 
management includes possession, transportation, handling, storage, and 
finally disposal. The hazardous wastes are treated using improper techniques 
and unsafe methods; these are treated in unlicensed facilities using faulty 
maintained landfill sites (Mmereki et  al., 2016). In some cases, hazardous 
wastes are exported to developing countries by the developed countries (Thanh 
et al., 2010), leading to severe life-threatening environmental impacts.

Literature suggests that the leachate from HWLs is more dangerous than 
that released from MSW landfills. The reason is attributed to the type of waste 
disposed of and the composition of the leachate. The wastes disposed into 
MSW landfills have more biodegradable fraction than the wastes disposed 
into HWLs. Many literature studies have carried out the characterization 
and quantification of contamination for municipal waste leachate, but almost 
negligible efforts have been made to quantify contamination of leachate 
produced from HWLs (Gautam & Kumar, 2021).

Many developed countries have flawed management systems, and the 
current scenario has put pressure on waste disposal and management systems. 
In India, as per the Bio-Medical Waste (Management and Handling) Rules 
(2016), medical wastes are either sterilized or incinerated, and disposed of 
into HWLs. In many other countries, waste disposal has been of concern in 
the current scenario; therefore, the waste expected to landfills might increase, 
leading to uncontrolled release of infected leachate and other harmful impacts. 
Therefore, a need to establish a technique to quantify contamination caused by 
leachate released from a faulty managed landfill has been felt. Thus, the study 
focuses on developing a general hazardous waste landfill leachate pollution 
index (HWLLPI) and a modified sub-HWLLPI.

The existing leachate contamination tool concepts have been used as a base 
to develop the HWLLPI. However, the reasons why the existing tool would 
not be a sensible choice to quantify HWL leachate, and the background of the 
development of the index are explained in detail in Sections 17.3.1 and 17.3.2.

17.3.1 Existing LPI, not a reasonable choice for quantifying pollution 
caused by HWL leachate
The existing LPI has been a potential tool for quantifying the contamination 
caused due to mismanaged leachate (Kumar & Alappat 2005a). This index helps 
in comparing leachate contamination potential without actually comparing the 
individual concentration of pollutants. This index also provides an insight on 
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which landfill site needs immediate attention, as the remedial and preventive 
measures cannot be undertaken for all the existing landfill sites due to financial 
constraints (Kumar & Alappat, 2003). This technique has also been useful in 
monitoring the leachate trends at a given landfill over a period of time. This 
technique can be used for ranking landfill sites (Kumar & Alappat, 2005b). This 
technique, as mentioned earlier, has been a potential tool when the leachate is 
released from an MSW landfill site.

In the development of the existing tool, ∼50 pollutants were selected in the 
initial stage, which was then reduced to 18 pollutants after the first phase, that is, 
screening of final pollutants for inclusion. During this stage, the panel of experts 
suggested a list of 14 new pollutants apart from the initial 50. These included 
manganese, sodium, polychlorinated biphenyls (PCB), adsorbable organic halides, 
and so on, but these pollutants didn’t make into the final list as they received low 
significance. Pollutants such as toluene also received low significance (Kumar 
& Alappat, 2003). Many other pollutants with a high significance value, such 
as cadmium and selenium, were excluded from the final list. Cadmium had a 
significance value of ∼3.759 and selenium had a significance value of ∼3.311, 
whereas toluene had a significance value of 2.744. These pollutants were excluded 
from the final list, as these pollutants were found in trace amounts in the leachate 
from MSW landfill sites. Pollutants such as total iron had a significance value of 
∼2.830, still it made into the list as the presence of a large concentration of iron 
in leachate from MSW landfills has been noted.

However, the leachate from HWL sites has shown a significant concentration 
for cadmium, selenium, halogenated organics, toluene, and so on. The 
concentrations noted as per studies carried out by Environmental Protection 
Agency (1982); Ghassemi et  al. (1984); Pavelka et  al. (1993); and Yasuhara 
et al. (1999) in the leachate from HWL were very high. Therefore, using an 
index that ignores the mentioned pollutants and several other pollutants of 
higher significance for HWL leachate would not be a sensible choice. Pollutants 
such as chlorobenzene, chloroform, tetrachloroethene, and dichloromethane 
were also present in significant concentrations. Therefore, these were grouped 
as ‘halogenated organic compounds,’ and were added to the list.

The existing LPI was established using the traditional Delphi technique, 
which didn’t incorporate the vagueness of the judgments made; however, the 
index developed in this study uses two fuzzy-integrated tools for screening and 
assigning weights. As mentioned by Gautam and Kumar (2021), leachate from 
HWLs are several times dangerous than the leachate from MSW. Hence, using 
an index meant specifically for MSW landfill leachate and for HWL leachate 
would most probably present a false sense of security as the pollutants that are 
not covered in the index will not be considered for the calculations.

The index developed in this study had included conventional parameters 
such as pH, total dissolved solid (TDS), total kjeldahl nitrogen (TKN), and so 
on. However, these were excluded from the list as there were more threatening 
pollutants that outperform these in terms of pollution. Thus, using the existing LPI 
for quantifying the contamination from a faulty handling of leachate from HWLs 
would not be a sensible choice. The pollutants in the index and the background 
on how the index was developed are discussed in the following section.
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17.3.2 Background for the formulation of the HWLLPI
As the need for the development of the HWLLPI was felt, the pollutants for the 
index were finalized; 40 pollutants were selected for the initial screening. As 
mentioned by Gautam and Kumar (2021), there were no recent studies carried 
out showing the trend of pollutants in the leachate from HWLs. Therefore, 
pollutants were selected from a list of literature (Environmental Protection 
Agency, 1982; Ghassemi et  al., 1984; Pavelka et  al., 1993; Yasuhara et  al., 
1999). The literature in recent years (Gautam et  al., 2019) has focused on 
removing only a few pollutants, and didn’t provide any information on the 
characteristics of the pollutants in the leachate samples. Therefore, selection of 
the 40 pollutants for the initial phase was based on the literature as mentioned 
earlier. In the report from Environmental Protection Agency (1982), an insight 
into the maximum, minimum, and average concentrations of all the pollutants 
from ∼30 hazardous landfill sites was obtained. Pavelka et al. (1993) provided 
leachate data from ∼18 commercial HWL sites. The leachate samples in this 
study were analyzed for ∼62 volatile compounds, 107 semi-volatile compounds, 
16 metals, 28 pesticides, herbicides, and insecticides, and 17 other chemicals. 
Yasuhara et  al. (1999) provided a notion on the organic compounds, and 
certain inorganic elements in ∼11 landfill sites in and around Japan. Details 
of characteristics of ∼30 leachates from ∼11 disposals were discussed by 
Ghassemi et al. (1984).

Another addition to the selection of the pollutants was adopted from Central 
Pollution Control Board (2010). Here, discharge limits of five pollutants, namely 
adsorbable organic halogens (AOXs), polycyclic aromatic hydrocarbons, 
benzene, toluene, and xylene were mentioned that needs to be taken into 
consideration when leachate from HWLs is to be discharged. These reports 
provided an insight into the pollutants to be selected for the initial phase of 
the index development. The concepts of decision-making tools for assigning 
weights and screening were conveniently incorporated in the study. These 
methods include the imprecisions in the traditional tools (Liu et al., 2020). The 
methodology of the development is explained in Section 17.4.

The details of leachate characteristics from Gautam and Kumar (2021) 
were referred to for understanding the application of the index developed. The 
index developed in this study was used to calculate the contamination index 
for all the three leachate samples and obtain a more informative notion on 
the contamination; the modified sub-LPI for the same was also calculated. 
In developing and developed countries, the index developed could be used to 
understand which hazardous landfill site needs immediate attention.

17.4 HWLLPI: DEVELOPMENT OF THE INDEX
A technique to quantify the contamination potential of leachate from MSW 
landfills has been developed; however, using the index for studying leachate 
with entirely different characteristics would not be a sensible choice that led 
to this study. As the nature of waste disposed of is quite different, the process 
inside the landfill is different. Thus, the nature of leachate released is also 
considerably different (Gautam & Kumar, 2021). A technique to quantify the 
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extent of contamination caused by a faulty handling of HWL leachate would 
be an important tool for developing countries where the landfills are recklessly 
managed, and as well as for the developed countries. The developed index for 
HWLs would be an essential tool for quantifying contamination, comparing 
leachate samples, and ranking based on the contamination potential.

For the establishment of the index, a step-by-step methodology was followed. 
The decision-making tools used to carry out the first two steps were more 
recent and advanced techniques. The development of this index included (1) 
methods to finalize the pollutants for the index, (2) a method to assign weights 
to the pollutants to understand the significance of each pollutant over the 
other, (3) plotting a sub-index curve for marking the scores with respect to 
the concentration, and (4) finally aggregating the weights and the sub-index 
scores. The decision-making tools and the aggregation method are discussed in 
Sections 17.4.1–17.4.4.

The development of the index includes four phases:

• Finalizing the pollutant for inclusion in the index
• Deriving weightage of the selected pollutant
• Plotting the sub-index curves
• Aggregation of weights and the scores to develop LPI

The first and the foremost step to the development of the index is selecting 
experts with expertise in the field of research. The experts may include 
academicians, scientists, regulatory officials, engineers, and so on. The next step 
would be to use a suitable tool to convert the judgments given by the selected 
experts into understandable numerical terms. The first phase of the development 
procedure starts with screening the pollutants for inclusion in the index.

17.4.1 Screening the pollutants for inclusion in the index
A decision-making tool was used for the screening of the most contaminating 
pollutants from a list of pollutants mentioned in the literature by Pavelka 
et al. (1993); Environmental Protection Agency (1982); Yasuhara et al. (1999); 
and Ghassemi et al. (1984). A fuzzy-integrated Delphi technique was used for 
screening pollutants. The Delphi technique was applied as a tool and method 
for finalizing criteria (here, pollutants) or for forecasting, using a series 
of questionnaires for data collection from a panel of experts in the field of 
research. On the basis of the framework proposed by Habibi et al. (2015), after 
selecting the panel of experts, the questionnaire was circulated for judgments.

A traditional Delphi technique didn’t consider the vagueness in the 
judgments and was time-consuming. To overcome this shortcoming, the 
concept of integrating the conventional Delphi method and fuzzy set theory 
was proposed. Habibi et al. (2015) suggested that the fuzzy Delphi technique is 
more consistent with the human linguistic and vague description, making it a 
better decision-making tool. For carrying out the fuzzy Delphi technique, the 
following algorithm by Habibi et al. (2015) needs to be followed:

• Identifying an appropriate spectrum for selecting the expressions for 
judgments
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• Aggregating the judgments given by all the experts for each pollutant
• Defuzzification
• Fixing a threshold value, and screening.

After the selection of the level of scale, the judgments were converted to 
fuzzy numbers. Various fuzzy sets are available, namely triangular fuzzy 
number, trapezoidal fuzzy number, intuitionistic fuzzy set, and so on (Liu 
et al., 2020). The triangular fuzzy set was selected for the study, as suggested 
by Liu et al. (2020).

The next step was to consolidate all the fuzzy numbers assigned by each 
expert for each pollutant. There are several methods for carrying out the same, 
namely mean method, max–min method, consensus degree method, and so on. 
A brief review of methods available is presented in Section 17.4.2.

17.4.1.1 Methods for aggregating the judgments given by experts for 
each pollutant

(a) Mean methods: The geometric mean and arithmetic mean methods have 
been extensively used by researchers. Yang et al. (2008) and Chen and 
Yang (2011) have adopted the geometric mean method for aggregating 
fuzzy numbers. Ayhan and Kilic (2015) and Viswanadham and Samvedi 
(2013) have used the arithmetic mean method for the same.

 As explained by Liu et al. (2020), the arithmetic mean method emphasizes 
the average. The study also suggested that there should be no extreme 
values in the judgment due to its sensitivity. The geometric mean method 
also emphasizes the average, but this method is less affected by extreme 
value.

(b) Max–min method: This method, unlike the mean method, includes the 
best and the worst judgments. A fuzzy triangular number, F, is written 
as F = (lower, middle, upper), then the upper and lower bounds of the 
aggregated triangular number are the maximum and minimum values 
of the judgments. The middle value is calculated either by the geometric 
or arithmetic mean method. Hsu et al. (2010) used arithmetic mean for 
the middle value, and Cheng et al. (2009) and Wu and Fang (2011) have 
used geometric mean value. As summarized by Liu et al. (2020), this 
method includes the best and the worst, and thus, introduces further 
fuzziness into the scenario.

Here, the max–min method with geometric mean was selected for 
consolidating the judgments. After obtaining the aggregated fuzzy number, 
the next process was to convert the obtained fuzzy number to a more 
understandable value. For defuzzification, again, many methods are available; 
centroid methods and the extension of these methods are to name some. A brief 
review of these methods is provided below.

17.4.1.2 Methods for defuzzification
Centroid methods: A centroid method, also termed the center of area or center 
of gravity method, has been the most prevalent method for defuzzification. 
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A centroid method generally used by most of the researchers is the method in 
which the arithmetic mean of the lower, upper, and middle values of the fuzzy 
number is calculated. However, Awasthi et al. (2018) and Kar (2014, 2015) have 
used equations (17.1)–(17.3). An extension of the centroid method would be 
to find the maximum value among the three mentioned equations. Another 
extension of the centroid method used by Tzeng and Junn-Yuanteng (1993) is 
given in equation (17.4):

(i) Centroid methods/center of area method:
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(ii) Modified center of area method:
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After selecting an appropriate method for defuzzification, the next step was 
to fix a threshold value and select the criteria (here, pollutants). The threshold 
value set depends on the researcher (Habibi et al., 2015). The criteria (here, 
pollutants) greater than or equal to the threshold values are confirmed; and 
values less than the threshold are removed from the study. The threshold value 
set for the current study was set 7. After finalizing the pollutants, the next phase 
of the index’s development was to assign weights and find the significance of 
each pollutant.

17.4.2 Deriving weightage for the selected pollutant
In many professional scenarios, experts need to prioritize one alternative from 
a set of alternatives by setting weights and understanding the significance; for 
example, selecting a supplier or a technology (Liu et al., 2020). Here, in the 
index development, a decision-making tool was needed for assigning weights 
to the finalized set of pollutants. There were many methods available for 
structuring these types of problems. Analytic hierarchy process, technique 
for order of preference by similarity to ideal solution, and data envelopment 
analysis are some available methods. The current study focuses on using the 
fuzzy-integrated analytic hierarchy process for understanding the significance 
of each pollutant.

Traditional analytic hierarchy process (AHP) has been extensively studied 
and is used as a decision-making tool for complex scenarios, where people work 
together to make decisions when human perceptions and judgments have a 
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long-term repercussion. It outperforms by the ease of use, structuring problems 
systematically, and calculating weights (Liu et  al., 2020). Fuzzy sets were 
integrated with traditional techniques for handling imprecision. The procedure 
for structuring the problem systematically follows the below steps; these steps 
have been adopted from Liu et al. (2020):

• First, establishing a comparison matrix
• Aggregating the multiple judgments
• Establishing fuzzy weights
• Defuzzification of the fuzzy weights

A comparison matrix is a matrix where elements are filled as per the 
judgments received. A sample comparison matrix is given in Table 17.1. The 
judgments from the panel of experts on the significance of each pollutant over 
the other pollutants were aggregated first, and then filled into the comparison 
matrix. The aggregation methods available were the same as those available for 
the fuzzy Delphi technique. After filling the elements in the matrix, the next 
step would be to calculate the fuzzy weights. Different methods are available; a 
brief review of the methods is provided below:

• Mean method: There are two types of mean methods; per Liu et al. (2020), 
the geometric mean method is the widely used one to calculate fuzzy 
weights; the equation for the same is given in equations (17.5) and (17.6). 
Many researchers have used the arithmetic mean method for finding the 
fuzzy weights; the equation for which is given in equations (17.7) and 
(17.8). As summarized in Liu et al. (2020), the geometric mean method is 
better than the arithmetic method and is very simple to carry out. Both 
arithmetic mean and geometric mean methods are very simple to calculate 
as these only involve arithmetic addition, multiplication, or division.

• Arithmetic mean method:

Z
m

F F F aa a a am= ∀⊕ ⊕ ⊕
1

1 2 ;( )�
 

(17.5)
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• Geometric Mean Method
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Table 17.1 Sample three-criterion comparison matrix.

Criterion A Criterion B Criterion C

Criterion A (1,1,1) FAB FAC

Criterion B FBA = 1/FAB (1,1,1) FBC

Criterion C FCA = 1/FAC FCB = 1/FBC (1,1,1)
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Here, Za is the mean value for criterion ‘a’ and Wa is the fuzzy weight for 
criterion ‘a.’ The fuzzy operators used in equations (17.5)–(17.8) are described 
in equation (17.9). Assuming two triangular fuzzy numbers (TFNs) A = (a, b, c), 
and B = (m, n, o), then

⊕ ⊕ = + + +
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( ): : , , ;
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Many other are methods available: lambda-max method, eigenvector 
method, logarithmic least-squares method are to name some; these methods 
were complex as these involve multiple steps (Liu et al., 2020). Therefore, the 
geometric mean method is selected for calculating the fuzzy weights of each 
pollutant. These fuzzy terms are not easy to compare; hence these need to be 
converted into intuitive terms. For converting these judgments to crisp values, 
a defuzzification process was performed. For defuzzification, the methods 
involved were the same as that mention for carrying out the fuzzy Delphi 
technique. The crisp values obtained were then normalized to obtain the final 
weights which were then used in further study.

17.4.3 Establishing sub-index curves for each pollutant
In this stage of the development of the index, sub-index curves for each pollutant 
were plotted. For calculating the sub-index scores, graphs were plotted with 
concentrations on the abscissa and the scores in the range of 0–100 on the 
ordinate. As reported by Kumar and Alappat (2003), many functions to relate 
sub-index score and the pollutant could be derived. Thus, no mathematical 
equations were proposed for plotting the graph. Instead, a set of rules were 
proposed for the development of the sub-index curves:

(1) The curve was plotted with 5 as the minimum score even if there is no 
contamination from the pollutant.

(2) From the literature (Gautam & Kumar, 2021; Ghassemi et al., 1984; Han 
et al., 2017; Kattel et al., 2016; Pavelka et al., 1993; USEPA, 1982; Yasuhara 
et al., 1999), the range of concentration on the abscissa was fixed.

(3) A score of ∼10 was assigned to the maximum value among the drinking 
water standard concentration specified by authorities World Health 
Organisation (2008) and USEPA (2018), and disposal standards by 
Central Pollution Control Board (2000).

(4) A few exceptions were made when the maximum value selected was way 
above the drinking water standards.

(5) The trend of the plots was set based on toxicity, weights assigned, 
maximum concentration, and average concentrations of each pollutant 
as per data from the literature (Gautam & Kumar 2021; Ghassemi et al., 
1984; Pavelka et al., 1993; USEPA, 1982; Yasuhara et al., 1999).
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17.4.4 Aggregation of weights and the scores
The aggregation method has been a crucial part in the field of formulation 
of environmental indices. The type of aggregation function is selected based 
on the index application (Kumar & Alappat, 2004). As per Ott (1978), the 
aggregation functions usually consist either of the three forms, that is, additive 
form, multiplicative form, or the maximum or minimum operator form. There 
were many aggregation methods used in the formulation of environmental 
indices. The aggregation method used for the study was the same as that used 
for developing the existing index.

For this study, the significance of the pollutants has been considered; 
therefore, a method incorporating the weights was finalized. The weighted 
linear additive form was selected for the final aggregation. Kumar and Alappat 
(2004) concluded that the linear weighted sum aggregation function was the 
most suitable for the aggregation function for the development of the LPI.

17.4.5 Formulation of sub-HWLLPI
For making the general index more informative, the general index was split into 
different categories (Kumar & Alappat, 2005a). The decision-making tool used 
in the second phase of the development of HWLLPI paved a way to categorize 
the pollutants; the weights obtained were termed parent weights and local 
weights. These values helped in formulating the sub-HWLLPI. The product 
of the local weight and the parent weights provided the global weights, which 
were used for the formulation of the general HWLLPI.

17.5 CONCLUSION
On the basis of the studies carried out to quantify the contamination caused 
by using improper techniques and unsafe methods, the leachate released 
from landfill sites, has been evident that the existing LPI is a potential tool. It 
has been used as a comparison tool to establish which landfill might require 
immediate attention and rank the leachate based on the pollution. However, the 
existing index was developed considering many criteria of which availability 
of the pollutants in the leachate from MSW landfills was a vital criterion. 
Consequently, pollutants such as cadmium, selenium, and AOXs were excluded 
from the final list of pollutants for inclusion in the index. Literature studies 
have shown that these pollutants are present in significant concentrations in 
HWL leachate. This points to the fact that the existing LPI is an efficient tool 
for quantifying leachate contamination from MSW landfills.

Using the existing LPI for calculating the pollution potential of leachate 
from HWLs would not be a prudent choice. Studies also suggest that leachate 
from HWL sites is more toxic than that released from MSW landfills. Thus, a 
need for developing an index solely for leachate from HWLs was felt, hence this 
study. The following conclusions can be drawn:

• In this study, it is evident that based on the expertise, a single number can 
reflect the contamination from HWLs.

• The expertise provided by the panel of experts was converted to numerical 
terms using different methods. Unlike the existing LPI, the vagueness in 
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the judgments was incorporated as fuzzy-integrated tools were used for 
the conversion.

• The first questionnaire aimed to finalize the pollutants and the second 
focused on assigning weightage to the finalized pollutants.

• The fuzzy AHP tool helped in categorizing the pollutants, which further 
helped in formulating the modified sub-index.

• The sub-index curves plotted for each pollutant were based on specific 
rules.

• The aggregation method for the final calculation was the weighted linear 
sum aggregation method. As mentioned, the HWLLPI developed was also 
modified to obtain a more informative tool; the modified sub-HWLLPI 
helps evaluate the contamination potential of metals and organics 
separately.
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ABSTRACT

Landfills are an essential source of antibiotics and antibiotic resistance genes (ARGs) and 
can potentially risk humans and the environment. Landfills receive heavy metals, organic 
matter, microbial consortia, antibiotics, antibiotic residue, and biomedical waste, which 
enhance the prevalence of antibiotics, ARGs, and antibiotic-resistant bacteria (ARBs). The 
critical problem is the transfer of antibiotics and ARGs in groundwater, surface water, food 
web, and the surrounding environment through landfill leachate. In this chapter, we have 
discussed several studies on antibiotics and ARGs in landfill leachates, such as a review 
of the source of antibiotics and ARGs in landfills, a discussion of the correlation between 
antibiotics, antibiotic residue, and heavy metals on ARGs, a summary about the impact of 
various physicochemical parameters, environmental, and social factors which influences 
the antibiotics and ARGs, landfill age, and effect of antibiotics and ARGs on groundwater 
and surface water. Finally, this chapter fills the current gaps not examined until now. 
Especially in developing countries such as India, it is essential to research antibiotics and 
ARGs in landfill leachate.

Keywords: Landfill leachate, antibiotic resistance genes (ARGs), antibiotics, landfill age, 
heavy metals, antibiotic resistance.

18.1 INTRODUCTION
Landfill leachate is a crucial source and reservoir of antibiotics and antibiotic 
resistance genes (ARGs), which poses a threat to human health and the 
environment. Since the introduction of penicillin in 1929, antibiotics have 
been beneficial for human health and animals. It is the life protector in the 
veterinary field and it improves animal growth rate (Sarmah et  al., 2006; 
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Zhou et al., 2013a). There are various types of antibiotics, such as macrolides, 
sulfonamides, lincosamides, glycopeptides, and quinolones, which are widely 
used in animal husbandry (Sarmah et al., 2006), aquaculture, and to cure the 
infection in medical specialty (Bai et al., 2022; Zhou et al., 2013b). There are 
various advantages of antibiotics in human health: antibiotics work very fast, 
and most of the antibiotics are active within a few minutes; they can quickly 
kill toxic bacteria, and they can reduce the growth of harmful bacteria in our 
gut; they prevent the infection while undergoing surgeries; and most of the 
antibiotics are taken orally, and they are easy to take at any time. But when the 
concentration of antibiotics attains a certain level, it could be a very potential 
risk to animals, humans, and bacterial community and it is called as overuse 
of antibiotics. The overdose and misuse of antibiotics cause diarrhea, stomach 
upset, and feeling restless in humans. The resistance of the bacteria (conversion 
of good bacteria into bad in our gut) is the leading cause of the overuse of 
antibiotics, and it is called antibiotic resistance (AR).

Worldwide, China is the largest producer and consumer of antibiotics. They 
consume almost 1.6 lakh ton annually; out of which 50,000 ton antibiotics 
contain inactive drugs and metabolites discharged into the surrounding 
environment (Zhang et al., 2015; Zheng et al., 2012). India is the third largest 
producer and consumer of antibiotics worldwide after United States. Hence, 
antibiotics and AR are the global threat for humans and the environment. 
The overuse of antibiotics inhibited the growth of good bacteria in a human 
gut. Moreover, the growth of the microorganisms in soil, sediment, and water 
is inhibited by the environmental antibiotics and it also affects the microbial 
activity and structure (Su et  al., 2017). The accumulation of antibiotics in 
the environment affects humans and animals via food chain and provides 
unhealthy gut such as allergies and food poisoning. Some drugs of antibiotics 
literally are carcinogenic and mutagenic, which seriously interfere with 
various physical functions of human beings (Christian et al., 2003; Watanabe 
et al., 2010).

The antibiotics and antibiotic residue are also very harmful for the environment. 
Generally, antibiotic residues are released into the environment via urine, feces 
(Lienert et al., 2007; Sarmah et al., 2006), and wastewater discharge, in addition 
to ARGs and human commensal microbes (Sommer et al., 2009). Antibiotics 
and ARGs are potentially risk to the human beings and natural environment 
in the 21st century because they are spread by horizontal gene transfer (HGT) 
across bacteria. According to the World Health Organization (WHO), AR has 
become a major challenge to global health (WHO, 2019). Antibiotics and ARGs 
have been detected in various areas such as sewage treatment plants, influents, 
effluents of sewage treatment plants (Gothwal & Shashidhar, 2015; Jechalke 
et  al., 2014), rivers, soil, sediments (Garcia-Armisen et  al., 2011; Luo et  al., 
2010), municipal solid waste (MSW), landfills, pharmaceutical industries, pig 
farms, broiler feedlots (Wu et al., 2010; Zhu et al., 2013), and so on. Moreover, 
MSW landfills have become an important hotspot reservoir for antibiotics and 
ARGs (Song et al., 2016). Landfills are the important hotspots for the generation 
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of ARGs, antibiotics, and spread of antibiotic-resistant bacteria (ARBs). The 
amount of the concentration of the antibiotics is certainly higher in landfill 
leachate as compared to the landfill refuse.

In landfills, emerging contaminants, antibiotics, and ARGs generally raised 
concern. Moreover, many findings have been reported on antibiotics and 
ARGs in landfills, but still reviews on this topic are limited. The aim of this 
chapter is to study origin of antibiotics and ARGs in landfills and abundance 
and characterization of antibiotics, ARGs, and bacterial community in landfill 
leachate, identifying the numerous quality factors of ARGs in landfills, study 
the landfill age and its impact on antibiotics and ARGs, and study impact of 
landfill leachate on groundwater and surface water in terms of antibiotics and 
ARGs in landfills. Finally, future research discussions are mentioned.

18.2 SOURCE OF ANTIBIOTICS AND ARGS IN LANDFILLS
18.2.1 Mentioning the distribution of antibiotics in landfills worldwide
MSW is directly disposed into landfill sites without any segregation and 
separation, and it is one of the major origins of generation of antibiotics 
and ARGs in the ecological environment (Anand et  al., 2021). The origin 
and distribution of antibiotics in landfills are given in Table 18.1. Excessive 
consumption of antibiotics is rising in the global level. On the observation of 
antibiotic consumption from 2000 to 2015 in 76 countries and the project has 
been expanded through 2030, it is shown that the consumption of antibiotics 
is increasing rapidly in both high-income countries (HICs) such as United 
States, Italy, and France, and low-middle-income countries (LMICs) such 
as India, China, and Pakistan (Klein et  al., 2018). Although, HICs also 
consume antibiotics, in LMICs the consumption of antibiotics was predicted 
to be at the highest level. In 2015, India has become the highest antibiotic 
consumption in the world, China has become second highest antibiotic 
consumption in the world, and United States has become the third highest 
antibiotic consumption in the world (Jabbar et  al., 2019). The origin and 
transferred mechanism of antibiotic dissemination in the environment is 
shown in Figure 18.1.

There is also a probability that the abundance of ARGs in the environment 
is due to the following causes: (1) overuse and abuse of antibiotics, (2) some 
antibiotics does not have a good metabolic competence to absorb entirely, 
(3) the residue of the antibiotics was absorbed by urine, feces, wastewater 
discharge, and fertilizers (Chen et al., 2017), (4) household waste directly enters 
into landfills which contaminate the soil, groundwater by leaching or runoff 
discharge (Chen et  al., 2017), and surface water, and (5) waste and unused 
antibiotics, and emerging contaminants (Zhang et al., 2022).

18.2.2 Abundance of ARGs and dissemination of ARGs in landfills
Till date, researchers have focused on antibiotics and ARGs present in wastewater 
effluents (Pei et al., 2006), sewage discharge, soil, and sediment (Pei et al., 2006; 
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Zuccato et  al., 2010), but none have studied the presence of antibiotics and 
ARGs in landfills. Some researchers found that the concentration of antibiotics 
in landfills is higher than the effluent of wastewater, soil, and sediment 
(Clarke et al., 2015; Sui et al., 2017). However, they found the concentration 
of antibiotics in leachate is higher than that of landfills. Therefore, the order 
of antibiotic concentration is leachate > landfill > effluent > wastewater 
discharge > sediment > soil. A quantitative measurement of antibiotic 
concentration was carried out by (i) liquid chromatography-tandem mass 
spectrometry (LC-MS/MS), (ii) high- performance LC-MS/MS (HPLC-MS/
MS), and ultra-performance LC-MS/MS. Currently, LC-MS/MS is used widely 
in the global level, because of its great performance and sensitivity (Zhang 
et al., 2022).

The dissemination of ARBs and ARGs in landfill leachate is the main cause 
of excessive use of antibiotics and its residue (Song et al., 2016). The mobile 
leachate, which is being generated throughout the landfilling process, is the 
main cause of the dissemination and distribution of ARBs and ARGs (Wu 
et al., 2015). Although there are numerous studies on ARGs in water, soil, and 
sediment, there is a scarcity of studies on landfill leachate (Chen et al., 2017). We 
need to evaluate the ARGs in landfill leachate, and there are various methods 
for that such as culture isolation, polymerase chain reaction (PCR), quantitative 
polymerase chain reaction (qPCR), DNA microarray, and metagenomics 
analysis. Many researchers evaluated the ARGs in landfill leachate by different 
methods, but there are some limitations for PCR and qPCR, due to the lack of 

Figure 18.1 Origin of antibiotics and dissemination of antibiotics in the environment 
(modified from Pan & Chu (2017) and Zhang et al. (2022).
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primers and low-throughput sequencing. To overcome the limitations of PCR 
and qPCR, metagenomic sequencing is a powerful tool to determine the ARGs 
and ARBs in landfill leachate. Currently, increasing contamination due to 
ARGs is a global risk; hence it is necessary to focus on the primers so that we 
could measure ARGs in various environments. The abundance and distribution 
of ARGs in landfill leachate are given in Table 18.2.

18.3 CORRELATION BETWEEN ANTIBIOTICS, ANTIBIOTIC RESIDUE, 
AND HEAVY METALS ON ARGs
The presence of antibiotics, antibiotic residue, and heavy metals in the 
environment poses problem in the global world (Välitalo et  al., 2017). 
Commonly, antibiotics are used as feed preservatives for agricultural purposes, 
but the residue of antibiotics affects human beings and animals which are 
dependent on the farms. The unabsorbed part of antibiotic residue is also the 
main factor which affects the AR. Most of the researchers found a correlation 
between antibiotics and ARGs in landfill leachate and surface soil (Sun 
et al., 2016). Sometimes many antibiotics are positively correlated with their 
corresponding ARGs (p value <0.05 and r2 = 0.74–0.89) in landfill leachate 
and the same outcome is reported in the wastewater treatment process (Gao 
et al., 2012). Simultaneously, researchers found that the antibiotics are weakly 
correlated with ARGs in landfill leachate (Yao et al., 2020) and same is also 
reported in the sewage treatment process (Gao et al., 2012). It indicates that 
antibiotics might not be the primary factor which affects AR. Hence, we need 
to focus more on the other factors that affect resistance, such as heavy metals, 
physicochemical properties, and organic matter of leachate.

The pollution of heavy metals is also associated with ARGs. The pollution 
of heavy metals is also shown in the landfill leachate. Most of the heavy metals 
such as Zn, Cu, and As are used as a feed additive for human beings and for 
veterinary and agricultural purpose. The unabsorbed residues of antibiotics 
and heavy metals are accrued by the natural environment, and it provides a 
prolonged period of co-selection pressure of the microbes for AR (Liu et al., 
2022; Lu et al., 2020). Most of the calculated ARGs significantly correlate with 
the heavy metals (for instance, p < 0.05) such as Cd and Cr (Wu et al., 2015). 
It means, most of the antibiotics, heavy metals, and ARGs present in the MSW 
landfill leachate, which is the major source of the proliferation of antibiotics 
and ARGs in the environment.

18.4 IMPACT OF SEVERAL VITAL FACTORS ON ANTIBIOTIC 
CONCENTRATION AND ARG PROFILES IN LANDFILLS
There are various important factors to increase the antibiotic concentration and 
ARG profiles in landfills: physicochemical factors, heavy metals, organic and 
inorganic matter, and other environmental and social factors. The correlation 
of the various factors with antibiotics, ARGs, and ARBs in detail is shown in 
Figure 18.2.
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18.4.1 Physicochemical factors
There are various physicochemical parameters, such as dissolved oxygen (DO), 
pH, conductivity, chemical oxygen demand (COD), biological oxygen demand 
(BOD), total nitrogen (TN), and total phosphorus (TP). In landfill leachate, 
high BOD, COD, TN, and TP indicate the high organic matter, and it is one 
of the major causes to generate bacterial resistance. Some of the researchers 
found a positive correlation between pH and ARGs and a negative correlation 
of conductivity, COD, BOD, TN, and TP with ARGs (Zhao et al., 2018). The 
sulR and intI genes were also correlated positively with DO and pH in landfill 
leachate (Koczura et al., 2016). Most of the studies found that COD, TN, and 
TP correlated positively (p < 0.05) with the intended genes (Sun et al., 2016), 
and some studies show that the BOD and COD were significantly negatively 
(p < 0.05) correlated with ARGs (Yu et al., 2016). Hence, these studies revealed 
that the physicochemical parameters contribute to ARGs in landfills.

18.4.2 Heavy metals
Heavy matter contributes pollution to the environment, and it is the major 
co-selection agent to increase the pollution and ARGs in the environment (Li 
et al., 2017). Most heavy metals such as Pb, Ni, As, Zn, Cu, Cd, and Cr are 
normally identified in the landfill leachate and these heavy metals are generally 
related to the environmental ARGs (Chen & Zhang 2013; Jia et al., 2013). Out 
of these seven heavy metals, Cu, Cr, Ni, and Zn have a great relationship with 
human activities (Ji et al., 2012) because Cu, Zn, and As are used in agriculture 
as a feed additives which are directly correlated with humans and animals (Lu 
et al., 2020; Zhu et al., 2013). Sometimes, heavy metals might interact with the 
antibiotics, and some heavy metals such as Cd and Cr dominate the antibiotics 
and it might overrule the effect of antibiotics on ARGs. It is observed that the 
correlation of antibiotics and ARGs vanished when the Cd and Cr heavy metals 
are dominated. It indicates that the ARGs are almost dependent on the heavy 
metals in the landfill leachate, and it increases the dissemination of ARGs in 
the MSW landfill leachate (Alonso et al., 2001; Czekalski et al., 2014).

Figure 18.2 Relationship between heavy metals, physicochemical factors, and other 
environmental factors with antibiotics, ARGs and ARBs.
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402 Landfill Leachate Management

18.4.3 Organic pollutants
Organic pollutants are also the main factors to proliferate and enrich ARGs 
in landfill leachates (Lv et  al., 2014; Rysz et  al., 2013; Zhou et  al., 2014). It 
is observed that the humic acids were significantly positively correlated with 
ARG concentrations (Yu et  al., 2016). With the presence of organic matter, 
certain microbial communities are present in landfills and organic matter also 
boosts the HGT and it stimulates the ARG diffusion in the aquatic environment 
(Jiao et al., 2017). Overall, it signifies the positive significant correlation found 
between the organic matter and antibiotics and ARGs.

18.4.4 Environmental and other social factors
The antibiotics and ARG profiles in leachates were prompted by various 
parameters, and the contamination of antibiotics and ARGs might be lessened 
and monitored by altering the environmental aspects (Liu et al., 2022). Some of 
the earlier studies showed that the other social and environmental factors such 
as seasonal variation, age of the landfill (Zhao et al., 2018), human emigration 
activities, use of harmful chemical and pesticides, globalization and populace 
expansion affect the antibiotics and ARGs in landfill leachate (You et al., 2018). 
Moreover, we need further research to understand the mechanisms of other 
social and environmental factors to increase the AR in the environment.

18.5 EFFECT OF LEACHATE QUALITY PARAMETERS AND LANDFILL 
AGE ON ANTIBIOTIC CONCENTRATION AND ARGS
There are various factors to determine the distribution characteristics of 
antibiotics and ARGs in the landfill leachate, such as heavy metals, seasonal 
variation, leachate quality parameters, volume of waste (Wu et  al., 2017), 
population of the vicinity, landfill age, and other prompting factors, but landfill 
age is also one of the main factors (Liu et al., 2022; Yi et al., 2017). The landfill 
leachate has a huge and different quality parameter due to the seasonal variation 
(summer, monsoon, and winter).

With the increasing age of the landfill, the nitrogen and carbon content 
decreases and on the contrary, the DO and pH value increases, indicating the 
degradation of the MSW (Wu et  al., 2019). Moreover, the concentration of 
heavy metals such as Co, Pb, and Zn increases significantly (p < 0.05) with the 
landfill age (Yu et al., 2016). The landfill age has a major impact on the leachate 
composition specifically on organics, nitrogen, and carbon (Kulikowska & 
Klimiuk 2008). The transformation and migration of the organic compounds 
within leachates is also dependent on the landfill age. The landfill age is also 
divided into three categories: old leachate (>20 years), middle leachate (∼10 
years), and young (<3 years). The landfill age is positively correlated with 
the abundance of ARGs and negatively correlated with the leachate quality 
parameters, such as NO3-N, NH4-N, TP, COD, BOD, conductivity, and total 
organic carbon. It indicates that the landfill age is inversely proportional to 
the landfill quality parameters (Shi et al., 2021). Landfills of the same age show 
highly heterogenous nature, because they have distinct leachate quality (Wang 
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et al., 2015). Overall, various factors affect the profile of antibiotics and ARGs; 
hence, the pollution of antibiotics and ARGs might be reduced by the control 
and variation of the environmental factors.

18.6 IMPACT OF ANTIBIOTICS AND ARGs ON GROUNDWATER AND 
SURFACE WATER DUE TO THE LANDFILL LEACHATE
According to history, the groundwater is free from any contaminated pollutants 
due to the natural filtering capability of the subsurface environment, and it 
takes higher time for microbes or pollutants to travel into the groundwater. But 
currently, contamination, ARGs, and antibiotic residue contamination were 
found in the groundwater and surface water due to the improper management 
of wastewater disposal, MSW disposal, contamination of septic tank, landfill 
leachate, and for other reasons such as saturated soil (Jindal et al., 2013). Hence, 
the strong impact of antibiotics and ARGs on groundwater and surface water 
due to the landfill leachate.

18.6.1 Occurrence of the antibiotics and ARG contamination in 
groundwater
There are several reasons for the occurrence of the groundwater contamination: 
(i) the first reason is due to the chemicals because they are more persistent, 
and it is extremely difficult to eradicate them from the groundwater due 
to the comparatively reduced oxidoreduction reactions and deficiency of 
photodegradation compared to the surface water. Therefore, the groundwater 
contamination has more risk as compared to the surface water. (ii) The second 
reason is that the groundwater sites in India are generally not lined because the 
water table depth of the groundwater depends on the percolation. Therefore, the 
unlined drains are the biggest threat for the contamination of groundwater, and 
it adds more risk to the environment (Kumar et al., 2016). The groundwater and 
surface water near the MSW landfills are also the main hotspots of antibiotics 
and ARGs in the environment (Wang et  al., 2015). The impact of antibiotic 
residue and ARGs on groundwater and surface water is detrimental for human 
health and threat to the public health.

18.6.2 Assessment of the antibiotics and ARG contamination in 
groundwater and surface water
Currently, landfill is the easiest way to the disposal of MSW and it spreads 
antibiotics and ARGs into the environment (Chen et  al., 2017). There are 
various survey and monitoring methods to verify the contamination of the 
groundwater. The first step is to check the physicochemical parameters and 
the limits of WHO guidelines, but due to the landfill leachate, drains, and 
drain leachate, the groundwater parameter limits exceed the WHO permissible 
limits. After that, check the diversification of the ARGs, the prevalence of 
antibiotics and ARGs, and identification of the various genetic elements 
in groundwater with the help of high-throughput qPCR (Chen et  al., 2017). 
The contamination of the groundwater generally also depends on the landfill 
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age and changes occurring constantly with the landfill age. The changes in 
the groundwater contamination not only depends on the hydrogeological 
situations, natural land-use characteristics, depth of groundwater, soil type, 
slope, and precipitation, but it also depends on the leaked leachate water which 
is directly influenced by the components of the MSW (Han et al., 2016). Hence, 
the groundwater contamination depends on the change in the water quality 
of leachate which is generated in MSW landfills. In the preliminary landfill 
phase, the concentrations of contaminants in landfill leachate slowly become 
complicated and high level. After the concentration extends its highest value, it 
decreased and stabilizes to a certain constant value (Renou et al., 2008).

18.7 CONCLUSION
According to this study and availability of the scientific literature which were 
discussed in this chapter, following outcomes can be noted:

• Landfills play an important role for the disposal and treatment of MSW, 
despite the fact that they are the main hotspots of dissemination of antibiotics 
and ARGs, they are also the leading cause for further transmission of AR.

• Most of the physicochemical parameters, antibiotics, heavy metals, 
ARGs, organic matter, and other social and environmental factors 
present in the MSW landfill leachate, which are the most important 
source of the proliferation of antibiotics and ARGs in the environment 
and furthermore, antibiotic residues can alter the composition, structure, 
and biological functions of microbial community, which induces AR in 
the landfill leachate.

• The landfill age is inversely proportional to the landfill quality parameters 
and the transformation and migration of the organic compounds within 
leachates is also dependent on the landfill age. Hence, it is also one of 
the main factors which affect the landfill leachate and induces AR in the 
vicinity of the landfill.

• The groundwater and surface water adjacent to the landfill are also 
the hotspots of antibiotics and ARGs in the environment and the 
contamination of the groundwater generally also depends on the landfill 
age and changes constantly occurring with the landfill age. Moreover, the 
impact of antibiotic residue and ARGs on groundwater and surface water 
is a threat to the public health.

There are some gaps which need to fulfill by the researchers: (a) researchers 
should pay attention to the different compositions of MSW and its effect on the 
antibiotics and ARGs individually, (b) most of the studies found in developed 
countries such as China, United States, Italy, and France, but we need to focus 
on the landfill leachate problems which are related to the antibiotics and ARGs 
in India also, and (c) to develop a risk assessment procedure for the AR in 
the environment and suggests an urgent need for surveillance of ARGs and 
development of practices to reduce the risk.
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ABSTRACT

Landfilling is the most common and popular method to dispose of solid waste. The 
production of leachate from landfill sites is a major problem associated with the landfill 
technique of solid waste disposal. This chapter presents a general idea of the technical 
applicability of aerobic and anaerobic treatment of landfill leachate. This chapter reviews 
the performance, mechanism, application, limitations, and upgradation of various existing 
aerobic and anaerobic treatment techniques such as activated sludge (AS), sequencing 
batch reactors (SBRs), aerated lagoons, rotating biological contactors, upflow anaerobic 
sludge blanket (UASB) reactors, and constructed wetlands. The designing parameters such 
as hydraulic retention time (HRT) and organic loading rate and performance indicators are 
discussed. Among the aerobic and anaerobic treatment processes, AS, SBRs, and UASB 
are the most often used techniques. These techniques are effective in reducing chemical 
oxygen demand up to 90% and NH3-N up to 80%. Generally, the selection of the effective 
treatment technique for landfill leachate depends on leachate characteristics, technical 
applicability, HRT, economics, and further environmental impacts.

Keywords: Landfill leachate, pollutants, aerobic, anaerobic, constructed wetlands.

19.1 INTRODUCTION
In recent years, municipal solid waste (MSW) has emerged as one among the 
truly serious challenges to the world environment. Due to the mobilization of 
the population to urban areas, about an average of 1,000 m3 MSW is generated 
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in Asia annually (Hoornweg, 2000), and increased by ∼3–4% annually per 
capita generation of solid waste from 0.5 to 2 kg per person per day (Mian et al., 
2017). Greenhouse gas emissions from MSW contribute to ∼20–25% of total 
anthropogenic emissions (Adhikari et al., 2006). As less specific measures are 
designed to prevent environmental contamination from solid waste, this MSW 
and its leachate exert harmful effects on the environment and human health. 
For sustainable waste management, a well-engineered landfill is required for the 
proper disposal of MSW with impervious liners, a leachate collection system, 
and a leachate treatment system to minimize soil and natural water pollution.

Biodegradable refuse with high moisture and organic contents such as food 
waste, garden waste, and so on are components of MSW. This type of waste 
is immediately decomposed by the physicochemical and biological processes 
when dumped into a landfill (Horner, 1994). Physical changes cause a change 
in volume and size, and biological changes involve decomposition by microbes. 
In total, 6% of landfill leachate is produced during the microbial decomposition 
of waste (Börjesson & Svensson, 1997), and it continues for over 50 years after 
the closure of the landfill (Kurniawan et al., 2006, 2010). The landfill leachate 
characteristics vary with time based on various factors such as decomposition 
of solid waste, seasonal variation, hydrology of landfill site, pH, and moisture 
content (Kjeldsen et al., 2002). In the monsoon season, the rainwater can seep 
through the landfill and contaminate groundwater with toxic pollutants that are 
present in leachate such as organic halides, heavy metals, xenobiotic compounds, 
and ammoniacal nitrogen (NH3-N) which causes acute toxicity (Baun et  al., 
2004; Bernard et al., 1997; Silva et al., 2004). The common characteristics of 
young and stabilized leachate are provided in Table 19.1 (Ehrig, 1988; Lo, 1996).

The landfill leachate is heavily polluted and therefore efficient control 
measures are required to remediate and control infiltration, else, it will lead 
to accelerated groundwater contamination with toxic pollutants from waste. 
As groundwater is a major source of public drinking water and irrigation, the 
risk of groundwater contamination becomes a foremost environmental concern 
these days (Tränkler et al., 2005).

Table 19.1 Characteristics of young and stabilize leachate.

Parameters Young Leachate 
(1–5 years)

Stabilized Leachate 
(5–10 years)

Composition 
(molecular weight)

Low molecular weight 
compounds (C2–C6 
carboxylic acids)

High molecular weight 
compounds (humic 
and fulvic acids)

pH <6.5 >7.5

NH3-N (mg/L) 500–2,000 400–5,000

BOD (mg/L) 4,000–13,000 20–1,000

COD (mg/L) 6,000–60,000 5,000–20,000

TKN (mg/L) 0.1–2 NA

Heavy metals (mg/L) >2 <2
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The design and management of a landfill play a major role in leachate 
percolation. Good engineering practices adopted during landfill design result 
in reduced leachate production and seepage into the groundwater (Qasim & 
Chiang, 2017).

For the removal of organic pollutants from leachate, various physical and 
chemical treatments such as coagulation–flocculation (Amokrane et al., 1997), 
chemical precipitation (Zhang et al., 2009), ammonia stripping (Cheung et al., 
1997), adsorption (Halim et al., 2010), and advanced oxidation processes such 
as ozonation and Fenton oxidation (Choi, 1998) have been used. However, these 
treatments have a limited success rate for the removal of targeted compounds 
from leachate, so the development of an alternative technology for leachate 
treatment is necessary.

Biological treatments such as sequencing batch reactors (SBRs) (Neczaj et al., 
2005), upflow anaerobic sludge blanket (UASB) reactors (Parawira et al., 2006), 
natural treatment systems such as constructed wetlands (CWs), and leachate 
recirculation (Lee et  al., 2002) nowadays are widely employed to remove 
the chemical matter and gaseous emission from MSW due to their low cost 

Figure 19.1 Aerobic and anaerobic landfill leachate treatment processes.
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and applicability. Microbes break down the organic pollutants from leachate 
under either aerobic or anaerobic conditions (Devare & Bahadir, 1994). In the 
aerobic process, the target pollutants are converted into carbon dioxide, water, 
and biological products (biomass) in the presence of atmospheric oxygen and 
microorganisms. In anaerobic treatment, the major part of organic matter is 
converted into biogas (methane) and biological sludge in the absence of oxygen. 
The biological processes are very effective in the case of young leachate compared 
to stabilized leachate (Lema et al., 1988). Few studies have been conducted to 
provide a comprehensive overview of the biological leachate treatment process 
and optimize the process to maximize the target compound removal.

This chapter presents an overview with a critical analysis of the technical 
application and treatment performance of biological processes covering their 
mechanism, application, performance, limitations, and improvement scheme 
(Figure 19.1).

19.2 AEROBIC TREATMENT
Landfill leachate consists of high-organic and -inorganic pollutant loads and 
the biological treatment is economical, reliable, and easy to operate. Biological 
treatment approaches are generally differentiated into two types: aerobic and 
anaerobic. In aerobic treatment, microorganisms consume organic matter in 
the presence of oxygen and convert it into inorganic components and biomass. 
The most frequently used aerobic biological treatment technologies for landfill 
leachate treatment are activated sludge (AS), SBRs, aerated lagoons (ALs), 
rotating biological contactors (RBCs), and so on. AS processes are usually 
applied for the leachate generated from domestic wastes (Huang et al., 2008; 
Lin et  al., 2000; Liu, 2003; Pan & Tseng, 2001; Qu et  al., 2019; Sachdeva 
et  al., 2000; Sillanpää & Oikari, 1996; Sorvari & Sillanpää, 1996; Stolarek 
& Ledakowicz, 2001; Virkutyte & Sillanpää, 2006). In AS processes, harmful 
pollutants are converted into harmless products such as carbon dioxide and 
water through different microorganisms. In this process, oxygen or air is blown 
into the wastewater and this aerated wastewater is biologically treated. AS 
has high concentrations of bacteria, protozoa, and fungi, which degrades the 
organic matter. Mojiri et  al. (2021) quoted that the AS treatment processes 
are efficient in the complete degradation of organic matter. An AS process 
has some limitations such as longer aeration time for sludge settleability 
(Loukidou & Zouboulis, 2001), high-energy demand (Kjeldsen et  al., 2002), 
and microbial inhibition due to high ammonium-nitrogen concentration (Lema 
et al., 1988). Few researchers have reported landfill leachate treatment by AS. 
Hoilijoki et al. (2000) in their lab-scale study investigated the application of 
AS on landfill leachate at different temperatures (5–10°C) and concluded that 
chemical oxygen demand (COD) 150–500 mg/L, biochemical oxygen demand 
(BOD) <7 mg/L, and NH3-N < 13 mg/L is achievable in the leachate after 
treatment. They also concluded that the nitrification efficiency was enhanced 
with the accumulation of plastic carrier material (Hoilijoki et al., 2000). Few 
other studies reported different percentage removal for COD, BOD, and NH3-N 
under different operating conditions (Table 19.2).
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For superior removal of NH3-N, SBRs are used for landfill leachate 
treatment (Agamuthu, 1999; Diamadopoulos et al., 1997). Some studies have 
reported up to 99% NH3-N removal (Lo, 1996) and up to 75% COD removal 
(Dollerer & Wilderer, 1996; Kargi & Pamukoglu, 2004). The percentage 
removal of COD, BOD, and NH3-N under different operating conditions 
using SBRs is present in Table 19.2. Biological nitrogen removal from landfill 
leachate can also be achieved through trickling filters (Aluko & Sridhar, 
2013; Bove et  al., 2015; Renou et  al., 2008). Trickling filters are low-cost 
biofilters and can tolerate certain variations in landfill leachate composition 
and concentration (Bove et al., 2015). The average depth of the trickling filter 
is ∼2 m and it has ∼50% of porosity (Bove et al., 2015). Raw landfill leachate 
is fed from the top which passes through the bed and treated leachate is 
collected from the bottom (Bove et al., 2015). Renou et al. (2008) concluded 
that the trickling filters can remove 90% of the ammoniacal nitrogen. Aluko 
and Sridhar (2013) also investigated the role of trickling filters and SBRs in 
leachate treatment and observed that the trickling filters removed 59.50% 
of ammonia, 76.69% of BOD, 71.96% of turbidity, and 73.17% of suspended 
solid. The advantage of using a trickling filter is that different pollutants (such 
as BOD, COD, ammonia, etc.) can be removed simultaneously, however, 
clogging of the filter is an issue (Nath & Debnath, 2022). Therefore, it is 
recommended to avoid the treatment of leachate having a high suspended 
load (Nath & Debnath, 2022).

For removing pathogens, organics, and inorganic matter from landfill 
leachate, ALs are generally preferred because of their low cost and 
high efficiency (Zaloum & Abbott, 1997). Mæhlum (1995) explored the 
combination of ALs with CWs for landfill leachate treatment and observed 
N, P, and Fe removal efficiency to be above 70%. ALs have a limitation 
in terms of their temperature dependency which affects microbial activity 
(Zaloum & Abbott, 1997).

RBCs have a series of closely spaced circular plastic disks containing 
microbial films of diameter ∼3.5 cm. When landfill leachate flows between 
these closely mounted disks, the biomass developed on the surface of the disk 
absorbs and disintegrates the organic toxins. This RBC technique is generally 
used for the treatment of leachate having low strength and it has several benefits 
such as low-energy consumption, less space requirement, low sludge generation, 
and high pollutant removal (Qasim & Chiang, 2017). However, RBCs are not 
appropriate for high-strength leachate and temperature-dependence processes. 
High-capital cost limits the RBCs applicability for high-flow and high-strength 
wastewater and more research is needed to reduce the associated capital cost 
to increase the acceptability of this technique.

Although aerobic leachate treatment techniques exhibit promising results, 
certain drawbacks are also associated with them such as high-operating 
costs, odor issues, high-sludge generation, and so on. The advantages 
and disadvantages of the aerobic treatment processes are summarized in 
Table 19.3.
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19.3 ANAEROBIC TREATMENT
In anaerobic treatment, microbes grow in the absence of oxygen and convert 
organics into CO2, CH4, and other metabolite products (Price et  al., 2003). 
Some of the widely used anaerobic treatment processes for landfill leachate 
are digesters, UASB reactors, anaerobic filters, hybrid-bed filters, fluidized-bed 
reactors, and anaerobic–pulsed-bed filters integrated with aerobic sequencing 
batch reactors. It is a suitable and effective technique for waste valorization 
from young leachate (Fang & Chui, 1993). In some laboratory-scale studies 
for performance evaluation, 50–90% COD removal was obtained at different 
temperatures (Bull et al., 1983; Sung et al., 1997). The most broadly applied 
anaerobic technique for landfill leachate treatment is UASB (Lin et al., 2000), 
which is used for the removal of organic matter and ammoniacal nitrogen 
from landfill leachate, and the generation of methane as a valuable product. 
The UASB process has high treatment efficiency and short hydraulic retention 
time (HRT) resulting in low capital and operating costs (Lin et al., 2000). At 
intermediate organic loading rates (6–19.7 g/L/day COD), up to 92% COD 
removal efficiency was obtained by Kennedy and Lentz (2000). Few studies 
conducted at low temperatures concluded lower pollutant removal efficiency 
(García et  al., 1996; Kettunen & Rintala, 1998). The percentage removal 
of COD and NH3-N under different operating conditions by using UASB is 
presented in Table 19.4. The high removal efficiency results indicate a high 
rate of treatment at a low cost with valuable end products (García et al., 1996). 
Occasionally, the UASB reactors underperform due to free ammonia toxicity 
(Gülşen & Turan, 2004), which can be minimized by maintaining the pH at ∼7. 
During the anaerobic treatment of landfill leachate with the UASB technique, 
organic material is converted to carbon dioxide and methane, and organic 
nitrogen is converted to ammonia which causes ammonia toxicity resulting in 
inhibition and sudden failure of the treatment process.

19.4 CONSTRUCTED WETLANDS
CWs are artificially biologically engineered structures to represent natural 
wetlands for the degradation of the desired contaminants present in polluted 
water (Malyan et al., 2021a; Singh et al., 2023). CWs use the synergistic effect 
of different types of bacteria attached to the plant roots and substrates for the 
degradation of pollutants present in the leachate (Muthukumaran, 2022). CWs 
are natural treatment systems for on-site removal of contaminants, which use 
emergent plants such as Phragmites australis, Typha latifolia, Typha angustifolia, 
Cyperus papyrus, Cyperus alternifolius, Spider lily, Heliconia, and so on. HRT, 
water flow regimes, and microbial consortia are the main factors affecting the 
performance of CWs (Malyan et al., 2021a). Due to its ecosystem characteristics, 
it is a widely used technology for the treatment of complex pollutants such as 
landfill leachate. Due to its natural aerobic and anaerobic interface microbial 
biomass sustainability, CWs degrade the desired toxic pollutants present in the 
landfill leachate. The vegetation root zone in CWs allows the natural reduction 
of many contaminants by microbial degradation processes. CW systems are 
widely used in the United States, Canada, Slovenia, and France (Urbanc-Berčič, 
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Table 19.4 UASB efficiency under different operation conditions.

Technique 
Used

Leachate 
Volume 
(L)

HRT 
(day)

SRT 
(day)

COD 
Removal 
Efficiency 
(%)

NH3-N 
Removal 
Efficiency 
(%)

Reference

HUASB — — — — 89.6 Kannah et al. 
(2022)

APBF +  
aeSBR

— 8 — 97 — Tyagi et al. (2019)

UASB 0.8 2.9 — 98 — Parawira et al. 
(2006)

UASB — 2 — 80 — Calli et al. (2006)

UASB 9 9 — 87 — Marañón et al. 
(2006)

UASB — 9 — 87 — Marañón et al. 
(2006)

UASB 2.5 4 — 98 — Aǧdaǧ and Sponza 
(2005)

UASB 2.8 6.6 — 90 — Fang et al. (2005)

UASB 13 1 — 90 — Gülşen and Turan 
(2004)

UASB 41 3.9 — 96 — Shin et al. (2001)

UASB 7.8 2 — 90 — Inanc et al. (2000)

UASB 10 3 — 94 — Timur et al. (2000)

UASB 1.4 1 — 91 — Kennedy and 
Lentz (2000)

UASB 10 0.5 — 85 — Timur and Özturk 
(1999)

UASB 13 1.5 — 68 — Griffin et al. (1999)

UASB — 3 — 75 — Kettunen and 
Rintala (1998)

UASB 0.7 6 — 80 — Sung et al. (1997)

UASB 2 — — 98 50 Diamadopoulos 
et al. (1997)

UASB — 0.5 — 70 — Berrueta et al. 
(1996)

UASB 0.3 0.4 — 75 80 Kettunen et al. 
(1996a, 1996b)

UASB — 0.1 — 91 — García et al. (1996)

UASB 0.2 2.1 — 95 — Kettunen et al. 
(1996a, 1996b)

UASB — 12 — 85 — Robinson and 
Maris (1985)

APBF, anaerobic–pulsed-bed filter; aeSBR, aerobic sequencing batch reactor; HUASB, hybrid upflow 
anaerobic sludge blanket.
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1996). Bulc (2006) investigated the feasibility of pilot-scale hybrid (vertical 
plus horizontal flow) CWs (311 m2) with cattails and reeds for the treatment 
of landfill leachate in Slovenia for 7 years and observed a significant reduction 
in the pollution load (BOD5 – 59%; COD – 50%; ammoniacal nitrogen – 51%, 
total phosphorous – 53%; and Fe – 84%) indicating suitability of CWs for 
landfill leachate treatment. High-organic load in raw landfill leachate hinders 
the use of membrane (ultrafiltration (UF), nanofiltration, and reverse osmosis 
(RO)) based treatment. Recently, Lam et al. (2023) investigated the feasibility 
of CWs in the pre-treatment of landfill leachate followed by scaling up UF 
and RO and concluded that CWs with absorbent materials in substrate media 
remove significant concentrations of pollutants leading to the applicability of 
membranes for the complete removal of pollutants from the landfill leachate. 
Low-cost absorbent materials such as biochar, zeolite, and so on (Malyan et al., 
2021b; Parihar et  al., 2022) can be added to the substrate media of CWs to 
enhance the removal potential of pollutants (Lam et al., 2023). The removal 
of heavy metals such as nickel, zinc, lead, copper, chromium, and so on is also 
reported from landfill leachate through CWs (Fu et al., 2022; Teng & Chen, 
2022; Wdowczyk et al., 2022). Biological pathway, sorption on the substrate 
media, filtration through the substrate, and uptake through plant root/shoot 
systems are major heavy metal removal mechanisms in CWs (Bakhshoodeh 
et al., 2017; Malyan et al., 2021a; Wdowczyk et al., 2022). Landfill leachate is 
also contaminated with emerging pollutants such as personal care products, 
pesticides, microplastics, and so on (Kara et al., 2022; Laiju et al., 2022; Shen 
et al., 2022; Yang et al., 2022), and their removal through CWs is also possible. 
Yang et al. (2022) investigated the removal of hexachlorocyclohexane (HCH) 
and dichlorodiphenyltrichloroethane (DDT) from landfill leachate through 
multi-stage vertical subsurface CWs with three plant species (P. australis, Canna 
indica, and Cyperus involucratus) and observed 38.6% removal of total HCH 
and 82.7% of total DDT. The removal of the pesticides through CWs is affected 
mainly by the octanol-water partition constant (Kow). Pesticides having higher 
Kow get adsorbed on the biofilms and substrate of the CWs and get degraded 
under different microbial actions (Yang et al., 2022). Kow of DDT (5.87–6.91) 
is higher than Kow of HCH (3.93–4.14), and therefore the removal of DDT is 
higher in CWs as compared to HCH (Yang et al., 2022). Apart from microbial 
sorption and microbial degradation, plant uptake is another pesticide removal 
mechanism in the CWs (Malyan et al., 2021a). The removal of pesticides due 
to the microbial processes in the substrate of CWs is higher as compared to 
the uptake by the plants (Yang et al., 2022). DDT is adsorbed in the sediment/
substrate where the microbial process is comparatively very high resulting in 
higher degradation, whereas on the contrary, HCH gets accumulated in the 
plant through the uptake mechanism resulting in a lower removal rate (Yang 
et al., 2022). On the basis of above discussion, it can be concluded that CW is an 
efficient economical technology for landfill leachate treatment and requires low 
energy and operation cost. Sometimes, the use of CWs for leachate treatment 
results in high COD and low NH3-N removal (Klomjek & Nitisoravut, 2005).
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Although CW application for landfill leachate treatment has several merits, it 
still has some limitations. First, CWs require a higher area, and second, the plant 
species of CWs hyper-accumulate certain toxic non-biodegradable pollutants in 
their biomass, and the management of this polluted biomass is another issue. 
Human population is expanding with time and land availability is shrinking day 
by day resulting in high land costs in metro and megacities making the use of CW 
prohibitive. Recently, researchers are working toward more efficient CWs which 
can be constructed in smaller space (Chang et al., 2016; Rampuria et al., 2020). 
Rampuria et al. (2020) explored the feasibility of deep CWs for the removal of 
pollutants from wastewater and observed 75.71, 64.37, 66.29, 50.11, and 47.94% 
removal of BOD5, COD, total kjeldahl nitrogen (TKN), total nitrogen (TN), and 
phosphate, respectively, with the requirement of smaller land. Further research 
is needed in the area of reducing the footprint and management of contaminated 
biomass to make CW technology more acceptable.

19.5 CONCLUSION
In the last few decades, extensive research has been undertaken worldwide 
on the amelioration of landfill leachate by biological treatment processes and 
it can be concluded that none of the individual biological treatment process is 
universally applicable for the removal of the targeted compounds from leachate. 
Both aerobic and anaerobic treatment processes have their advantages and 
disadvantages and can be complementary to each other in the treatment of 
landfill leachate.

Although many techniques can be applied for the treatment of landfill 
leachate, the suitability of the technique depends on the properties of leachate, 
cost-effectiveness, and our requirements. All of the above factors need to be 
taken into consideration while selecting appropriate biological technology for 
landfill leachate treatment.
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ABSTRACT

Landfill leachate management is a critical aspect of waste management, as it involves the 
collection and treatment of liquids that form when rainwater and other liquids seep through 
solid waste in landfills which can pose a threat to the environment and public health if not 
properly managed. Landfill leachate management involves the use of various technologies 
to treat the liquid that seeps through waste in landfills. Some common technologies include 
physical treatment such as screening, sedimentation, and filtration; chemical treatment 
which involves adding chemicals to stabilize and neutralize the leachate; biological 
treatment which uses microorganisms to break down organic matter; evaporation/
incineration which reduces the volume of leachate; and membrane processes such as 
reverse osmosis and ultrafiltration which remove impurities. The most effective technology 
or combination of technologies depend on the characteristics of the leachate and local 
regulations. In some cases, a combination of technologies may be required to adequately 
treat the leachate and achieve the desired level of treatment. This chapter provides an 
overview of the sources and composition of landfill leachate, its potential impacts, and 
the current state of treatment methods. The chapter highlights the importance of proper 
leachate management and the need for continued research and development of innovative 
treatment technologies to improve the environmental performance of landfills.

Keywords: Landfill leachate, treatment, waste management, membrane.

20.1 INTRODUCTION
Landfill leachate management refers to techniques and practices used to control 
and treat the liquid that is generated when solid waste decomposes in a landfill. 

Chapter 20

Landfill leachate 
management
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430 Landfill Leachate Management

Leachate is a mixture of water, organic and inorganic compounds, heavy metals, 
pathogens, and other pollutants that can pose a serious threat to the environment 
and human health if not properly managed. Effective management of landfill 
leachate involves minimizing its generation and potential for migration into 
the environment and properly treating and disposing of it to prevent soil and 
groundwater pollution. This requires a comprehensive understanding of the 
composition and characteristics of leachate, as well as appropriate technologies 
and treatment methods to remove the pollutants. Landfill leachate management 
is an important aspect of solid waste management and is critical for ensuring 
the protection of the environment and public health.

Landfills for urban solid waste are frequently utilized for non-hazardous 
sludge as well as domestic, commercial, and industrial solid waste. Despite its 
potential for environmental harm, sanitary landfilling is nevertheless used in 
waste management programs (Mojiri et  al., 2017). Sanitary landfilling often 
has cheaper operating expenses compared to alternative processes, such as 
incineration (Gotvajn & Pavko, 2015). After being dumped, waste may undergo 
several biological and physicochemical changes, generating leachate, a highly 
contaminated effluent. Such waste can contaminate neighboring groundwater, 
surface water, and soil (Zamri et al., 2017).

According to Chávez et  al. (2019), landfill leachate frequently contains 
large amounts of organic pollutants, heavy metals, hazardous materials, 
ammonia, and inorganic materials as well as refractory compounds such as 
humic substances. It also frequently has a high chemical (COD) and biological 
oxygen demand (BOD) (Eggen et al., 2010). Depending on how quickly they 
deteriorate, the temperature, the hydrology, and how old they are, leachate 
from landfills can have a variety of characteristics. Inadequate landfill leachate 
management is frequently linked to ecological damage and health problems. In 
open dumping and sanitary landfills, reducing dangers to the environment and 
public health is a critical problem (Xaypanya et al., 2018). The most effective 
primary strategies for treating landfill leachate include biological treatments as 
well as chemical and physical methods. A detailed analysis of landfill leachate’s 
features, effects, and remediation options is required. This chapter fulfills the 
purpose of offering such a critical evaluation.

20.2 LANDFILL LEACHATE CHARACTERIZATION
The liquid that drains from solid waste in a landfill is called landfill leachate, 
and it includes a variety of contaminants, including pathogens, heavy metals, 
and organic and inorganic chemicals. To establish the composition of landfill 
leachate and its possible effects on the environment and public health, its 
physical, chemical, and biological characteristics must be analyzed. Effective 
treatment and management solutions for the leachate are designed using this 
information. The presence of heavy metals and other harmful contaminants, 
as well as pH, conductivity, total organic carbon, nitrogen, and phosphorous 
levels, may all be assessed as important factors during characterization. For 
landfill leachate to be effectively managed and treated to minimize soil and 
groundwater pollution, it must first be accurately characterized.
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When water permeates waste in a landfill, it generates leachate, which 
transmits some types of contaminants (Mojiri et  al., 2017). Four major 
categories of contaminants, including organic contaminants and substrates, 
inorganic compounds, heavy metals, total dissolved solids (TDS), and color, 
may be used to categorize the pollutants found in municipal landfill leachate. 
Landfill leachate may be categorized into three major classes (Table 20.1) based 
on its age: young, intermediate, and old. Leachate from ‘young’ landfills (i.e., the 
acid phase) is characterized by low pH values, large concentrations of volatile 
acids, and simply decomposed organic waste. Leachate methane production 
and pH are high in mature landfills (i.e., the methanogenic phase), and the 
predominant organic components are humic and fulvic fractions. The pH of 
young landfill leachate is usually <6.5, whereas the pH of aged landfill leachate 
is found to be >7.5. Additionally, it was noted that leachates with high volatile 
fatty acid (VFA) concentrations have low pH. The pH of stabilized leachate is 
in the range of 7.5–9. The pH of the leachate increases to an alkaline condition 
as a result of the methane-producing bacteria consuming more partially ionized 
free VFAs during the anaerobic breakdown of the wastes (Gautam & Kumar, 
2021; Hussein et al., 2019). However, owing to the characteristics of waste are 
dependent on nations, there is a little variance in some other research. The 
properties of landfill leachate throughout the world are provided in Table 20.2. 
According to Table 20.2, the cities with the highest concentrations of landfill 
leachate were Riyadh, Saudi Arabia, with Fe 167.6 mg/L, and China, with COD 
28,000 mg/L.

20.2.1 Color and TDS
Color in leachate can be caused by various factors such as organic matter, heavy 
metals, and dyes present in the waste. The color can indicate the presence of 
specific pollutants and help identify the potential health and environmental 
hazards associated with the leachate. However, it is important to note that the 

Table 20.1 Leachate characteristics and treatability based on the landfill age.

Sl. No. Parameters Unit Age (Years)

Young 
(0–5)

Intermediate 
(5–10)

Old 
(>10)

1 pH — <6.5 6.5–7.5 >7.5

2 COD mg/L >10,000 5,000–10,000 <5,000

3 BOD5/COD 0.5–1.0 0.1–0.5 >0.1

4 NH4-N mg/L <400 — >400

5 HM Low to high Medium 
to low

Low Low

6 VFA/HFA % VFA: 80% VFA: 5–30%, 
+HFA

HFA: 
80%

7 Biodegradability Low to high High Low Medium

HM, heavy metals; VFA, volatile fatty acids; HFA, humic and fulvic acids.
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color alone may not be a reliable indicator of leachate quality and further 
analysis such as chemical testing is needed to determine the exact composition 
and potential hazards. Water may change color from yellow to dark brown 
due to the breakdown of certain organic components, such as humic acid. The 
production of color and turbidity by chemicals and particles is emphasized by 
Gotvajn and Pavko (2015).

TDS show how various cations and anions, including calcium, chloride, 
magnesium, sodium, potassium, and bicarbonates, have an integrated 
impact on water and waste. Additionally, TDS may prevent or reduce 
the biological decomposition of dissolved organic carbon and can be 
generated from modest quantities of dissolved organic matter. High 
electrical conductivity and TDS may be used to identify dissolved organic 
and inorganic compounds in samples, according to Hussein et al. (2019). 
Inorganic salts and dissolved organics constitute the majority of TDS. The 
level of mineralization is determined by the quantity of TDS, and a higher 
TDS concentration may alter the physical and chemical properties of the 
receiving water. Because it alters the ionic makeup of water, an increase 
in salinity brought on by an increase in TDS concentration also increases 
toxicity. Similar to ammonia, TDS is spread across a wide range in tropical 
monsoon climate, tropical rainforest climate, and tropical savanna climate 
(Lindamulla et al., 2022).

20.2.2 Organic and inorganic pollutants, and heavy metals
Organic and inorganic pollutants, as well as heavy metals, are commonly found 
in landfill leachate and can pose a significant threat to human health and the 
environment. Organic pollutants include a wide range of chemicals such as 
pharmaceuticals, personal care products, pesticides, and polychlorinated 
biphenyls. Inorganic pollutants include heavy metals such as lead, cadmium, 
and arsenic, which are toxic and can persist in the environment for many years. 
Heavy metals can also leach into groundwater and contaminate drinking 
water sources. Landfill leachate can also contain high levels of nitrogen and 
phosphorous, leading to eutrophication and the growth of harmful algae 
in aquatic ecosystems. It is essential to properly manage and treat landfill 
leachate to minimize the risk of these pollutants entering the environment. 
Leachate’s organic composition changes depending on the types of waste it 
contains, how old the landfill is, and the weather (Mojiri et al., 2016a). Many 
organic compounds can be found in landfill leachate and urban solid waste 
(Scandelai et  al., 2019). Dissolved organic matter, which accounts for 80% 
of all organic components in landfill leachate, is often made up of VFAs and 
refractory humic chemicals (Jiang et al., 2019). It is possible that traditional 
biological processes cannot effectively breakdown such refractory organic 
materials. BOD5 and COD are two indicators of dissolved organics (Samadder 
et al., 2017). In each zone, that is, tropical monsoon climate, tropical rainforest 
climate and tropical savanna climate zones, the young leachates had greater 
BOD/COD ratios compared to the older leachates. The BOD/COD ratio is a 
measure of the amounts of biodegradable organics in leachate. Biodegradable 
waste decomposes quickly, hence BOD concentrations decrease over time at a 
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faster rate compared to COD. The BOD/COD ratio is therefore used to estimate 
the age of landfills. Leachate from modern waste disposal facilities has a BOD/
COD ratio of 0.5–1.0, whereas leachate from older facilities has a BOD/COD 
ratio of <0.1 (Tałałaj et al., 2019).

Additionally, landfill leachate may include persistent organic contaminants. 
According to Scandelai et  al. (2019), leachate frequently contains a variety 
of medium and low polarity organic compounds, including amines, alcohols, 
carboxylic acids, aldehydes, benzothiazolone, ketones, phenols, chlorinated 
benzenes, phosphates, nitrogen compounds, pesticides, and aromatic 
and polyaromatic hydrocarbons. Pharmaceuticals, personal care items, 
surfactants, plasticizers, fire retardants, insecticides, and nanomaterials are 
among the contaminants of rising concern that may be discovered in many 
municipal landfills and need to be managed (Ramakrishnan et  al., 2015). 
Anions and cations are found in inorganic macro components such as sulfates, 
chloride, iron, ammonia, aluminum, and zinc (Agbozu et al., 2015). Landfill 
leachate typically contains vast quantities of chemicals, of which 80–95% are 
inorganic and ∼52% are organic. Chloride (Cl), nitrites and nitrates, cyanide 
(CN), sulfides (S), and sulfates are among the inorganic ions (SO4

2−). Ammonia 
and ferrous are additional components of inorganic cations. Heavy metals are 
among the most hazardous pollutants in landfill leachate. The separation of 
non-hazardous trash from hazardous waste before dumping into a landfill 
is unusual in the majority of poor nations (Edokpayi et  al., 2018); hence, a 
number of heavy metals with significant concentrations have been recorded 
in landfill leachates (Chuangcham et  al., 2008). Although removing heavy 
metals may be difficult, we have chosen to concentrate more on removing 
metals from landfill leachate in our research. According to Dan et al. (2017), 
the most common heavy metals found in landfill leachate include chromium, 
manganese, cadmium, lead, iron, nickel, and zinc. Younger (acetogenic) 
leachate frequently contains more metals compared to older leachate (Dan 
et al., 2017).

Leachate contains a large amount of chlorine (Cl), which is also very 
movable, inert, and never biodegrades. As a result, it may be used as a 
leachate plume tracer element as well as a potent indication of pollution. The 
presence of significant amounts of soluble salts from likely anthropogenic 
sources, such as kitchen waste from homes, restaurants, and hotels, might 
result in high levels of chlorides in leachate (Abunama et al., 2021; Hussein 
et al., 2019).

Emerging contaminants are substances that have recently been proven 
to be present in large quantities in the environment and have been 
recognized as potentially hazardous to the environment or to human 
health, but there is insufficient information to evaluate their risk. In landfill 
leachate, emerging pollutants include: pharmaceuticals and personal care 
products, per- and polyfluoroalkyl substances, microplastics, nanoparticles, 
endocrine-disrupting compounds, pesticides and herbicides, bisphenol A, 
fire retardants, genetically modified organisms and so on (Ramakrishnan 
et al., 2015).
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437Landfill leachate management

20.3 METHODS FOR LANDFILL LEACHATE TREATMENT
A sufficient understanding of the features of landfill leachate is necessary to 
understand the variable performance observed in treating landfill leachate 
utilizing biological, physical, or physicochemical techniques. In Figure 20.1, 
typical landfill leachate treatment techniques are shown. Leachate treatment 
techniques grouped under the categories of biological, physical, and chemical, 
as well as integrated treatment techniques. In addition to these, leachate-
channeling techniques, such as reusing leachate and treating it along with 
household sewage, are also used to reduce the pollutant load in landfill leachate 
(Lindamulla et al., 2022).

The biological degradation of contaminants is a result of metabolic 
processes of microorganisms. Due to their low cost, biological methods are 
frequently used to remove nutrients, such as ammonia, and organic compounds; 
nevertheless, these techniques may not be able to successfully remove heavy 
metals and non-biodegradable organics. Techniques for biological purification 
can be categorized as aerobic or anaerobic depending on whether the biological 
processing medium requires oxygen. Among aerobic biological technologies 
that may be used to treat landfill leachate, it is possible to identify conventional-
activated sludge processes, sequencing batch reactors (SBRs), rotating biological 
contactors, and moving-bed biofilm reactors. Among them, the most popular 

Figure 20.1 Typical leachate treatment techniques (AOP, advanced oxidation process; 
CASP, conventional activated sludge process; RBC, rotating biological contactor; SBR, 
sequencing batch reactor; MBBR, moving-bed biofilm reactor; AAO, anaerobic anoxic 
aerobic process).
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anaerobic techniques are anaerobic filters and an up-flow anaerobic sludge 
blanket (UASB) reactor.

Among the physical–chemical techniques under investigation for landfill 
leachate treatment include chemical precipitation, advanced oxidation 
processes (AOPs), coagulation–flocculation membrane filtration, ion exchange, 
adsorption, and electrochemical treatment.

It is frequently preferable to use a biological treatment method for leachates 
with high BOD/COD ratios. On the contrary, poor biodegradability of 
stabilized landfills shows that physical and chemical treatments, including 
membrane separation techniques, are superior to biological ones. Young 
leachate requires biological treatments, but older leachate may be treated using 
physicochemical techniques. Recently, it has been demonstrated that combining 
biological processes with physicochemical treatments can be very effective. 
Other integrated physicochemical methods and combined physicochemical/
biological techniques are shown to be less efficient than activated sludge/reverse 
osmosis and combined coagulation–flocculation/nanofiltration, respectively. 
The landfill leachate methods used in tropical climates are provided in Table 
20.3. In the context of leachate treatment in tropical nations, the application of 
chemical approaches, in particular the use of AOPs, can be noted.

20.3.1 Co-treatment with wastewater
Leachate is diluted with domestic wastewater to make it more biologically 
treatable and to balance its nutrient profile. To treat landfill leachate and urban 
wastewater simultaneously, used an SBR. In total, 93%, 83%, 70%, and 83% 
of ammonia, nitrite, COD, and turbidity were eliminated using a hydraulic 
retention time of 6 days and a landfill leachate concentration of 20% v/v. 
According to Wang et al. (2018), the most extensively investigated approach 
for leachate co-treatment with municipal wastewater in a laboratory setting is 
the activated sludge process employing SBRs. The ease of system setup and the 
adaptability of SBR control and operation for research objectives are likely to 
be responsible for this.

Using three different volumetric mixing ratios, El-Gohary et  al. (2016) 
investigated the efficacy of anaerobic, aerobic, and anaerobic–aerobic 
co-treatment of young landfill leachate with municipal wastewater. In all 
reactors, rising organic matter removal efficiency is noted as the mixing ratio 
increases, but the anaerobic–aerobic combination performed the best. At higher 
leachate mixing ratios, they also noted enhanced ammonium concentrations 
and nitrite deposition in aerobic and anaerobic–aerobic reactors. Mojiri et al. 
(2017) highlighted that it is challenging to compare landfill leachate treatments 
with those used for household wastewater because of the high COD and BOD/
COD ratios. Therefore, to treat leachate, a hybrid system should be used. It 
is projected that these procedures will be utilized more often in wastewater 
treatment plants (WWTPs) as a consequence of advancements in process 
engineering, materials science, microbiological monitoring instruments, sensor 
technology, data processing, control, and automation for the co-treatment of 
leachate and municipal wastewater. Currently there are not many studies that 
are focused as to how these technologies are used (Dereli et al., 2021).
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20.3.2 Coagulation–flocculation
Adding a coagulant causes colloidal particles to become less stable during the 
coagulation process. The unstable particles typically flocculate into large, bulky 
floccules after coagulation to enhance the particle size, which facilitates easier 
settlement (Mojiri et al., 2021). Rui et al. (2012) proposed that FeCl3 is a better 
coagulant than Al2(SO4)3. The maximal COD removal of 56% was achieved with 
0.8 g/L of FeCl3 at an initial concentration of 5,690 mg/L and at pH 4.8, as contrary 
to 39% with 0.4 g/L of aluminum sulfate. Assou et al. (2016) found that hydrated 
iron hydroxides precipitate more readily than the corresponding aluminum flocs 
at pH values >9, which leads to more effective removal of pollutants than that at 
lower pH levels. FeCl3 was also found to be more effective than Al2(SO4)3 for the 
removal of COD. Li et al. (2010) investigated the use of coagulation, flocculation, 
and adsorption processes in combination to stabilize landfill leachate. With only 
one coagulation process, very high levels of suspended solids (SS) (93%) and 
turbidity (99%) were removed; however, COD and toxicity were only moderately 
affected, that is 53–70% and 74%, respectively. The COD and toxicity reduction 
may be increased to 86% and 78%, respectively, by combining coagulation/
flocculation with the adsorption process. The greatest benefit of this treatment, 
according to Lippi et al. (2018), is its effectiveness in removing organic materials, 
suspended particles, and humic acids. The cost of chemicals and the handling of 
generated sludge are downsides, though.

20.3.3 Adsorption
Adsorption is a process by which a concentrated version of an adsorbate, 
usually as a gas or liquid, adheres to the surface or pores of a solid adsorbent. 
The effectiveness of the adsorbent influences whether the adsorption process 
is successful or unsuccessful. In comparison to other treatment techniques, 
the adsorption process has several benefits, including high removal efficiency, 
low cost, ease of application, minimal sensitivity to pH and temperature, and 
environmental friendliness. There are two types of adsorption processes: 
physical and chemical. If the attraction forces between the adsorbent and the 
adsorbate are van der Waals forces, then physical adsorption occurs. Assuming 
that the force of attraction between the adsorbate and the adsorbent is about 
equal to the strength of chemical bonds, then chemical adsorption takes place 
(Reshadi et al., 2020). Talebi et al. (2020) investigated a variety of influencing 
elements, including agitation speed, activated carbon dosage, pH, duration, and 
temperature to enhance the VFA adsorption process from fermented leachate. 
They also suggested a future study that would examine the financial advantages 
of recovering acetic and butyric acid from landfill leachate, which would call 
for careful consideration and analysis.

Modified clinoptilolites, according to Hedayati et  al. (2021), were superior 
adsorbents for the removal of polyaromatic hydrocarbon (PAH) from landfill 
leachate. They also suggested that additional research is required to characterize 
these adsorbents in a systematic manner using various surfactants. Ishak 
et  al. (2017) examined that when the coagulation–flocculation combined with 
the  Fenton reaction was carried out under somewhat acidic conditions, the 
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totol organic carbon (TOC) removal was more favorable. They also suggested that 
the Fenton reaction may be a feasible and useful technique for treating stabilized 
landfill leachate because it has been used in the full-scale treatment of several 
wastewaters. On the basis of few research studies, it appears that magnetic 
adsorbents have more environmental effects than originally thought because of 
the possibilities of regeneration and reuse. According to Reshadi et  al. (2020), 
much more investigation is necessary before reliable conclusions can be drawn.

20.3.4 Membrane
Selective filtering of influents across a range of pore sizes is a characteristic 
of membrane separation. Low total energy requirements, simplicity, and high 
efficiency are benefits of employing membranes. The major membrane techniques 
used in landfill leachate treatment are reverse osmosis, microfiltration, dynamic 
membranes, nanofiltration, and ultrafiltration (Mojiri et al., 2021). Chen et al. 
(2021) investigated and thoroughly assessed the application characteristics 
of membrane separation technology in the leachate treatment of three widely 
used membrane separation processes, nanofiltration, reverse osmosis, and 
nanofiltration + reverse osmosis. Baker et  al. (2015) reported that reverse 
osmosis technology was employed at Seneca Meadows landfill to treat leachate 
because it has the advantages of low initial investment cost, the capacity to 
treat huge quantities of leachate while staying within the legal limitations for 
effluents, and the removal of more than 95% of contaminants. Visvanathan 
et  al. (2007) studied the leachate treatment using aerobic thermophilic 
membrane bioreactors. The removal efficiency of BOD increased from 0.39 to 
0.65 fractions, whereas for COD it increased from 62% to 79%. For ammonia 
concentration, there was a decrease in removal efficiency from 75% to 60%. 
Membrane bioreactor (MBR) and reverse osmosis systems have been effectively 
used to remove organic, inorganic, and heavy metal components from leachate 
(Robinson, 2005). One disadvantage of the membrane separation technique 
is the generation of secondary pollutants. Membrane-concentrated leachate 
needs to be taken into consideration (Chen et al., 2021).

20.3.5 Advanced oxidation processes
AOPs use oxidation reactions to convert organic pollutants into carbon dioxide, 
water, and inorganic ions. There are two phases in AOPs. The oxidation process 
takes place in the first phase. Strong oxidants or hydroxyl radicals are produced at 
this stage. These oxidants react with the organic pollutants present in the effluent 
at the second stage (Pawar & Gawande, 2015). AOPs can be divided into five 
categories based on the source of hydroxyl radicals: (1) ozone-based processes, 
(2) H2O2-based processes, (3) sonochemical oxidation, (4) electrochemical 
oxidation, and (5) heterogeneous photocatalysis. Han et  al. (2020) reviewed 
most recent developments in leachate treatment and disposal strategies. They 
also concluded that excellent degradation of refractory contaminants in leachate 
is achieved when AOPs and graphitic carbon nitride are combined. Rocha et al. 
(2011) examined various advanced oxidation treatment methods (heterogeneous 
and homogeneous photocatalytic processes) for leachates employing natural 
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sun radiation as an ultraviolet (UV) photon source. They concluded that at 
alkaline pHs, the heterogeneous photocatalytic reactions have low efficacy for 
mineralizing the leachate, necessitating longer reaction times. Also, compared to 
the heterogeneous photocatalytic, the photo-Fenton reaction has a substantially 
higher degradation rate, that is, 20 times higher. Wu et al. (2004) reported that 
modern ozone-based techniques may remove 90% of the color of leachate. Even 
though a fairly large dosage of ozone is used, the elimination of TOC may still 
be constrained. This finding suggests that ozone-based AOPs should be a great 
substitute before adopting biological treatment methods. Pisharody et al. (2022) 
concluded that a possible approach to entirely eliminate the micropollutants or 
transform them into non-toxic compounds is to use AOPs, which are based on 
both hydroxyl and sulfate radicals. Guo et al. (2020) studied three UV-catalyzed 
AOPs. Results showed that the treatment efficiencies of all the three procedures 
were greater than those of single-treatment processes. For the treatment of 
landfill leachate, a number of physical/chemical treatment techniques have been 
integrated to increase removal efficiency and decrease energy consumption. 
Some of the identified systems are discussed below.

20.3.5.1 AOPs combined with membranes
Overall separation performance may be improved by integrating membrane 
filtration with AOPs to effectively reduce membrane-fouling issues. Kamal et al. 
(2022) summarized that between 1.5% and 99.5% of COD may be removed 
biologically, between 9% and 96% using AOPs, and between 13% and 99.9% 
using membrane separation. Performance may be enhanced when bio-treatment 
and membrane filtration are used together; but there are disadvantages, 
including greater capital and operating costs.

20.3.5.2 AOPs combined with coagulation
By changing the molecular structure of residue organics, this integrated 
approach can reduce the percentage of organic contaminants and improve 
the biodegradability of wastewater. Because of this, the coagulation–AOP 
process may efficiently extract organic matter from refractory wastewater while 
still being cost-effective. Chen et  al. (2019) studied a coagulation–ozonation 
technique which was developed to handle the concentrate that remained after 
landfill leachate underwent membrane treatment. Investigations were carried 
out on how coagulant type and initial pH affected treatment effectiveness. The 
coagulation method effectively eliminated numerous organics, according to the 
results. After that, ozone was used to continue treating the coagulation-resistant 
organic materials. This outstanding result demonstrated the viability of the 
combined coagulation–ozonation method for the elimination of refractory 
organic materials present in landfill leachate concentrate, hence facilitating 
further biological treatment.

20.3.5.3 AOPs combined with adsorption
AOPs and adsorption may be combined to more effectively remove pollutants, 
particularly metals from landfill leachate. Mojiri et al. (2021) studied an AOP 
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combined with biochar adsorption, aiming to quantify the toxicity of leachate 
treatment in integrated systems. It was discovered that the removal efficiency 
of COD and TOC was 17% and 12% higher, respectively, when the Fenton 
process was carried out as system I at all reagent doses. Bello and Raman (2019) 
reported that AOPs can breakdown complex organic pollutants; however, total 
mineralization is typically impractical, and some intermediate contaminants 
are frequently produced. Therefore, these intermediates could be eliminated by 
combining AOPs and adsorption. Integrated H2O2–granular activated carbon 
can boost the biodegradable ratio by 116% while reducing COD by 97.3%.

20.3.5.4 Membrane filtration combined with adsorption
To remove suspended and colloidal materials from wastewater, adsorbents 
have been applied to membranes consecutively. This reduces the organic 
load and prevents membrane fouling. Zielińska et  al. (2020) investigated 
how effectively a membrane method, both by itself and in combination with 
powdered activated carbon adsorption, could remove organic chemicals that 
are difficult to biodegrade from actually stabilized landfill leachate. When the 
membrane process was paired with addition of polyammonium chloride (PAC) 
for each membrane, the treatment was more effective. Accordingly, adsorption 
contributed the most to the treatment of leachate where COD and color removal 
efficiencies were found to be 73.1% and 94.4%, respectively. Leachate can be 
treated with integrated systems that are highly effective and need little energy.

Peyravi et al. (2016) concluded that powdered activated carbon increased 
the specific oxygen uptake rate of the activated sludge by serving as a reaction 
site for substrates and bacteria and by decreasing the harmful effects of COD 
on microorganism activities.

20.3.6 Bioreactors
In recent years, bioreactors have been used to treat wastewater because these 
processes are straightforward, reliable, and incredibly economical. However, 
their two main drawbacks are leachate toxicity for microbial communities and 
temperature (Mojiri et al., 2021).

20.3.6.1 Aerobic bioreactors
A biological procedure that is used the most frequently is aerobic treatment. 
Continuous aeration and substantial established bacterial populations 
are characteristics of aerobic reactors. To remove organic materials from 
wastewater, the activated sludge process needs large concentrations of 
microorganisms, primarily bacteria, fungi, and protozoa. Biodegradable 
organic material can be effectively removed via the activated sludge technique 
by being entirely converted into carbon dioxide and water. For treating landfill 
leachate, SBRs are the most popular choice. An SBR has a number of time-
oriented periodic steps, and it operates in batches, which might improve 
process effectiveness.

The requirement for large quantities of dissolved oxygen in biofilm reactors for 
denitrification is one of the key shortcomings of this method (Mojiri et al., 2021).
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20.3.6.2 Anaerobic bioreactors
The biological breakdown of organic or inorganic waste without the presence of 
oxygen molecules is a component of anaerobic treatment. Concentrated organic 
wastewater can be effectively treated biotechnologically using anaerobic 
methods. Due to their low sludge and biogas output, these techniques are both 
energy-efficient and eco-friendly. With the high COD and high BOD/COD ratio 
of landfill leachates, anaerobic approaches often exhibit higher landfill leachate 
treatment performance compared to aerobic treatment techniques.

Mojiri et  al. (2021) reported that the extended retention time, sensitivity 
to temperature fluctuations, and low elimination effectiveness of this method 
are its main limitations. For the purification of landfill leachate, an anaerobic-
activated sludge process may need an UASB and expanded granular sludge 
blanket reactors. Wastewater passes through a sludge bed with strong 
microbiological activity in a UASB reactor.

20.3.7 Bioremediation
Bioremediation is a process in which environmental contaminants are removed 
biologically. Microbial remediation (aerobic or anaerobic reactions are used to 
break down organic contaminants in leachate), phytoremediation (through plant 
root absorption and adsorption, environmental contaminants can be transferred, 
digested, metabolized, and stored), and combined remediation are the three basic 
types of bioremediation. It primarily relies on the regular metabolic processes 
and movement patterns of plants, animals, or microbes to collect, degrade, 
transform, or adsorb environmental contaminants. The microorganisms and 
accessible electron acceptors will determine whether this process is aerobic or 
anaerobic. The organism itself performs the roles of both a bio-accumulator and 
a bio-purifier during this purification process. Bioremediation is a cost-effective 
and eco-friendly technique (Tan et al., 2022). Morris et al. (2018) studied that 
leachate’s common components, such as ammonia, phosphate, and nitrate, can 
all be utilized by microorganisms that have been isolated from the leachate.

The removal percentage of ammonia in that study was 90% (high), whereas 
removal percentages for phosphate and nitrate were 67% and 63%, respectively 
(lower). Firmicutes, Actinobacteria, Proteobacteria, Brevibacillus panacihumi 
strain ZB1, and Pseudomonas putida are some of the prominent bacteria 
that have been used to treat landfill leachate (Morris et  al., 2018). Chlorella 
vulgaris, Scenedesmus obliquus, Nannochloropsis salina, Desmodesmus spp., 
Nannochloropsis sp., Scenedesmus sp., and Stigeoclonium sp. are some of the 
microalgae used as bioremediation agents (Martínez-Ruiz et al., 2022). Martínez-
Ruiz et al. (2022) concluded that leachates can be treated by removing various 
nutrients and contaminants using bioremediation with microalgae cultivation. 
This method requires minimal financial outlay, requires little maintenance, and 
is easy to use. By cultivating microalgae and producing biomass, the primary goal 
of using them is to remove contaminants from the environment, such as heavy 
metals. Tan et al. (2022) reported that bioremediation is in line with the ‘green’ 
and ‘ecological’ development trends and is significant in many ways for sustaining 
sustainable and healthy development. The pure green purification of landfill 
leachate, therefore, has significant potential for bioremediation technology.
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20.3.7.1 Phytoremediation
Biological interactions between bacteria, wetland plant roots, soil, air, sun, 
and water are all included under phytoremediation technique. This form of 
treatment is a plant-based planned technique for cleaning wastewater as 
it flows through the area of artificially constructed wetlands to deal with 
a variety of pollutants, such as trace elements, organic compounds, and 
radioactive contaminants in water and soil. There are various methods for 
phytoremediation such as phytoextraction, phytodegradation, phytometabolism, 
phytovolatilization, rhizometabolism, and phytostabilization (Nissim et  al., 
2021). The phytoremediation approach meets tertiary treatment criteria with 
no operational expenses, little maintenance, improving the landscape, no odor 
issues, and creating a natural habitat.

Nissim et al. (2021) studied that high landfill leachate loads appear to be 
more advantageous for poplar than for willow. Willow was less efficient than 
poplar in decreasing the concentration of BOD5, COD, and As. Song et al. (2018) 
suggested that Typha angustifolia should be used to treat landfill leachate. They 
also suggested that while planning for remediation wetland water depth, soil 
texture, water quality, and water velocity need to be considered. The genera 
Scenedesmus, Chlamydomonas, and Chlorella, as well as cyanobacteria and 
other species, have all been used to remediate landfill leachate (Paskuliakova 
et al., 2018).

20.3.7.2 Constructed wetlands
Engineered systems termed ‘constructed wetlands’ are used to emulate natural 
wetlands (Figure 20.2). These engineered systems purify wastewater by minimizing 
leachate pollutant concentration while simulating natural wetland processes 
(Bakhshoodeh et al., 2020). TDS, organic matter, total suspended solids (TSS), 
SO4

2−, heavy metals, phosphorous, nitrogen, and non-specific toxic constituents 
are the leachate characteristics of concern (Tchobanoglous & Kreith, 2002). The 
free-water surface wetland and the subsurface flow wetland are the two main 
categories of artificial wetlands based on the presence or absence of the water on 
the surface. Additionally, multiple hybrid constructed wetlands can be created by 
merging various types of constructed artificial wetlands. Constructed wetlands 
are also classified on the basis of the flow direction as vertically constructed 
wetlands and horizontally constructed wetlands (Prathap et al., 2014). To prevent 
damage to the natural wetlands and other aquatic resources, constructed wetlands 
are typically constructed on uplands and outside of floodplains or floodways 
(Prathap et al., 2014). Emergent wetland plants such as Schoenoplectus, Typha, 
Phragmites, and Cyperus are commonly planted on permeable substrata such as 
gravel in a wetland system (Mojiri et al., 2021; Schiopu and Gavrilescu, 2010).

Bakhshoodeh et  al. (2020) reported that removal efficiency for BOD5 for 
installed wetlands for landfill leachate is in the range of 60–80%, with vertical 
flow constructed wetlands and free-water surface constructed wetlands having 
the highest removal. Also, hybrid-constructed wetlands were most effective at 
removing ammonia-N, showing a removal efficiency of 60–75%. However, the 
overall removal rates for TSS and total phosphorous for all constructed wetlands 
were 50–65% and 55–80%, respectively, with horizontal flow constructed 
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wetlands and hybrid constructed wetlands being the most effective. Not 
many research studies exist that document heavy metal removal by utilizing 
constructed wetlands, so it is difficult to draw any clear conclusions. Vertical flow 
constructed wetland appears to have been most effective at removing various 
kinds of heavy metals. The removal of heavy metals has been reported to be 
between 15% and 95%, with Phragmites sp. plants proved to be the most effective 
species. Metal removal through constructed wetland systems may be impacted by 
several mechanisms, including the adsorption of soil or substrates together with 
particulates and soluble organics, the precipitation of insoluble salts, and the 
uptake of aquatic plants and microbes (Mojiri et al., 2021). Careful consideration 
and case-by-case investigation of design specifications are required when treating 
landfill leachate with constructed wetlands. The design parameters for a specific 
system must be determined from experimental data that consider both the soil 
conditions and the leachate characteristics (Tchobanoglous & Kreith, 2002).

Figure 20.2 Various types of constructed wetlands for wastewater treatment.
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Tchobanoglous & Kreith (2002) studied that TDS, TN, BOD, and COD 
concentrations were reduced by 15%, 40%, 65%, and 60%, respectively, using 
their trial unit. By employing constructed wetlands, operating and maintenance 
costs can be reduced by 80%. The constructed wetland saves 57% over the 
traditional design for a similar influent discharge.

20.3.8 Combined physical–chemical treatment methods with biological 
treatment methods
20.3.8.1 Adsorption combined with biological treatment method
The amount of an adsorbent used in wastewater treatment processes is reduced 
as a result of the adoption of the adsorption technique and the biological method 
(Mojiri et al., 2021). Yi et al. (2018) reported that adsorbents with a high ammonia 
nitrogen removal capacity and increased adsorbent dosages would improve 
removal efficiency. The leachate samples underwent combined biological and 
adsorption treatment. Nearly 40% and 40–50% of COD and ammonia nitrogen, 
respectively, are removed by pure biological treatment from leachate samples. For 
leachate management, combined adsorption and biological treatment have been 
used due to cost and efficiency considerations. More than 70% of the ammonia 
nitrogen from leachate wastewater was removed by combined treatment. Lim 
et al. (2016) studied that in 7 days of treatment, advanced SBR could eliminate 
30% and 65% of COD and ammoniacal nitrogen, respectively. After that, the 
ammoniacal nitrogen and COD contents of leachate were polished using an 
efficient adsorbent called zeolite in a secondary treatment phase. The obtained 
results are encouraging, with the elimination of ammoniacal nitrogen and COD 
being increased by 96% and 43%, respectively, after the leachate was further 
strengthened by zeolite by adsorption. The removal of heavy metals including 
chromium, vanadium, and aluminum was another benefit of this combined 
biological–physical treatment approach.

20.3.8.2 AOPs combined with biological treatment methods
As a pre-treatment, incorporation of AOP procedures produces biological 
post-treatment intermediate pollutants that are easily biodegradable. As 
a result, it has a good effect on the treatment of wastewater such as landfill 
leachate (Mojiri et al., 2021). To reduce the acute cytogenotoxicity of municipal 
landfills, Klauck et al. (2017) investigated the effectiveness of various advanced 
oxidation techniques and biological systems. An effluent with physicochemical 
characteristics compliant with Brazilian laws and fit for disposal in water bodies 
was produced by the electrochemical oxidation combined with ozonation 
treatment. Although none of the treatments was able to completely reduce the 
acute toxicity, electrochemical oxidation combined with ozonation and photo-
electrochemical oxidation were able to remove the genotoxicity. For the treatment 
of landfill leachate, the advanced oxidation method using heterogeneous 
photocatalysis was combined with seeded bioreactors with various inoculum 
types. According to the results of heterogeneous photocatalysis, 50–84% of the 
initial COD at pH 5 was reduced. However, without additional treatment, this 
treated leachate cannot be repurposed or released into the environment.
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20.3.8.3 Membranes combined with biological treatment methods
It is highly challenging to treat landfill leachate, especially aged landfill 
leachate, with conventional biological treatment methods. A membrane 
bioreactor is shown to be a promising substitute in this regard. In comparison 
to traditional biological systems, excellent removal rates for BOD, COD, and 
ammonia of ∼90%, 75%, and 90% or more are possible, respectively. It has 
been proven that MBRs are efficient at removing micropollutants (Ahmed 
& Lan, 2012). Leachate from sanitary landfills is treated using a technique 
that incorporates an UASB, an SBR, continuous micron filtering, and reverse 
osmosis with average removal efficiencies for COD, TN, and BOD5 of 99.8%, 
99.5%, and 99.8%, respectively; the integrated technique has produced 
successful operational outcomes.

20.3.8.4 Coagulation combined with biological treatment methods
When using biological treatment techniques, flocculation and coagulation can 
be used as pre- and post-treatment methods (Mojiri et  al., 2021). Wang et  al. 
(2009) concluded that the landfill leachate treated with a combination method 
that incorporates coagulation, Fenton oxidation, and biological aerated filtration 
following SBR treatment, produced outstanding COD removal efficiency and color 
removal outcomes, that is, 75 mg/L and <10°, respectively. Abood et al. (2014) 
studied that in comparison to other combinations used for leachate treatment 
around the world, the combination of agitation–polyfloroalkyl substances (PFS) 
coagulation–SBR–filtration displayed remarkable treatment results in the overall 
elimination of COD and NH3-N, that is, 97.4% and 99.2%, respectively.

20.3.9 Nitrification and denitrification
First, under aerobic conditions, autotrophic bacteria oxidize ammonium and 
nitrite to produce nitrate termed nitrification; next, under anoxic conditions, 
heterotrophic microorganisms decrease nitrate to produce nitrogen gas 
termed denitrification. The two-step autotrophic reactions that constitute the 
nitrification process include the conversion of ammonium to nitrite and the 
subsequent oxidation of nitrite to nitrate in the presence of oxygen. Ammonia-
oxidizing bacteria such as Nitrosomonas, Nitrosococcus, and Nitrosospira 
are involved in the oxidation of ammonia or ammonium to nitrite in the first 
step. Nitrobacter, Nitrospira, and Nitrococcus in particular, which are nitrite-
oxidizing microbes, convert nitrite to nitrate in the usual sequence (Kabuba 
et al., 2022).

Ilies and Mavinic (2001) concluded that when ambient temperatures 
decrease to 148°C, the nitrification process seemed to be unaffected (at least 
not significantly); nevertheless, as the temperatures decrease to 108°C, the 
nitrification percentage decreased by 10–30. However, during the overall 
process final ammonia reduction was still just ∼50%. Carley and Mavinic 
(1991) studied that after complete nitrification for the four leachate treatment 
systems, the overall ammonia-N removal efficiency was >98%. Systematically 
examined the effects of two aeration modes: (1) reducing dissolved oxygen and 
(2) increasing dissolved oxygen for nitrogen removal and N2O emission in the 
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partial nitrification and denitrification processes. An increase in the dissolved 
oxygen reduced total nitrogen by 78%.

20.3.9.1 Anammox (anaerobic ammonium oxidation)
The anammox process uses nitrite as the electron acceptor to directly oxidize 
ammonium to nitrogen in the absence of oxygen using carbon dioxide as a 
source for growth (Mao et al., 2017). COD and heavy metals can affect anammox 
activities, therefore, they are usually combined with other treatment processes.

Xu et al. (2010) concluded that to treat the leachate from urban landfills, 
an SBR system may incorporate the partial-nitrification process, the anammox 
process, and the heterotrophic denitrification process. Isaka et al. (2008) utilized 
a gel carrier containing anammox bacteria to achieve stable nitrogen removal 
capability at low temperatures. Six potential genera, including Candidatus 
jettenia, Candidatus anammoxoglobus, Candidatus brocadia, Candidatus 
scalindua, Candidatus anammoximicrobium, and Candidatus kuenenia, 
constitute the monophyletic group of anammox bacteria (Mojiri et al., 2021).

20.4 CONCLUSIONS
As leachate demonstrates significant potential for environmental effects on 
groundwater and surface water pollution and constitutes a possible health 
concern for both surrounding ecosystems and human populations, understanding 
its composition is essential for anticipating the long-term effects of landfills. 
Physical, chemical, and biological processes are the main leachate treatment 
methods used in landfills. But in order to achieve stringent quality requirements 
for the direct discharge of leachate into surface water, integrated methods 
of treatment must be developed. Integrated treatment approaches including 
co-treatment with wastewater are particularly advised due to the high pollutant 
concentrations in landfill leachate and its limited biodegradability. One of the 
most active areas of study is the oxidation of the leachate, along with membrane 
technologies, adsorption, coagulation, and artificial wetlands. The studies on 
oxidation-based processes such as Fenton’s reagent and catalyzed application of 
persulfate, as well as coagulation-based techniques such as electrocoagulation 
and peroxicoagulation, are leading future research topics. Additionally, research 
on membrane fouling and initiatives to improve membrane functions will be 
among the subjects of attention in the years to come.
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