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Synopsis 

 

Waste produced annually worldwide has been increasing in the last decades due to the 

development of industrialization and the continuous growth of consumption. Within the 

sole European Union, 2.1 billion tons of waste are ended every year in landfills and such 

an excessive production increasingly impacts on environmental and human well-being 

as well as on the economic resources required for waste management. Due to the 

impossibility to eliminate the production of waste, the most profitable strategy to face 

issues related to its management consists in the development of sustainable approaches 

of revalorization in accordance with the principles of Circular Economy.  

Hence, reuse and recycling should be prioritized over the commoner option of disposal 

in landfills. Individual and collective actions to control and differentiate waste have been 

already adopted but they must be more and more implemented. Landfills remain among 

the most important facilities in the waste management cycle, but they should always be 

the last resort. The main concerns associated with landfills are the production of two 

outputs, i.e. leachate and biogas. Biogas is the final product of anaerobic microbial 

degradation of organic matter, and it mainly consists of methane (50-70%) and carbon 

dioxide (30-50%). Leachate is a highly polluted liquid that originates from the infiltration 

of rainwater through waste and fermentation. Its chemical composition primarily 

depends on both type and aging of waste in landfills. Both leachate and biogas require 

appropriate treatments. However, upstream solutions exist to reduce their production, 

such as a proper execution of separate waste collection, and landfill capping to reduce 

meteoric infiltration. Currently, biogas is not a significant issue, due to its suitability as a 

renewable alternative energy source. Conversely, landfill leachate disposal represents a 

key issue that has not yet received effective solutions worldwide. Indeed, European 

current regulations impose that to dispose landfill leachates into surface fresh or 

seawater, it would be necessary to reduce the pollutant load under precise value limits. 

The most important parameter related to the pollution degree of landfill leachates is the 

Chemical Oxygen Demand (COD) that is the amount of oxygen required to chemically 

oxidize organic and inorganic pollutants present in one liter of leachate. 

This PhD project aims to develop an innovative and eco-friendly chemical physical 

methodology to reduce the COD value in landfill leachate concentrate at values next to 

160 mg/L, that represents the value limit tolerable by regulations to dispose leachates 

into marine or freshwater. 

The leachate investigated in this thesis was obtained through a reverse osmosis process 

(CROL, Concentrated Reverse Osmosis Leachate) from a landfill located in the South of 

Italy (ITALCAVE S.p.A., Taranto-Statte, Apulia Region).  

The pristine CROL had 15880 mg/L COD value and pH 8.8. COD.  
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The research activity was performed in strict collaboration with Tecnologia & Ambiente 

(T&A, Putignano, Apulia Region) funder of the present PhD position. T&A is a company 

with extensive experience in chemical processes of remediation of polluted areas, in 

waste management and treatment, water resource protection, and environmental 

monitoring of gaseous effluents from industrial activities. 

The investigated novel strategy for reduction of COD values of CROLs is based on an 

oxidation protocol using supported and recyclable catalysts derived from revalorized 

waste. The focus has been particularly on the reuse of spent scrap automotive catalytic 

converters (SCATs,) recovered and regenerated from end-of-life vehicles (ELVs). Every 

year, in the European Union, scrapped vehicles produce 8-9 million tons of waste, ~6000 

tons of which are SCATs. SCATs are ceramic materials enriched with noble metals. 

Very few examples of SCAT-catalyzed reactions have been reported so far in the 

literature, being mainly focused on extraction methods of noble metals by 

hydrometallurgical and pyrometallurgical techniques based on acid leaching treatments 

of the ceramic material, furnace melting, or ion exchange resin techniques. These 

processes are energy consuming, environmentally unfriendly and they require the use 

of chemicals that must be further disposed of. 

In this thesis, the SCAT samples used derive from a three-way catalytic converter 

regenerated by thermal treatment at 450°C to eliminate adsorbed by-products of 

incomplete fuel combustion without altering the Platinum Group Metals (PGMs) or the 

porous ceramic support.  

In particular, this research work represents the first evidence that SCAT ELV  can 

effectively act as a waste-derived catalyst in simple and eco-friendly Fenton-type 

oxidation reactions on samples of concentrated landfill leachate, reducing the COD from 

15880 mg/L to 579 mg/L, a value that almost meets the threshold for disposal in sewer 

water.  

SCAT was also proven to be an efficient heterogeneous catalyst for Csp2-Csp2 bond 

forming reactions. Among organic processes, the Suzuki-Miyaura cross-coupling of aryl 

boronic acids with aryl halides was indeed extensively investigated. After a systematic 

investigation of the model reaction between phenylboronic acid and 4-iodoanisole to 

optimize the experimental conditions (SCAT amount, recyclability, base and solvent, 

reaction temperature, conversion, and selectivity), the study was extended to a wide 

range of heteroaryl boronic acids and functionalized electrophiles, including aryl and 

heteroaryl chlorides with reduced reactivity in conventional cross-coupling processes. 

The good suitability of SCAT for the synthesis of π-conjugated oligomers was also 

demonstrated using aryl boronic acids and dihalides as the reagents. 

As an additional investigation, a COD detection method based on gel permeation 

chromatography (GPC) was also developed as a possible promising alternative to the 

conventional EPA 410.4 revised 2.0 protocol. The GPC method, although requiring 
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further optimization, is expected to be faster and cheaper versus the EPA 410.4 protocol 

currently used. Since the leachate concentrate is water-soluble, the GPC protocol set up 

in this study is based on the use of polymethylmethacrylate stationary phase column, 

requiring only water as the eluent, thus being a highly green detection method. 

This further evidence, combined with the proofs of suitability of SCATs as catalysts both 

for leachate oxidation and organometallic synthesis are in accordance with principles of 

Green Chemistry and Circular Economy. 

Another project carried out during the PhD course deals with the study of valorization 

of fishing waste as renewable energy source to produce oils suitable as biofuels. An 

efficient eco-friendly method based on the use of supercritical carbon dioxide (sc-CO₂) 

as a green solvent was developed starting from fishing waste collected from two trawlers 

in the southwestern Adriatic Sea.  

The extracted lipid oils were then converted into fatty acid methyl esters (FAME), 

suitable for biofuels production. This output represents another proof of the possibility 

to avail of green chemical methods of waste treatment to produce added value products 

in accordance with circular economy. 
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Chapter 1: Introduction and State of Art  

 

1.1 What is Waste: Scrap or Resource to Manage? 

 

The legal definition of waste in Italy is given by the Article 183 of Legislative 

Decree 3 April 2006 n. 152: "any substance or object which the holder discards 

or intends or is required to discard." The holder is to mean the producer of the 

waste or the natural or legal person who is in possession of it. [1] 

According to the Article 184, paragraph 1, waste is classified as municipal waste 

or special waste depending on its origin and, as hazardous or non-hazardous 

waste on the basis to its danger (see Fig. 1.).  

Municipal waste includes household waste, waste of any nature or origin, lying 

on streets and public areas, and vegetable waste from green areas such as parks, 

gardens, and cemeteries. Knowing the composition of waste allows for better 

management of recycling and disposal. If the waste is rich in combustible 

fractions with high calorific value, it can be burned and converted into heat; 

conversely, non-recoverable inert materials will end up in landfills. 

Special waste derives from industrial processing, commercial and healthcare 

activities, or from the recovery and disposal of other waste. It can include also 

sludge from water treatment and wastewater purification, parts of end-of-life 

motor vehicles, and so on. Hazardous waste, on the other hand, has the 

dangerous characteristics defined in Annex I, Part IV of Legislative Decree n. 

152/2006. Hazardous municipal waste include waste that, although of civil 

origin, is managed differently, such as drugs and batteries. Hazardous special 

waste is generated from activities containing high levels of pollutants requiring 

specific treatments, defined as toxic-harmful, and originating, for example, from 

chemical processes, such as oils and solvents, or from petroleum refining or 

leather or textile production, etc. [2-3] 

Waste is also classified considering the European Waste Catalogue. Each waste 

is assigned a code called EWC (European Waste Code), consisting of three pairs 

of numbers: 

1. The first pair indicates the chapter, or the family of activities from which 

the waste originates. 
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2. The second pair indicates the subchapter, and identifies, within the 

activity family of the chapter, a particular productive activity within the 

family. 

3. The third pair of numbers indicates a particular type of waste originating 

from the specific industrial activity identified with the second pair of 

numbers.[4] 

 
Fig.1. Waste classification 

 

In the 21st century, the consumption of goods increased with industrialization, 

population growth, and the rising global living standards. Issues related to waste 

production and disposal increased as a direct consequence. [5-7] Waste is an 

integral part of human life. According to Eurostat (2020), the total waste 

generated in the EU by all economic activities and households amounted to 

2135 million tons, equal to 4813 kg per capita and per year. Table 1 shows the 

production of all waste generated in 2020 by the activities of European states. [8] 
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Table 1 Total waste generated in the EU in 2020 [8] 

 

 
According to other statistical studies, waste production will increase 

exponentially and by 2050 it will reach a level 1.7 times higher than in 2017, 

which was 2.533 billion tons per year. Furthermore, global waste production is 

expected to triple by 2100. [9-10] The problem associated with an excessive waste 

production and its unsuitable management, affects environmental pollution 

through the contamination of soil, air, and water, on citizens welfare, and on the 

economic resources used for their treatment. [11-13] 

In this situation, it is important to look at a "sustainable development." The 

European Union has been active in this field for years. From the Lisbon Strategy 

(2000) to the "Europe 2020 strategy", it has set maximum values to be achieved 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:EU_enlargements
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concerning social inclusion and sustainable development issues. In 2016, the 

European Commission adopted the United Nations' 2030 Agenda. This 

establishes 17 main goals.[14] The twelfth goal specifically addresses responsible 

consumption and production, stating that "currently, global consumption 

exceeds the capacity of ecosystems to provide resources, and therefore, to 

develop sustainably, society must revolutionize the production and consumption 

of goods." The goal is to adopt a virtuous approach toward chemicals and waste.  

Adopting sustainability principles for waste reduction means that soon, society 

will need to be in a condition where waste becomes a raw material. Through 

appropriate processing, it can have a "second life" in the same form or a new 

form, thus becoming secondary raw materials useful, for example, to 

industries.[15] Directive 2008/98/EC of the European Parliament and of the 

Council of 19 November 2008 on waste and repealing certain Directives is the 

legal act that establishes measures aimed at protecting both the environment 

and human health by preventing or reducing the impacts due to the production 

and management of waste.[15] Waste can be the raw material of the future, and 

its proper management, in addition to positive environmental consequences, can 

also improve socio-economic impacts as it plays a key role in the context of a 

circular economy.[5][16-20]  

In this frame, it is crucial how waste is used. Figure 2 shows the order of waste 

priority for prevention, processing to reuse, recycling, and energy recovery to 

landfill disposal. [5,14,17,21,22] 

European legislation aims to achieve an intermediate goal of at least 55% 

recycling by 2025, a target that must be completed by reaching 65% recycling by 

2035, accompanied by a gradual reduction in landfill use. [22-24] All remaining 

waste should primarily be recovered in the form of energy. In this way, both 

principles of waste hierarchy and of circular economy will be fulfilled and net 

greenhouse gas emissions should be minimized by 2050. [25-26]  

In this regard, the term "Zero Waste" fits within the circular economy framework. 

It is an ethical, economic, and contemporary concept, initially widespread in the 

United States and then globally. This means abandoning the waste disposal 

approach in favor of resource management.[27] Materials, are used as inputs, 

replacing the need to extract natural resources. [28] "Zero Waste" also means 

making conscious purchasing choices and ensuring that items last as long as 

possible. 
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Considering this new perspective, landfills remain, to this day, the most 

important facilities in the waste management cycle. Not all waste can be 

recovered or reused, and for this reason, in the absence of alternatives, it ends 

up in landfills.[229] 

 

 
 

Fig.2. Schemes of the Circular Economy Model and Waste Hierarchy. [30-31] 

 

1.2 The controlled landfill 

 

Although in a circular economy context, recycling, source reduction, biological 

treatment, and incineration are not enough to stop waste flows, waste 

production is inevitable, so landfills continue to play a very important role. One 

of the most important European directives on the location and construction of 

landfills is 1999/31/EC. This European Directive has been transposed into Italian 

legislation through Legislative Decree 36/2003, which in Article 2, paragraph 1, 

letter g, defines a landfill as: "area dedicated to the disposal of Waste via storage 

on or in the ground, including the area inside the place of production of the Waste 

dedicated to disposal of the same by the producer of the same, as well as any 

area where the Waste is subjected to temporary storage for more than one 

year."[32]  

Landfills are defined as a waste storage system designed to maintain their 

structural integrity throughout their lifetime and to minimize any kind of 

environmental impact.[33] They are the engineering solution for the final disposal 
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of waste that cannot be recovered in any other way and are designed to serve 

for a period ranging from 30 to 1000 years (for nuclear waste deposits).[34] 

 

Depending on the type of waste they host, landfills are classified into three 

different categories: [35] 

• Landfills for hazardous waste 

• Landfills for non-hazardous waste 

• Landfills for inert waste 

 

For each category, based on the type of waste deposited, specific environmental 

safeguards and technical construction requirements are defined.[36-37]  

Landfill ensures the containment and control of the main outputs produced by 

the disposed waste, which are biogas and leachate.  

Once the operational period of a landfill has ended, the control goes on, this 

being referred to as post-operational management, which lasts for 30 years after 

the final waste deposition. [38] 

 

1.3 General structure of a landfill 
 

When planning to build a landfill, the first aspect to consider is the choice of the 

site where it will be constructed. This choice must consider both 

technical/geological aspects, such as the site's accessibility and soil permeability, 

and economic/social factors. At the same time, a landfill should not normally be 

located in areas of karst surface or in areas where surface geological processes 

such as accelerated erosion, landslides, slope instability, and riverbed migration, 

could compromise the landfill's integrity; in flood-prone, unstable, and alluvial 

areas; and in protected natural areas subjected to safeguarding measures. 

Additionally, for each location site, the local conditions of acceptability of the 

facility must be examined in relation to the distance from inhabited centers, the 

location in seismic risk areas, the location in zones of agricultural and food 

production, or next to significant historical, artistic, archaeological, and 

landscape assets. [39-40] 

To protect soil, subsoil, groundwater, and surface water, barrier systems must be 

constructed at the bottom and sides of the landfill. These barriers must consist 

of a composite system of impermeabilization layers. Starting from the basal layer 
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and moving upward, the first barrier is represented by the geological one, 

followed by the layer of artificial impermeabilization, and then the drainage layer 

used to channel leachate.[41] The general structure of a landfill is reported in Fig. 

3. 

• The geological barrier is placed above the aquifer level and consists of a 

natural geological formation, usually clay (with a diameter less than 0.002 

mm), which meets the requirements of permeability and thickness, both 

of which influence the residence time. Permeability must be monitored 

through geological drilling. The requirements in terms of hydraulic 

conductivity (k) to be met in a landfill for hazardous and non-hazardous 

waste are k ≤ 10-9 m/s, while for a landfill for inert waste, k is lower than 

10-7 m/s. Thickness must be ≥5 m in the first case and ≥1 m in the last two 

cases. 

• If the above requirements are not met, protection is completed with an 

additional artificial layer characterized by clay material with a thickness 

of 0.5 m, coupled with HDPE (High-Density Polyethylene) geosynthetic 

layers with thickness > 2.5 mm. In this case, residence times for landfills 

with hazardous and non-hazardous waste must be approximately 150 

and 25 years, respectively. 

• Above the impermeabilization layer, a protection layer made of natural 

or artificial material must be inserted. 

• Finally, a 0.5 m drainage layer for leachate is placed, characterized by 

draining granular material (gravel, crushed stone with a diameter of 16-

64 mm) and permeability k ≥ 10-5 m/s. 

• Two years after the last deposition, a final cover system is necessary, that 

must be completed within the following 3 years. The cover must isolate 

waste from the external environment, minimize erosion, infiltration, and 

service phenomena.  

Landfills cover has a multi-layer structure made of the following layers from 

top to bottom: 

o surface cover layer (thickness: 1m), useful for vegetation growth 

acting as a barrier against erosion for the underlying layers. 

o draining layer with granular material (thickness ≥0.5m) capable to 

drain the designed meteoric flow. 

o compact mineral layer (thickness ≥0.5m) integrated with a surface 

impermeable lining. 
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o gas drainage and capillary breakage layer (thickness ≥0.5m). 

o regularization layer allowing the efficiency of the overlying layers. 

 

Landfills must also be equipped with pumping systems that allow the extraction 

of biogas and leachate. Obviously, the subsequent management of leachate and 

biogas must minimize the impact on human health and the environment. 

 

 
 

Fig.3. Cross-section view of a modern landfill illustrating the use of geomembranes [42] 

 

1.4 Lifecycle of a landfill 
 

The major inputs in a landfill are solid waste and water, while biogas and leachate 

are the two main outputs. Materials stored in landfills include both organic and 

inorganic matter. When waste is deposited, a series of biological, chemical, and 

physical processes occur that change its form and composition (Fig.4). Physical 

processes modify its physical characteristics such as volume reduction, 

precipitation, release, and absorption of substances. Chemical processes mainly 
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affect leachate quality and include pH variation, redox potential, and solubility. 
[43] 

Five characteristic phases of a landfill's lifecycle can be identified during which 

the composition of biogas and leachate changes (Fig.4-5), i.e. (1) the aerobic 

phase, (2) the transition (anaerobic) phase, (3) the anaerobic, methanogenic, 

unsteady phase, (4) the anaerobic, methanogenic, steady phase and (5) the 

maturation phase. 

 

 
 

Fig.4. step of waste degradation in landfill [44] 

 
1. Aerobic Phase: it is associated with the initial placement of solid waste 

and accumulation of moisture within landfill. This phase lasts from a few 

hours to a few days, depending on the initial porosity of the waste and 

the compaction methods used. During it, complex substrates are 

degraded. For example, cellulose, which makes up most of the organic 

fraction of the waste, is degraded to glucose, which is then converted by 



15 
 

bacteria into CO2 and H2O. Fats are hydrolyzed to fatty acids and glycerol, 

and proteins are degraded into amino acids and then into CO2, H2O, 

sulfates, nitrates, and catabolism products. 

a. This stage is exothermic, with temperatures reaching 60-70°C. 

The increase of the partial pressure of carbon dioxide, which 

dissolves in water to form a weak acid, leads to a decrease in pH. 

The leachate formed in this initial phase is slightly acidic and it has 

high COD. During this first phase, the amount of leachate 

produced is not excessive. 

 

2. Transition (anaerobic) phase: Transition from aerobic to anaerobic 

environment promotes biodegradative processes such as anaerobic 

respiration, done by acidogenic and acetogenic bacteria. When the 

oxidation-reduction potential is monitored at 50-100mV, the conditions 

are ideal for nitrates and sulfates to be reduced to nitrogen and hydrogen 

sulfides. Methane forms later when the potential rises between 100 and 

300 mV. Various products can form from the initial organic substrate, 

which generally consists of fatty acids, sugars, and amino acids. For 

example, complex organic material is converted into volatile organic 

acids. These products and the dissolved carbon dioxide enhance the 

acidic properties of the leachate. This stage is less exothermic than the 

previous one and it lasts for several months. 

 

3. Anaerobic, methanogenic, unsteady phase: This phase is divided into 

four sub-phases: 

Hydrolysis: The process occurs through enzymes secreted by 

fermentative bacteria (hydrolases). High molecular weight 

compounds (proteins, organic polymers, lipids) are broken down into 

lower molecular weight compounds (amino acids, mono- and 

disaccharides, long-chain fatty acids, and glycerol) suitable as energy 

sources for microorganisms. 

Acidogenesis: Compounds generated are absorbed into the cells of 

non-methanogenic fermentative bacteria and they subsequently 

undergo bacterial conversion into simple organic molecules such as 

volatile fatty acids and alcohols. During this phase, CO2, H2, NH3, H2S 

are also produced. 
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Acetogenesis: Products formed during acidogenesis are converted 

into acetic acid, hydrogen, and carbon dioxide. In this third phase, 

due to the acids produced and the high amount of CO2, there is a 

decrease in pH values and an increase in the COD, the BOD5 

(biochemical oxygen demand. Defined in the 1.6 paragraph, page 

18), and the concentration of solubilized heavy metals. 

 

4. Anaerobic, methanogenic, steady phase: The progressive development 

of the methanogenic (strictly anaerobic) population results in the 

consumption and conversion of the acids produced during phase III into 

CH4 and CO2. This phase lasts since 8 to 40 years. It is associated with 

higher-quality leachate, as the pH within the landfill increases towards 

more neutral values, ranging between 6.8 and 8 (controlled by the 

bicarbonate buffering system). The concentration of BOD5 and COD 

decreases, whereas metals are subjected to complexation and 

precipitation. 

 

5. Maturation phase: The progressive stabilization of waste results in the 

gradual availability of less biodegradable organic compounds. The 

reduction of bacterial activity, and consequently the biogas production, 

increase diffusion of air into waste, leading to the presence of oxygen and 

nitrogen in the upper layers. This phase lasts since 10 to 80 years. [44-45] 

 

 
 

Fig.5. Phases of degradation in a typical landfill [46] 
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1.5 Leachate production in landfills 

 

Landfill leachate is defined by Legislative Decree 36/2003 (Implementation of 

Directive 1999/31/EC on the landfill of waste) as a "liquid that originates 

predominantly from the infiltration of water into the waste mass or from the 

decomposition of the same." [47] It is a liquid rich in undesirable organic and 

inorganic compounds, characterized by its own unique properties. 

Approximately 200 hazardous compounds have already been identified in 

heterogeneous landfill leachates, including aromatic and halogenated 

compounds, phenols and pesticides. [48] These pollutants represent a significant 

threat to both the environment and public health. [49-51] 

The main factors that characterize leachates are volumetric flow and 

composition. They are influenced by a series of factors such as the annual 

precipitation, the surface runoff, the infiltration into the landfill body due to 

gravitational force, the initial moisture content, the temperature, the waste 

composition, density, height (as the height of the waste body increases, there is 

a reduction in the abatement of pollutant concentrations), the landfill age. 

Leachate should in principle begin to accumulate at the bottom of the landfill 

only once waste has reached the field capacity and is saturated with water, 

reaching a moisture level such that any further water input continues its 

movement through the waste without quantitative variations. [52-62] 

The mechanisms that determine the transfer of pollutants from waste to 

leachate are divided into three categories:[63] (a) the hydrolysis of waste and 

biological degradation, (b) the solubilization of salts in waste, (c) the particulate 

entrainment. 

According to Qasim et al. [62] in the first phase, lasting few days, the moisture 

content of the waste increases until it reaches field capacity, and pollutants are 

generated by desorption from the solid phase to the liquid. In the second phase, 

lasting several weeks, the increase in the flow rate of produced leachate leads to 

increased dilution of the infiltration water over desorption, which nonetheless 

reduces due to the increase in concentration in the adsorbing liquid. In the third 

and final phase, characterized by degradation and leaching processes, an initial 

increasing trend is observed followed by a depletion phase. 
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Therefore, the concentration of organic compounds is influenced by the effect of 

these processes, while the concentration of inorganic compounds is influenced 

only by leaching processes. 

 

1.6 The main parameters to define the landfill 

leachate composition 

 

Landfill leachate requires constant monitoring of contaminants. For this purpose, 

it is important to detect all carbonaceous compounds and some other elements 

such as oxygen, hydrogen, and nitrogen in leachate. Two tests are commonly 

used to measure this presence: the Chemical Oxygen Demand (COD) and the 

Biological Oxygen Demand (BOD5). Moreover, the Total Organic Carbon (TOC) is 

another widely used parameter. [64-65] 

 

1.6.1 The Chemical Oxygen Demand (COD) 

 

The Chemical Oxygen Demand (COD) represents the total amount of oxygen 

required to chemically oxidize the organic matter present in a given volume of 

water or solution. It is expressed in milligrams of oxygen per liter (mg/L). The 

COD test quantifies the oxygen-consuming capacity of inorganic and organic 

matter present in a sample. It is one of the fastest available tests for monitoring 

water quality during treatments, leading to output values within few hours. [66-

67] 

The standard method for measuring COD, as described in ISO 6060 and ISO 

15705 standards, involves the oxidation of organic matter (for example hydrogen 

phthalate), in the presence of a strong oxidizing agent (like potassium 

permanganate or potassium dichromate) in an acidic solution (with sulfuric acid) 

at a temperature of 150°C for a reflux period of 2 hours. These conditions are 

essential to convert organic carbon into CO2 and H2O. [65][67-68] 

Mercury sulfate is used to remove chloride ions, while most of the organic matter 

can be oxidized by strong oxidizing agents. However, linear chain carboxylic acids 

require the presence of a catalyst such as silver sulfate for a complete oxidation. 

During the COD test, silver sulfate is added to facilitate this complete oxidation. 
[67] 
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Depending on the type of wastewater considered, different oxidants are used. 

Potassium permanganate is used for slightly contaminated waters, whereas 

potassium dichromate is preferred for heavily contaminated wastewaters. Two 

main procedures are used as the standard process. In the “open reflux” method, 

the excess of dichromate is determined by titrating the unreduced dichromate 

with a ferrous ammonium sulfate solution, known as the Mohr’s salt, using 

ferroin as the indicator. [69-70] According to Li et al., the initial phase involves the 

reaction of potassium hydrogen phthalate with dichromate. [71] 

 

 
 

Then, K2Cr2O7 is replaced by oxygen and, after a digestion process at reflux, the 

excess unreduced dichromate is titrated with a Fe2+ solution, according to the 

following reaction.  

 

 
                                 

In the “closed reflux” method, the excess of dichromate is measured using 

spectrophotometric techniques or by monitoring Cr3+ ions. [72] 

These traditional standard methods involve the use of expensive, corrosive, and 

toxic reagents, which can cause interferences and incomplete oxidation of 

volatile compounds. For this reason, alternative approaches are also exploited 

(Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

Table 2 Alternative methods for COD detection [65] 

 

 
Each approach reported in Table 2 has its own advantages and disadvantages.  

For instance, using reagents different from the standard techniques can be more 

eco-friendly. However, a drawback is the need to approximate the concentration 

of pollutants to set suitable parameters, such as the exposure time to light and 

the oxidant concentration. [73-74] Changing the detection method, such as using 

fluorescence and chemiluminescence, may require expensive equipment and it 

is suitable mainly for lightly polluted waters. [75-76] Chemiluminescence, on the 

other hand, is more eco-friendly. Other options include the use of 

electrochemical, photocatalytic, and photo resistive sensors but these methods 

have limitations such as reduced specific surface area and the limited capacity of 

UV light to generate wide bands. [77-80]   

Among new techniques for COD detection, there are thermal biosensors that can 

handle interferences but may suffer from incomplete oxidation. [81-82] Methods 

focused on the detection system are not fully developed yet, as their main goal 

is to improve the sensitivity of the final response. 

In conclusion, none of these techniques can replace the standardized procedure 

so far. Although they may be cheaper or sensitive, they do not offer the same 

reliability as the standardized technique, this limiting their use for wastewaters. 
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1.6.2 Biological Oxygen Demand (BOD) 

 

BOD5 is an indicator used to measure the amount of oxygen required by aerobic 

microorganisms to decompose the organic matter present in an aqueous 

solution at 20°C over a period of five days. This value is commonly expressed in 

milligrams of dissolved oxygen per liter of solution (mg O2/L). [83-84] 

Its origin dates to 1908 when the Royal Commission on River Pollution in the 

United Kingdom introduced it as a measure of organic pollution in rivers, based 

on the presumed travel time of water from the source to the estuary in British 

rivers. [85] In 1936, the American Public Health Association's Standard Methods 

Committee adopted this parameter as a reference indicator for evaluating the 

biodegradation of chemical and hazardous substances. 

BOD5 has several applications, such as (a) ensuring compliance of wastewater 

discharges with regulations, (b) assessing the biodegradable fraction of an 

effluent in treatment plants (indicated by the BOD5/COD ratio), (c) Determining 

the required size of a treatment plant for a specific area. 

During the oxidation process, microorganisms transform the organic matter 

present into microbial biomass into carbon dioxide and water.  

This occurs according to the following reaction: 

 

 
 

where Xi and Xf represent the initial and final microbial populations, respectively, 

and C is the organic matter in the sample. 

This technique is affected by issues related to the response time (fixed at five 

days), the temperature and the amount of available oxygen. Additionally, some 

compounds in the sample may be toxic, and variations in the concentration and 

composition of the microbial substrate can cause significant variability in the 

results, exceeding 20%. [86-89] Due to these issues, various alternatives for BOD 

analysis have been developed, as shown in Table 3. 
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Table 3 Alternative techniques for BOD5 detection 
[65] 

 

 
 

Modifications to the standard method include reducing the response time to 

obtain faster results and higher sensitivity to biodegradation. However, these 

modifications entail additional costs due to the use of sophisticated equipment. 
[90] Some alternative systems have adopted more sensitive techniques, such as 

fluorescence spectroscopy or the use of optical sensors, to improve the response 

to biodegradation. Fluorescence spectroscopy can be a suitable alternative, but 

it is time consuming and it may affect microorganisms.[75,87,91] Optical sensors are 

still under development and they are reported only in miniaturized systems, but 

they appear to be more promising. [92] 

 

1.6.3 Total Organic Carbon (TOC) 

 

The Total Organic Carbon (TOC) refers to all the carbon content in organic matter, 

either dissolved or suspended in water. [93] Its analysis is complementary to that 

of COD and BOD because it is faster, more accurate, sensitive, and 
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environmentally friendly. [94] The first step in determining TOC values is the 

removal of the total inorganic carbon from the sample, by acidification to convert 

carbonates and bicarbonates into gaseous CO2. Then, the sample undergoes 

complete oxidation through heating in the presence of catalysts, converting it 

into CO2. After cooling, CO2 is directed towards an infrared detection cell, 

generating an electrical signal in millivolts proportional to the amount of CO2 

passing through the cell. What remains in the sample will be only the organic 

carbon. The completion of the test can take from a few minutes to several hours. 
[95] Additionally, as highlighted in Tables 4 and 5. 

 

Table 4 Summary of the methods proposed by Federation, W. E., & APH Association to 

ascertain TOC [65][93] 

 

 
 

Table 5 Alternative detection systems for the detection of Total Organic Carbon in 

water[65] 
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Since TOC is a sensitive technique, making significant changes to the 

methodology is complex. Therefore, modifications focus on various possibilities 

to detect carbon in the sample. The techniques illustrated in Table 4 have 

detection limits that become critic when considering the other two parameters 

(COD and BOD5), requiring special equipment.[93] On the other hand, Table 5 lists 

more sensitive methods. To ensure complete oxidation of organic matter, 

preliminary treatments are necessary, and the carbon detection levels are higher 

than with the standard technique. TOC is the only technique that has been 

refined over time. [65] 

 

1.7 Qualitative changes in landfill leachate 

composition 

 

Composition of landfill leachate is generally influenced by various chemical 

physical parameters such as the pH, the total suspended solids (TSS), the total 

dissolved solids (TDS), the dissolved organic matter expressed as COD, the 

biological oxygen  demand BOD, or the total organic carbon TOC, the ammoniacal 

nitrogen (NH3-N) and total nitrogen (TN), the sulfur compounds, chlorides, 

phosphorus, heavy metals (HM) bound to the dissolved organic matter (DOM), 

and recalcitrant organic pollutants.[51,61, 96] These parameters will be discussed in 

detail in paragraph 1.6. 

 

According to Renou et al. (2008a),[97] the quality of leachate varies from one 

landfill to another, but also in different sampling points within the same landfill. 

Although the composition of leachate widely varies during the different phases 

of a landfill, it is possible to define four types of leachates based on the landfill 

age (i. e. young, intermediate, stabilized, and mature). Typically, young landfills 

are less than 5 years old; intermediate are 5 - 10 years old; mature landfills 

include both stabilized and old ones and they are older than 10 years. [61,98] 

Features of leachate referred to landfill with different ages are shown in Table 6. 
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Table 6 Leachate characteristics at different landfill ages [99] 

 

 
 

In early phases, leachate has high organic content, strong biodegradability, and 

a relatively low concentration of ammoniacal nitrogen. As landfill ages, the 

amount of ammoniacal nitrogen in the leachate increases and biodegradability 

decreases. Intermediate leachate is qualitatively positioned between young and 

mature leachates. [100] In this case, the organic waste degrades, the concentration 

of BOD and COD decrease. Typically, non-biodegradable organic substances 

contributing to COD remain unchanged, while most of biodegradable organic 

substances assessed by BOD are decomposed during stabilization. Consequently, 

the BOD/COD ratio (an index of biodegradability) decreases over time.  

Thus, in young landfill leachates, COD is high (> 104 mg/L) and BOD/COD ratios 

range from 0.5 and 1. In mature landfill leachates, COD are lower (< 4·103 mg/L) 

and BOD/COD ratio is lower than 0.1. [61] 

Moreover, pH of leachate increases with age, whereas heavy metals decrease 

due to the higher pH of leachate. These conditions increase the difficulty of 

developing an effective biological treatment for leachate. [100] 
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Leachate composition depends on the stage of waste evolution. Pollutants 

present in leachate are divided into four groups. [61] 

 

• The dissolved organic matter includes methane, volatile fatty acids, and 

refractory compounds such as humic and fulvic acids. The concentration 

of these compounds and the molecular weight of humic substances 

increase with the leachate age. Young leachate fractions contain low 

molecular weight organic compounds with linear chains, while old 

leachates are rich of oxygenated functional groups such as carboxylic and 

alcoholic groups. [60][101] 

• Inorganic cations and anions are present in concentration depending on 

pH and on their possible complexation with organic ligands present in 

solution. Table 7 shows their average concentration in leachates. 

 

Table 7 Average concentration values of inorganic ions in leachate [61] 

 

 
 

• Heavy metals: Cr³⁺, Ni²⁺, Cu²⁺, Zn²⁺, Cd²⁺, Hg²⁺, and Pb²⁺ whose 

concentration depends on the landfill and the waste deposited. Humic 

substances play a crucial role in the complexation of metals. Literature 

often reports data on leachate with low metal concentrations, which is 

frequently due to a high presence of colloids that complex metals, 

masking their presence and influencing their bioavailability and toxicity 

(Ghosh et al., 1997). [102] 

• Xenobiotic organic compounds (XOC) are aromatic hydrocarbons, 

phenols, chlorinated aliphatic hydrocarbons, pesticides. They originate 
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from products present in both urban and industrial waste, and their 

concentration tends to decrease over time. 

 

1.8 Limit values for landfill leachates 

 

1.8.1 European Limit Values for discharge 

 

To minimize the environmental impact, specific maximum threshold values have 

been established to discharge treated leachate. These values must be met before 

disposal into surface water bodies, sewer systems, or soil. 

The Commission Implementing Decision (EU) 2018/1147, based on the Directive 

2010/75/EU of the European Parliament and Council, outlines the conclusions 

on the Best Available Techniques (BATs) for waste treatment. BATs serve as a 

reference point to establish conditions to authorize working activities in landfills 

and they allow to define the maximum emission levels of pollutants in waste. The 

BAT-associated emission levels (BAT-AEL) for direct and indirect discharges into a 

water body are detailed in Tables 8 and 9 (Appendix 1 pag.168). 

The emission levels in water related to BAT-AEL are measured in μg/L or mg/L as 

they refer to the amount of substance emitted per volume of water. Regarding 

water emissions, the BAT-based approach involves monitoring key parameters 

such as flow, pH, temperature, conductivity, and BOD of the wastewater at 

critical points such as the inlet and outlet of pretreatment or the inlet and outlet 

of final treatment. BAT-AEL average values are calculated on water sampled in 24 

hours in case of continuous discharge, and on average aliquots of water sampled 

instantly in case of discontinuous discharge. [103]  

BAT requires monitoring water emissions following a specific frequency and 

complying with EN (European Norms) standards. If these standards are not 

available, BAT specifies the use of alternative ISO (International Organization for 

Standardization), national, or international standards that ensure data of 

equivalent scientific quality (Table 10, Appendix 1, pag.168). 

Furthermore, to limit emissions into water, the BAT for wastewater treatment 

involves the use of an appropriate set of specified techniques as detailed in Table 

11 (Appendix 1, pag.168). 
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1.8.2 Italian Limit Values for Landfill Leachate Discharge  

 

In Italy, the definition of leachate has led to discussions about its status as waste 

or discharge, as it represents an intermediate case between the two categories.  

According to Legislative Decree No. 152/2006, leachate can be classified as 

"waste produced by waste treatment plants" and, therefore, as a special waste 

(CER code 190702 for leachate from landfills containing hazardous substances 

and CER code 190703 for leachate from other landfills). Even if leachate is 

discharged into a water body, it retains this waste nature. 

The distinction between waste and discharge becomes relevant when 

considering the need for treatment plant before discharge. This plant must be 

authorized according to waste regulations. On the other hand, the discharge of 

leachate into a surface water body, either directly or after treatment, must 

comply with the limits established in Legislative Decree No. 152/2006, Table 3 in 

Annex V of Part III, which concerns discharges (Table 12). [104] 

 

Table 12. Emission Limit Values in Surface Water and Sewer (Legislative Decree 152/06, 

Part Three, Annex 5 - Table 3) [104] 

 

PARAMETER 
NUMBER 

 
SUBSTANCES 

UNIT OF 
MEASURE 

DISCHARGE 
INTO SURFACE 

WATERS 

DISCHARGE 
INTO PUBLIC 

SEWERS (*) 
1 pH  5.5-9.5 5.5-9.5 
2 Temperature °C (1) (1) 

3 Color  Not perceptible 
with dilution 1:20 

Not perceptible 
with dilution 1:40 

4 Odor  
It must not cause 

disturbances 
It must not cause 

disturbances 
5 Coarse materials  Absent Absent 

6 
Total suspended 
solids (TSS) (2) mg/l  80  200 

7 
BOD: Biochemical 
Oxygen Demand 

(asO2) (2) 
mg/l  40  250 

8 
COD: Chemical 

Oxygen Demand (as 
O2) (2) 

mg/l  160  500 

9 Aluminum mg/l  1  2.0 
10 Arsenic mg/l  0.5  0.5 
11 Barium mg/l  20 - 
12 Boron mg/l  2  4 
13 Cadmium mg/l  0.02  0.02 
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14 Total chromium mg/l  2  4 
15 Chromium VI mg/l  0.2  0.20 
16 Iron mg/l  2  4 
17 Manganese mg/l  2  4 
18 Mercury mg/l  0.005  0.005 
19 Nickel mg/l  2  4 
20 Lead mg/l  0.2  0.3 
21 Copper mg/l  0.1  0.4 
22 Selenium mg/l  0.03  0.03 
23 Tin mg/l  10  
24 Zinc mg/l  0.5  1.0 

25 Total cyanides 
(as CN) 

mg/l  0.5  1.0 

26 Free active chlorine mg/l  0.2  0.3 
27 Sulfides (as H2S) mg/l  1  2 
28 Sulfites (as SO2) mg/l  1  2 
29 Sulfates (as SO3) (3) mg/l  1,000  1,000 
30 Chlorides (3) mg/l  1,200  1,200 
31 Fluorides mg/l  6  12 

32 
Total phosphorus 

(as P) (2) mg/l  10  10 

33 

Ammoniacal 
nitrogen 

(as NH4)(2) 

 

mg/l  15  30 

34 Nitrous nitrogen 
(as N) (2) 

mg/l  0.6  0.6 

35 
Nitric 

nitrogen 
(as N) (2) 

mg/l  20  30 

36 
Fats and oils 

(Animal/vegetable) mg/l  20  40 

37 Total hydrocarbons mg/l  5  10 
38 Phenols mg/l  0.5  1 
39 Aldehydes mg/l  1  2 

40 
Aromatic organic 

solvents mg/l  0.2             0.4 

41 Nitrogenous organic 
solvents (4) 

mg/l  0.1             0.2 

42 Total surfactants mg/l  2  4 

43 Phosphorous 
pesticides 

mg/l  0.10            0.10 

44 
Total pesticides 

(excluding 
phosphorous) (5) 

mg/l  0.05            0.05 

 Including:    
45 - aldrin mg/l  0.01            0.01 
46 - dieldrin mg/l  0.01            0.01 
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47 - endrin mg/l 0.002           0.002 
48 - isodrin mg/l  0.002           0.002 

49 
Chlorinated solvents 

(5) 
mg/l  1  2 

50 Escherichia coli (4) UFC/100 ml Note  

 
 
 

51 

 
 
 

Acute toxicity test (5) 

 

The sample is not 
acceptable if, after 24 
hours, the number of 

immobile organisms is 
equal to or greater than 

50% of the total 

The sample is not 
acceptable if, after 24 
hours, the number of 

immobile organisms is 
equal to or greater 

than 80% of the total 

(*) The limits for discharging into the sewerage indicated are mandatory in the absence of limits set by the competent authority 

under Article 33, paragraph 1 of this decree or in the absence of a final treatment plant capable of meeting the emission 

limits of the final discharge. Different limits set by the managing entity must be made comply with indicated in note 2 of 

table 7 concerning hazardous substances. 

1) For watercourses, the maximum variation between average temperatures of any section of the watercourse upstream 

and downstream of the discharge point must not exceed 3°C. On at least half of any downstream section, this variation 

must not exceed 1°C. For lakes, the discharge temperature must not exceed 30°C, and the temperature increase in the 

receiving body must not exceed 3°C at any point beyond 50 meters from the discharge point. For artificial canals, the 

maximum average water temperature of any section must not exceed 35°C; this condition is subject to the consent of the 

entity managing the canal. For the sea and estuarine areas of non-significant watercourses, the discharge temperature must 

not exceed 35°C, and the temperature increase in the receiving body must not exceed 3°C at any point beyond 1000 meters 

from the discharge point. Environmental compatibility of the discharge with the receiving body must also be ensured, and 

the formation of thermal barriers at river mouths must be avoided. 

2) Regarding urban wastewater discharges, the limits in table 1 apply, and for sensitive areas, those in table 2 also apply. 

Regarding industrial wastewater discharges into sensitive areas, the concentration of total phosphorus and total nitrogen 

must be 1 and 10 mg/l, respectively. 

3) These limits do not apply to discharge into the sea; in this regard, estuarine areas are equated with coastal marine 

waters, provided that natural variations in sulfate or chloride concentrations are not disturbed on at least half of any 

downstream section of the discharge. 

4) In the authorization for the discharge of urban wastewater treatment plants by the competent authority, the most 

appropriate limit should be set considering the environmental and health conditions of the receiving water body and 

existing uses. A limit not exceeding 5,000 CFU/100 ml is recommended. 

5) The toxicity test is mandatory. In addition to the Daphnia magna test, acute toxicity tests may be conducted on 

Ceriodaphnia dubia, Selenastrum capricornutum, bioluminescent bacteria, or organisms such as Artemia salina for 

saltwater discharges or other organisms as indicated under point 4 of this annex. In the case of multiple toxicity tests, 

consider the worst result. A positive result in the toxicity test does not directly lead to the application of sanctions under 

Title V; it also requires further analytical investigations, the search for toxicity causes, and their removal. 
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1.9 Landfill Leachate Treatment Techniques 

 

Waste is the cause of the presence of various types of toxic contaminants in 

leachate. [105] The main difficulties in treating leachate stem from its possible 

concentration of different toxic metals, heavy metals, humic/fulvic acid, 

ammonia, COD/BOD, and other emerging pollutants. [97] Few technologies, when 

used alone, are capable of fully treating landfill leachate. Most technologies 

employ an integrated system that combines biological, chemical, and physical 

processes. This integrated and hybrid approach has proven to be more effective. 
[106-110] The following sections will provide an analysis of current leachate 

treatment techniques, considering their operating principles, efficiency, 

advantages, and disadvantages. 

 

1.9.1 Biological Treatments 

 

The biological treatment of leachate is mainly divided into two types of 

processes: aerobic and anaerobic. The aerobic method uses oxygen and aerobic 

microorganisms to break down organic compounds into CO2. The anaerobic 

method employs anaerobic microorganisms to convert organic substances into 

CO2, CH4, NH3, volatile fatty acids, and simpler organic compounds. [97][111-112] 

Both techniques are effective in removing contaminants such as polycyclic 

aromatic hydrocarbons, organic halogens, and polychlorinated biphenyls (PCBs). 
[113] Aerobic treatment is convenient and effective for young leachate that 

contains dissolved and suspended organic compounds with a very high 

BOD5/COD ratio (>0.5). [114] Additionally, the aerobic process ensures the 

removal of nitrogen from old leachate through nitrification and denitrification. 
[115] 

 

1.9.1.1 Aerobic Processes  

 

Typical aerobic treatments can occur by different processes, the most important 

being: aerated lagoons, sequencing batch reactors, rotating biological 

contactors, membrane bioreactors, and trickling filters. [116] 
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- Aerated Lagoon (ARL) 

  

An aerated treatment basin is an area where oxygen is mechanically 

introduced to facilitate the aerobic decomposition of organic materials and 

contaminants present in the leachate. These basins are equipped with 

surface devices that agitate water to improve the contact between water 

and air, and submerged devices that release air bubbles at the bottom, thus 

increasing the amount of dissolved oxygen in water. [117] Solid residues and 

sediments resulting from biological decomposition accumulate at the 

bottom, forming a layer of sediments that can be periodically removed. 

Easy and quick to install, they require low operational and maintenance 

costs. [118] A study conducted using the ARL technique demonstrated 

removal rates of 80% and 75% of N and COD, with initial concentrations of 

1.241 mg/L and 1.740 mg/L, respectively. These high removal rates are 

partly due to evaporation actions and the longer retention time. [117] The 

main drawbacks are related to the dependency of bacterial activity on the 

basin temperature, with the optimal temperature range being between 20 

and 40°C. [119] Other disadvantages include high energy consumption, 

prolonged aeration times, and the management of produced sediments.  

 

- Sequencing Batch Reactors (SBR) 

 

SBR is based on the operational principles of the fill-and-draw procedure. 
[120] This method aims to reduce aeration costs by up to 25% combining 

aerobic and anaerobic treatments for nitrification and denitrification. [120-

121] An SBR is designed to handle leachate through four phases: filling, 

reaction, stabilization, and sedimentation.[122] In the filling phase, leachate 

and potential nutrients are added. During aeration, oxygen supports 

aerobic microorganisms in decomposing organic matter, while mixing 

keeps solids in suspension. [123-124] After 18-20 hours of aeration, sludge 

settles. Studies show that SBR with coagulation by alumina Al2O3 achieves 

removal rates of COD, ammoniacal nitrogen (NH3-N), and total suspended 

solids (TSS) by 85%, 94%, and 92%, respectively. SBR effectively reduces 

heavy metals like Cd (95%) and Pb (95%). [125] When integrated with a 

membrane bioreactor, the powdered activated carbon (SBR-PAC) achieves 

maximum removals of COD (66.1%), NH3-N (99.66%), and leachate color 
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(82.3%), with a low sludge volume of 130.1 mL/g. [126] Advantages include 

effective removal of BOD, COD, and nutrients, with reduced odor issues. 

Disadvantages involve high energy costs, the need for precise control, and 

management of excess sludge. [127-128] 

 

- Rotating Biological Contactors (RBC) 

 

A rotating biological contactor (RBC) consists of discs mounted on a 

horizontal shaft that rotates slowly, promoting the growth of 

microorganisms on discs surface. Rotating at 1-2 rpm, discs alternate 

between leachate and air, facilitating biomass aeration and contaminants 

degradation. [129-130] RBCs are effective in treating leachate with high 

organic matter and NH3-N contents, thanks to their low energy 

consumption and ease of management. [131] However, they require periodic 

biomass treatments and are sensitive to high temperatures. Their 

effectiveness in reducing BOD, COD, phenols, and nitrates varies based on 

factors such as rotation speed and temperature. [130] One study reported 

reductions of 74% for COD and 43% for NH3-N in leachate with initial COD 

of 1.154 mg/L and NH3-N of 834 mg/L, but performance declined above 

20°C, with a maximum BOD5 removal of 40%. [132-133] 

 

- Membrane Bioreactor (MBR) 

 

A MBR reactor combines a biological treatment with a membrane filtration 

system. Leachate is introduced into an aeration tank where 

microorganisms degrade the organic matter through the aerobic 

decomposition of contaminants. In this phase, microorganisms grow and 

reproduce, forming a biomass (activated sludge) that degrades the organic 

and inorganic compounds in leachate. After the biological treatment, an 

effluent passes through ultrafiltration or microfiltration membrane 

modules, which retain suspended solids and microorganisms, allowing only 

clean water to pass through. Pressure or vacuum applied pushes water 

through the membranes, while solids and microorganisms are retained and 

concentrated in the return sludge, which is periodically removed for 

further treatment or disposal. [107,134] There are two types of MBRs 

depending on the orientation of the membrane module: the submerged 
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MBR, where the membrane module is immersed in the aeration tank, and 

the external side-stream MBR, where the membrane module is positioned 

outside the aeration tank. MBR offers numerous advantages versus other 

biological treatments of leachates, including limited space requirements, 

reduced production of excess sludge with consequently lower disposal 

costs, flexibility in managing various pollutant loads and leachate volumes 

by adjusting sludge concentration and flow through the membranes, and 

the production of high-quality final effluents. [135] However, MBR 

disadvantages include the high cost of membranes, difficulties in cleaning 

and replacement, complicated maintenance due to clogging, and high 

energy consumption.[107][136-137] According to a study, the maximum 

concentration of BOD, volatile suspended solids, NH3-N, and total nitrogen 

(TN) that an MBR can remove are 6000, 500, 4000, and 6000 mg/L, 

respectively. This means that MBR can remove 95–99% of BOD5. [138] By 

pretreating with air stripping, MBR can efficiently remove 44% of the COD. 

A high contaminant removal efficiency from leachate can be obtained by 

integrating MBR with other treatment technologies, such as ultrafiltration 

and nanofiltration, reaching approximately 88% removal yield. [139] 

 

- Trickling Filters 

 

A trickling filter is an aerobic biological reactor consisting of a bed support 

made of gravel, rocks, plastic, or other materials with a high specific surface 

area, through which the leachate is distributed. Microorganisms grow on 

the surface of the support, forming a biofilm that degrades the organic 

matter and other contaminants. However, the trickling filter is not 

recommended for leachate produced from young landfills, due to the high 

concentration of total suspended solids (TSS) and fungal growth, which 

reduce its removal efficiency. [140-141] An experimental-scale study 

compared the treatment performance of trickling filters and SBR, using 

leachate from the same source. The trickling filter showed significantly high 

removal efficiency for TSS (73%), BOD5 (77%), and NH3-N (60%), while the 

SBR showed removal efficiencies of 63% for TSS, 84% for BOD5, and 65% 

for NH3-N, respectively. [123] Therefore, trickling filters proved to be 

economically advantageous for treating leachate, especially from mature 

landfills. [61] 
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1.9.1.2 Anaerobic Processes  

 

Leachate treatment can be also accomplished through a variety of anaerobic 

procedures, including anaerobic digestions, up-flow anaerobic sludge blanket 

reactors and anaerobic filters. 

 

- Anaerobic Digestion (AD) 

 

An anaerobic digester treats leachate through biological decomposition of 

the organic matter in the absence of oxygen. Decomposition occurs in a 

sealed tank equipped with mixing systems for uniform contact with 

anaerobic microorganisms. The tank is typically heated to optimal 

temperatures of 30°C to 40°C to allow the mesophilic microorgaism activity 

or 50°C to 60°C for thermophilic microorganisms. [142] 

The AD process converts organic compounds into biogas (CH4 and CO2) and 

effectively removes trace metals up to 50%. [143-144] While AD can recover 

renewable energy and reduce organic load, its drawbacks are due to the 

high AD installation costs, sensitivity to temperature, pH, and organic load. 
[145] 

 

- Up-Flow Anaerobic Sludge Blanket Reactor (UASBR) 

 

UASBR is effective for treating leachate, particularly from industrial 

wastewater with high organic loads. Leachate flows upward through a 

sludge bed of anaerobic microorganisms, converting the organic matter 

into biogas (mainly methane and carbon dioxide) by several biochemical 

processes. The produced biogas is collected, while a clarified effluent exits 

for further treatment. A study varying hydraulic retention time (HRT) has 

shown that UASBR removed 87% COD after 13 hours, while another UASBR 

achieved 91% COD removal after 20 hours, thus demonstrating the 

benefits of increased HRT. [146] 

UASBR has low operational costs and effectively removes recalcitrant 

organic compounds. However, it faces challenges like long process times 

and sensitivity to temperatures. [147-148] 
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- Anaerobic Filters (ANF) 

 

ANFs are reactors with fixed or fluid beds containing materials for packing 

like gravel, plastic, or woodchips, which support the growth of anaerobic 

microorganisms. Leachate enters from the bottom and flows upward 

through the filter bed, typically with a hydraulic retention time (HRT) of 12 

to 36 hours, in either continuous or intermittent modes. The wastewater 

treated is collected at the top and may undergo further treatments.[107] 

ANF efficiently decomposes the organic matter and suspended solids, 

effectively treating NH3-N. [149] Low-cost materials such as biochar and 

activated carbon can reduce COD and TOC by up to 95% and 80%, while 

significantly eliminating E. coli. [150] ANF also removes heavy metals, but is 

affected by volatile fatty acid levels, which can decrease methane 

production. [151] Disadvantages include sensitivity to changes in organic 

load, the need for regular maintenance to prevent clogging, and long 

stabilization periods for microbial populations. 
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1.9.2 Chemical/Physical Treatments 

 

Chemical physical treatments are employed either as a pretreatment or final 

purification step, as well as to target specific pollutants (Renou et al., 2008). [97] 

They are commonly used to eliminate suspended solids, colloidal particles, color, 

and specific classes of pollutants such as heavy metals, polychlorinated 

biphenyls, and persistent organic compounds like humic and fulvic acids. These 

techniques include coagulation-flocculation, adsorption, chemical precipitation, 

membrane filtration, ion exchange, air stripping, electrochemical methods, and 

advanced oxidation processes (AOP). [97][152] 

 

1.9.2.1 Coagulation/Flocculation 

 

Flocculation and coagulation are two processes often used in combination. 

Coagulation involves the addition of chemicals into solutions, that destabilize 

particles eliminating their surface charge and favoring agglomeration. [116,153] 

Flocculation combines small aggregates into larger ones that are separated by 

precipitation and filtration. [154-155] Commonly used coagulants are aluminum 

oxide (Al2O3) and ferric chloride (FeCl3). They reduce pollutants by up to 70%, 

68%, and 44% respectively at pH 8, 7, and 4. Additionally, FeCl3 can reduce COD 

by 66%, 79%, and 43%, respectively, and has proven to be effective in removing 

humic acids. [156] Coagulation and flocculation are relatively simple methods that 

can be successfully used in the treatment of leachate from old landfills. However, 

this treatment leads to moderate reductions in COD and TOC and it produces 

sludge. In some cases, the use of traditional chemical coagulants can increase 

the concentration of aluminum or iron in the liquid phase. [157] Although the 

method is easy to use, in the leachate treatment industry, 

coagulation/flocculation techniques are mainly used as a pretreatment before 

other more robust processes, such as adsorption and advanced oxidation 

processes (AOP). [158] 

 

1.9.2.2 Adsorption 

 

Adsorption is the most used technique to remove persistent organic compounds 

present in landfill leachate. This technique is based on physico-chemical 

processes where fluids, whether gas or liquid, are attracted to the surfaces of 
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solid adsorbent materials through physical or chemical bonds. [159-160] Proper 

preparation of adsorbent materials, such as activated carbon, natural clay 

minerals, and biochar, is essential to ensure effective adsorption of 

contaminants through electrostatic attraction, hydrogen bonding, 

complexation, hydrophobic interaction, and physical adsorption. [161] Table 13 

lists various types of food waste that have proven to be effective adsorbent 

materials for leachate treatment. [162] 

 

Table 13 Efficiencies of different food waste adsorbents for LFL treatment. [116] 

 

 
 

Despite their effectiveness, activated carbon (AC) is the most used adsorbent. 

Thanks to its intrinsic physical properties, such as a large surface area, 

microporous structure, high adsorption capacity, and surface reactivity, 

activated carbon can remove contaminants like heavy metals. [160][163-164]  

Activated carbon is amorphous and it contains numerous pores and pockets 

which, based on their size, allow it to be classified as either powdered 

(<0.074mm) or granular (>0.1mm). Powdered activated carbon is particularly 

useful for treating old leachate, while granular activated carbon is more suitable 

when leachate contains aromatic compounds and condensed structures. [116] The 

rate of contaminant removal depends on the depth of the bed and the contact 

time of the adsorbent. Therefore, it is essential to develop integrated and hybrid 

treatment processes for the effective removal of heavy metals. [163] For example, 

stabilized leachates with a COD of 4500–8000 mg/L, resulting from coagulation 

pretreatment (which removes 50% of the COD), showed greater COD removal 
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(80%) when using activated carbon adsorption. [165] Additionally, adsorption 

using activated carbon combined with biological treatment has allowed effective 

treatment of landfill leachate in terms of nonbiodegradable organic substances, 

COD, and color. [97] One disadvantage of this technique is the need for frequent 

regeneration of the columns or a high consumption of powdered activated 

carbon (PAC). [116] For this reason, clay minerals like palygorskite are gaining 

attention due to their global availability as a natural mineral, excellent cost-

effectiveness, and ability to rapidly remove high levels of NH3-N. [166] 

 

1.9.2.3 Chemical Precipitation 

 

Chemical precipitation is generally used as a pretreatment to remove non-

biodegradable and recalcitrant pollutants, such as sulfur, heavy metals, and 

ammoniacal compounds, from leachate. [97, 160, 167, 168] This technique is simple, 

effective, and economical, converting dissolved ionic contaminants into 

insoluble precipitates through chemical reactions. These precipitates are then 

removed by settling or filtration. [61][169-170] Struvite precipitation, (magnesium 

ammonium phosphate), has been used to study the removal of ammoniacal 

nitrogen from anaerobically pretreated leachate at the Odayeri landfill in Turkey. 

Using this process, ammonia is transformed into urea, a nitrogen fertilizer. 

Approximately 50% of COD and 90% of NH3-N, with initial concentrations of COD 

at 4024 mg/L and NH3-N at 2240 mg/L, were removed. [160] Ozturk et al. used 

Struvite to precipitate NH3-N from anaerobically pretreated leachate, achieving 

a removal efficiency of 90% for NH3-N and 50% for COD. [167] Another study 

demonstrated the effectiveness of Struvite precipitation for removing 

ammonium from stabilized leachate at the WENT landfill in Hong Kong, achieving 

approximately 98% NH3-N removal at pH 9 within just 15 minutes. [171]  

Struvite precipitation forms an insoluble compound that can be easily separated 

from the liquid, and the resulting sludge can be used as nitrogen fertilizer if the 

leachate does not contain heavy metals. However, since COD is not significantly 

reduced during treatment, it is necessary to combine this method with biological 

phases. [172]  

Hence, despite the effectiveness of precipitation techniques, additional 

treatment processes are required to make the leachate safe according to 

environmental regulations. [173] Moreover, this technique may have 

disadvantages, such as the need for large amounts of precipitants, sensitivity to 
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pH, and the issue to dispose of the resulting sludge if it cannot be used as 

fertilizer. [160] 

 

1.9.2.4 Membrane Filtration 

 

Membrane filtration avails of selective permeability of molecules, allowing ions 

and molecules to pass through a barrier with varying porosity. This barrier 

selectively resists to the flow of components, facilitating their separation. [174-175] 

In landfill leachate treatment, membrane technology is generally used at the 

beginning or at the end of the process. Based on the membrane pores size 

filtration can be classified as microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), and reverse osmosis (RO). [176] 

 

-Microfiltration 

 

Microfiltration, with pores ranging from 0.05 to 10 μm, is used to capture 

microbial cells, various sized colloidal particles, and suspended solids. This 

method cannot be used alone and it is recommended as a pretreatment in 

combination with other membrane processes (ultrafiltration, 

nanofiltration, or reverse osmosis) or to support chemical treatments. [177] 

For instance, Piatkiewicz et al. used microfiltration as a pretreatment 

stage, achieving a COD reduction of ~35%. [178] 

 

-Ultrafiltration 

 

Ultrafiltration, with pore sizes between 1 and 100 nm, operates under 

pressures up to 10 bar. This process is suitable to remove macromolecules 

and particles from landfill leachate, enabling the separation of organic 

substances and the analysis of the molecular weight of organic pollutants. 

It was used in large-scale membrane bioreactors and can serve as a 

pretreatment for reverse osmosis or as a post-biological treatment.  [179-181] 

For instance, Kulikowska et al. and Bohdziewicz et al. achieved COD 

reductions of 46.7% and 50%, respectively, using ultrafiltration alone. 
[179,182] 
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-Nanofiltration 

 

Nanofiltration has a molecular weight cut-off ranging from 200 to 1000 

Dalton, corresponding to porosities between 0.5 and 2 nm. Due to its 

properties, which are intermediate between ultrafiltration and reverse 

osmosis, it repels charged solutes smaller than the membrane pores, as 

well as larger neutral solutes and salts. It removes recalcitrant organic 

compounds, inorganic substances, heavy metals, and sulfate ions, but has 

low rejection rates for chloride and sodium. [153,160,167,183,184] Nanofiltration 

can remove about 60-70% of COD and 50% of ammonia in landfill leachate, 

and when combined with other methods, it can remove 70-80% of COD. In 

the treatment of anaerobically pretreated landfill leachate from Odayeri, 

Turkey, COD removal of 89% and NH3-N removal of 72% were achieved. [167] 

Additionally, nanofiltration effectively removes heavy metals, with over 

88% of metallic cations (Pb2+, Zn2+, and Cd2+) removed in stabilized leachate 

with initial concentrations below 0.70 mg/L. [184] Despite these advantages, 

nanofiltration membranes can be contaminated by various substances 

during treatment, including dissolved organic and inorganic compounds, 

colloids, and suspended particles. [176] 

 

-Reverse Osmosis 

 

Reverse osmosis is one of the most effective technologies used in the last 

decade for leachate treatment due to its flexibility under various 

temperature and pH conditions. This process uses applied pressure across 

a semipermeable membrane, creating two solutions at high (concentrate) 

and a very low (permeate) salt concentration. [153] Reverse osmosis 

significantly reduces the concentrations of metallic cations in the solvent. 

Its efficiency is measured by the rejection rate, which can exceed 98% for 

COD and 99% for heavy metals. [185-186] For example, complete elimination 

of dioxins from the Yachiyo landfill in Japan was achieved using this 

technique. [187] 
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Table 14 Removal of organic and inorganic compounds using UF, NF or RO [160] 

 

 
 

In Table 14, the reduction efficiencies of COD, NH3-N, and heavy metals by 

the previously analyzed membrane techniques are compared. All 

reduction percentages are very high, but reverse osmosis stands out as the 

most effective technique. However, reverse osmosis often fails in the 

effective separation of ammonia. To improve ammonia reduction in the 

permeate, reverse osmosis can be used in two or more stages or 

integrated with a pre-treatment of stripping or a biological nitrification and 

denitrification phase. [153] Despite its advantages, reverse osmosis has 

some disadvantages, including the generation of large volumes of 

concentrate (about 20% of the leachate, which requires disposal or further 

treatment), low retention of small molecules, membrane fouling (which 

can reduce its durability and productivity), and high energy consumption. 
[153,176,188] The passage of water through the membranes depends on 

porosity, hydrophilicity, material, roughness, thickness, and membrane 

charge. [189] Polyamide or cellulose acetate membranes offer better 

removal of organic compounds and NH3-N and they can operate over a 

wide temperature range (5-35°C) versus polyvinyl chloride. This is due to 

the higher porosity and hydrophilicity of polyamide. [189] The choice of 

appropriate membranes for leachate treatment depends on various 

factors, including the characteristics of the wastewater, the nature and 



43 
 

concentration of materials present in the leachate, pH, and temperature. 
[190] 

 

1.9.2.5 Ion Exchange based treatment 

 

Ion exchange technology utilizes resins made of polymeric matrices or synthetic 

organic materials containing functional ionic groups with exchangeable ions. [191] 

This process, reversible between solid and liquid phases, is widely used in 

drinking water treatment, nitrate removal, water softening, and in landfill 

leachate treatment to remove ammonia, organic compounds, and trace metals. 
[61,134,153,191] Solid ion exchange particles can be natural-inorganic (such as 

zeolites) or organic-synthetic resins developed from high molecular weight 

polyelectrolytes. [192] Both ion exchange resins and natural ion exchange 

materials have demonstrated a wide range of applications in water and 

wastewater treatment. [193] Zeolites, natural ion exchangers, are composed of 

hydrated aluminosilicates with a molecular structure including silica and 

aluminum tetrahedra linked by covalent bonds with common oxygen atoms. [194] 

One study showed that zeolite-based resins are effective in removing Cd (75%), 

Mn (23%), and NH3-N (86%) from treated leachate. [195] 

Another study used zeolites to treat leachate effluent with NH3-N (211–505 

mg/L), nitrates (0.5–8.4 mg/L), and COD (1048–2574 mg/L), achieving removal 

efficiencies of 90% for NH3-N, 98% for nitrates, and 74% for COD. [196] For nitrate 

removal, water passes through a synthetic resin that exchanges anions, including 

nitrates, with chloride. [191] When the exchange capacity is saturated, the resin is 

regenerated with a suitable solution, such as sodium chloride, potassium 

chloride, caustic soda, or acidic solution. The highly concentrated ion exchange 

residues require careful disposal.[191] The use of ion exchange in landfill leachate 

treatment is limited by the high concentrations of anions (such as chloride and 

NH3-N, over 2000 mg/L) and cations (such as sodium and calcium, over 1000 

mg/L) in raw or biologically pretreated leachates. Zeolites and silicates, despite 

being inexpensive and sustainable natural materials, have limitations in leachate 

treatment. The complexity and variability of leachate composition, with multiple 

contaminants, make natural ion exchange materials unlikely to be suitable for 

this purpose. Although zeolites have been used to remove ammonia, their 

regeneration has not proven economically advantageous, making the 
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technology more suitable for sites with reduced ammonia flow rates and 

concentrations. [191] 

 

1.9.2.6 Air Stripping (Ast) 

 

AST is effective to remove volatile organic compounds from leachates, such as 

CH4, NH3, and H2S. [97] It is a physical separation process in which pollutants are 

removed from leachates by injecting air. In some cases, hot air or steam is used 

to facilitate stripping, or water is heated conductively or resistively.  [197] The 

continuous air injection into the water increases the dissolved oxygen content, 

allowing aerobic degradation processes. [198] This treatment, although simple and 

less expensive suffers from atmospheric pollution and odor emissions due to the 

release of NH3 and H2S. [199] For this reason, it is always necessary to combine it 

with a gas recovery treatment, such as an activated carbon unit that purifies the 

gaseous effluent. [200] 

 

1.9.2.7 Electrochemical methods 

 

In recent years, electrochemical methods have been employed to treat highly 

toxic and biologically non-degradable organic materials. They offer advantages 

such as reduced sludge production, operational simplicity, short operation times, 

and high efficiency. [201] They are used in the treatment of leachate since they 

have been shown to effectively remove COD, ammoniacal nitrogen, and heavy 

metal pollutants. [202] The most common methods include electrocoagulation 

(EC) and electrooxidation (EO). [153,203] 

 

- Electrocoagulation (EC) 

 

EC is effective to remove large colloids and suspended particles. [204-205] The 

working principle is electrolysis in which, applying a bias between 

electrodes, a sacrificial anode is dissolved and the generated cations act as 

coagulants in the form of metallic hydroxides that favor precipitation of 

pollutants. Meanwhile water is reduced to H2 at the cathode (Figure 6) [206-

208] 
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Fig.6. EC mechanism[204] 

 

EC efficiency depends on various factors, including the material, shape, and 

spacing of electrodes, as well as the current density.  

The most used electrode materials are iron and aluminum. During the 

treatment of leachate, a low current density with aluminum electrodes 

leads to a significant removal of total nitrogen, while iron electrodes are 

more efficient working at high current density and for long times. [209] For 

example, COD removal can reach 70% in 20 minutes at a current density of 

10 mA/cm² using an Al electrode, while COD removal is 65% at the same 

time, with 8 mA/cm² current density, using an Fe electrode. 

In general, the applied current density is directly proportional to the 

degree of anode dissolution and determines the amount of coagulant 

generated during the process, influencing the mass transfer of the anode 

and the removal of pollutants. If the current density is too high, the 

system's energy consumption increases, and toxic disinfection by-products 

are produced. Despite the effectiveness of electrocoagulation in treating 

landfill leachates, this technique has still some limitations. The main 

disadvantage is the continuous dissolution of the "sacrificial anode" that 

must be constantly replaced. Moreover, metal ions may be released into 

the effluent, causing secondary pollution and a large amount of sludge 

containing metal ions is produced, and it requires further treatment. [204] 

 

- Electrooxidation (EO) 

 

EO promotes the removal of pollutants through direct and indirect 

oxidation. The degradation of organic matter by direct oxidation involves 
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two phases: first, pollutants are adsorbed onto the surface of the anode; 

subsequently, direct electron transfer oxidizes the organic matter. 

Indirect oxidation, on the other hand, occurs by oxidation of water at the 

anode that generates hydroxyl radicals that oxidize the organic matter. The 

nature of the electrode is crucial in this case. [208] "Active" metallic anodes 

with high oxidation state form metal oxides that contribute to the removal 

of organic matter, while "inactive" anodes promote the formation of 

hydroxyl radicals to mineralize pollutants. In addition to hydroxyl radicals, 

electrochemically generated oxidants such as hypochlorite and 

hypochlorous acid can destroy the organic matter as well. [204] The most 

common oxidants produced are hypochlorite ClO- and hypochlorous acid 

HClO. For landfill leachate, the indirect oxidation process by active chlorine 

is useful for the removal of ammoniacal nitrogen and COD reduction.  

The efficiency of EO in treating landfill leachate depends on many factors, 

such as the anode material, the current density, and pH. Higher 

electrocatalytic activity of the anode material leads to faster electron 

transfer and less fouling. Anodes like BDD, titanium-based, ruthenium, 

iridium, tin oxide, and lead dioxide (PbO2) are commonly used in leachate 

treatment for their high stability and ability to release active chlorine. [210] 

Current density influences the oxidation of chloride ions in the leachate: 

higher current densities improve oxidation capacity and pollutant removal. 
[50]  

Compared to EC, EO produces less sludge but has high energy consumption 

and operational costs. However, combining EO with other processes can 

effectively reduce energy consumption. EO can be used as a to improve the 

biodegradability of wastewater or as a post-treatment to eliminate 

refractory organic matter. A further limitation of EO is the formation of 

toxic chlorinated by-products during indirect oxidation mediated by 

chlorine. 

 

1.9.2.8 Advanced Oxidation Processes (AOP) 

 

AOPs are nowadays one the processes of election to purify leachates from 

organic matter. [211-213] AOPs rely on the in situ generation of oxidants, such as 

hydroxyl radicals and sulfate radicals, that oxidize pollutants like organic 

compounds, salts, and inorganic acids, transforming them into H₂O and CO₂. [214] 
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AOPs include various techniques, such as ozone oxidation, ultraviolet radiation, 

ultrasonication, Fenton oxidation, and electrochemical oxidation. The 

combination of these techniques can enhance their efficiency.  

 

- Ozone Oxidation Process 

 

Ozone is a powerful oxidant capable to react with organic molecules both 

directly and indirectly through hydroxyl radicals (·OH) it generates in water. 

Direct ozone reactions can occur by redox mechanism, cycloaddition, 

electrophilic substitution or nucleophilic substitution mechanism. 

Predominance of direct or indirect reactions depends on factors such as 

temperature, pH, and chemical composition of leachate. Hydroxyl radicals, 

formed since direct oxidation, have a short lifespan but oxidizing power 

higher than ozone, making them effective against organic and inorganic 

substances. [215-216]  

However, the degradation of some organic contaminants is relatively low 

and this can lead to the formation of toxic gases and intermediate by-

products, such as aldehydes and carboxylic acids, which do not react with 

ozone, resulting in incomplete mineralization. To overcome these 

limitations, ozonation can be combined with other AOP techniques, such 

as treatment with H₂O₂, UV radiation, or ultrasounds.[217] This combination 

increases the production of hydroxyl radicals, thereby improving the 

treatment efficiency. [216]  

The combination of ozone (O₃) and hydrogen peroxide (H₂O₂) is also known 

as the peroxone process. Literature shows that leachate, with high COD 

(5230 mg/L) low biodegradability (BOD5/COD = 0.1), and intense dark 

color, was significantly improved using the combined use of ozone and 

hydrogen peroxide, [218] thus leading to COD reductions of up to 48%, 0.7 

biodegradability, and 94% color removal (Table 15). [219] 
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Table 15 Example of application of O3/H2O2 in landfill leachate treatment. [219] 

 

 
 

- Combined O3/UV method 

 

Combining O₃ with UV treatment involves the photochemical 

decomposition of ozone (at λ < 310 nm) to promote the formation of H₂O₂ 

and ·OH radicals. UV radiation causes the breakdown of dissolved ozone, 

facilitating subsequent reactions between atomic oxygen and water that 

produce thermally excited H₂O₂. The generated H₂O₂ then decomposes 

into ·OH radicals.  

For example, using such hybrid O₃/UV process, Chen et al. successfully 

achieved highly effective mineralization of total organic carbon (TOC) using 

96 W of UV radiation and 3.8 g/h ozone amount. This approach enables 

the degradation of dinitrotoluene and trinitrotoluene. [220] Examples of 

application of O₃/UV process for treatment of landfill leachate are reported 

in Table 16. 
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Table 16 Example of application of O3/UV in landfill leachate treatment [219] 

 

 
 

- Combined O3/catalysts method 

 

Ozonation can be also catalyzed by Cu(II), Mn(II), Cr(III), Co(II), Fe(II), Fe(III), 

and Zn(II) ions under homogeneous conditions or by use of metal oxides 

(such as MnO2, TiO2, Al2O3, CeO2) on supports (such as metal-modified 

zeolites, activated carbon, SiO2) as heterogeneous catalysts. The 

effectiveness of the process depends on operational parameters such as 

the pH of the solution and the type of catalyst used. [216] 

 

- The Fenton Oxidation method 

 

The Fenton process, extensively studied in recent years, is one of the most 

cost-effective options among potential physicochemical technologies for 

leachate treatment. [221] The Fenton reagent consists in a mixture of Fe (II) 

salt, used as the catalyst, and the oxidant H2O2. 

Due to its oxidation potential (1.80 V), H2O2 is theoretically effective as an 

oxidizing agent for leachate treatment. However, its slow reaction rates 

with organics and slow self-decomposition rate, H2O2 alone is not effective 

to degrade recalcitrant compounds present in a high strength of stabilized 

leachate. For this reason, H2O2 is activated with Fe(II) based catalysts to 

oxidize most recalcitrant pollutants. The Fenton system relies on an 

electron transfer between H2O2 and Fe2+ leading to ·OH radicals. Radicals 
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produced in this way degrade organic compounds, according to the 

following mechanisms: [222]   

 

Initial reactions:  

 
Propagation:  

 
Termination: 

 
 

Radicals interact with organic compounds, extracting an electron from 

Fe(II) and converting it into Fe(III). The formation rate of ·OH radicals is 

increased through the reaction between Fe(II) and H2O2. When Fe(II) is 

added into the system, the initiation of the chain reactions by ·OH leads to 

a degradation of the organic pollutants, and, as consequence, to a decrease 

of COD. [223] When recalcitrant compounds in the leachate are oxidized by 

Fenton reagents, they can undergo a primary degradation, structural 

changes that improve biodegradability, or degradation that reduces 

toxicity, eventually producing CO2 and H2O. [224]  

The Fenton oxidation process is affected by several factors, including the 

concentrations of Fe(II) and H2O2, the pH, reaction by-products, the ratio 

of organic materials to Fenton reagents and temperature. [225]  



51 
 

For example, Zhang et al. reported that increasing the temperature from 

13 to 37°C slightly improved COD removal from 90 to 94% at an initial 

concentration of 1000 mg/L. [226] This suggests that higher temperatures 

enhance the degradation rate of organic pollutants in leachate, likely 

because higher temperatures accelerate the reaction between H2O2 and 

Fe2+, thus increasing the production rate of oxidizing species such as ·OH 

radicals. [227-228] Although the increase of H2O2 improves organic 

degradation, its optimal concentration must be chosen carefully, as excess 

of H2O2 can act as a scavenger for ·OH radicals, reducing the Fenton 

oxidation rate. [229]  

With regard to Fe(II) concentration, although high values accelerate the 

Fenton reaction, only a small amount of Fe(II) is necessary to catalyze H2O2 

decomposition. An ideal mass molar ratio of ~3.0 for H2O2 /Fe(II) achieves 

rapid oxidation and effective degradation of recalcitrant compounds in 

leachate.  

pH is also crucial to optimize the Fenton oxidation. Indeed, low pH (2.5 to 

3) increases the reaction's oxidation efficiency. [175,226]   while, when pH 

exceeds 4, the H2O2 decomposition rate decreases due to Fe(II) complex 

formation with the buffer, inhibiting ·OH radical formation. [230] At pH levels 

below 3.0, Fe(OOH)2+ forms and reacts slowly with H2O2, producing fewer 

·OH radicals. [231]  

In summary, the Fenton oxidation can completely degrade recalcitrant 

pollutants and convert toxic materials into less harmful compounds, 

reducing toxicity and enhancing leachate biodegradation. Its 

homogeneous catalytic nature makes the Fenton process simple and 

energy-efficient, as it requires no additional energy input. [224] However, the 

process has drawbacks, such as high operational costs due to the chemicals 

needed and sludge disposal expenses.  [232] H2O2 is highly aggressive and 

can cause corrosion issues. The homogeneous catalyst added as Fe(II) salts 

cannot be retained during degradation, as the oxidation process produces 

iron hydroxide sludge that must be disposed of, adding to the cost. 

Additionally, a continuous supply of chemicals is required to prevent the 

process from stagnating. [233-234]  

Heterogeneous processes are favored to overcome some of these issues. 

For the treatment of organic materials in wastewater, the heterogeneous 

Fenton method (also known as Fenton-like) is an important alternative 



52 
 

since it enables catalyst recycling and reduces the production of solid 

sludge, thereby decreasing the process's environmental impact and 

enhancing its cost-effectiveness. There is still a significant need to find 

catalysts with improved selectivity, higher efficiency, and greater 

recyclability. Several articles in the literature discuss efforts to enhance this 

method. 

The use of transition metals other than iron as catalytic sources is the 

subject of numerous investigations. For instance, Hussain et al. utilized 

copper supported on zirconia as a catalyst. Unlike iron, copper does not 

form stable compounds with intermediate products. According to the 

results, depending on the initial organic load in the wastewater stream, the 

proposed catalyst may achieve nearly complete removal of organic 

compounds through various simultaneous oxidation processes. 

Additionally, even after four cycles, the catalyst continued to function 

effectively. [235] Hussain et al. also proposed using steel scale waste (SSW). 

SSW, a byproduct of steel production, contains high amounts of iron and 

oxides. It effectively removed about 75% of the recalcitrant organic load 

from landfill leachate. [236] 

 

- Ultraviolet light assisted Oxidation  

 

UV radiation (100-380 nm) has been recognized as the best disinfection 

method against microbes, viruses, pathogens and other chemical 

contaminants in drinking water. Primarily, UV sources with low pressure 

(partial pressure = 1 Pa) are mercury lamps with monochromatic emission. 

Typically, 254 nm wavelength is used for disinfection, closely matching DNA 

maximum absorption wavelength. However, UV lamps have several 

drawbacks, such as high energy consumption, relatively short lifespan 

(10.000 hours), and the presence of toxic mercury that requires proper 

disposal. [216] The extensive use of UV-LEDs /ultraviolet light emitting 

diodes), which contain non-toxic materials like gallium and aluminum 

nitride or just aluminum nitride, has mitigated many of the limitations 

associated with conventional UV rays. [237] Hamamoto et al. (2007) used a 

365 nm UV(A)-LED source to remove Escherichia coli from aqueous 

solutions, achieving better results than conventional 254 nm UV. [238] A 

distinctive feature of UV-LEDs is their adjustable pulsed illumination during 
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disinfection. Wengraitis et al. (2013) used a 272 nm pulsed UV(C)-LED 

source at a frequency of 1 Hz to inactivate Escherichia coli, finding its 

inactivation capacity superior to continuous illumination at the same UV 

dose. [239] Additionally, various studies have explored vacuum UV (VUV) 

irradiation for degrading natural organic matter in water. Thomson et al. 

(2004) demonstrated that using VUV irradiation at 185 nm significantly 

increased the mineralization efficiency and biodegradability of natural 

organic matter compared to conventional 254 nm UV radiation. [240] 

Furthermore, UV oxidation processes can be combined with other AOPs) 

such as H₂O₂, ozone, and Fenton, to further enhance disinfection 

performance. 

 

- Combined UV/H2O2 method 

 

UV irradiation and H2O2 oxidation can be also combined to improve 

performances. The UV/H2O2 process involves the use of UV light to 

enhance the oxidation power of hydrogen peroxide on organic compounds 

through the generation of hydroxyl radicals (·OH). [241] Firstly, many organic 

contaminants that absorb UV light undergo molecular changes, making 

them more reactive with oxidants. Secondly, UV light catalyzes the 

decomposition of H2O2 into two ·OH radicals by breaking the O-O bonds of 

H2O2. [242] Ince, studied the treatment of leachate from the Stuttgart landfill 

in Germany using the UV/H2O2 process and found a 59% reduction in COD 

with an initial concentration of 1280 mg/L. [243] This result was lower than 

Steensen's study at the Braunschweig landfill, which achieved a 90% COD 

reduction with an initial concentration of 1200 mg/L. The discrepancy may 

be due to Steensen using more UV lamps, increasing the activation of 

organic molecules and making them more susceptible to oxidation. [244] 

The effectiveness of the UV/H2O2 process for COD removal depends on 

various reaction conditions, including the total organic load in the leachate, 

the type and concentration of organic contaminants, light transmittance 

(affected by turbidity or color), the H2O2 amount, the kind and 

concentration of dissolved inorganic substances (such as carbonates and 

iron), and pH levels. [245] For optimal COD removal, a pH between 3 and 4 is 

ideal for the UV/H2O2 process. Overall, the UV/H2O2 process outperforms 

the UV/O3 counterpart in COD removal. With COD concentrations between 
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1200 and 1280 mg/L, the UV/H2O2 system can achieve up to 90% COD 

removal at a pH of 3 to 4, whereas the UV/O3 system achieves less than 

55% removal at the same COD concentrations and a pH of 2.0. This is 

because H2O2 readily splits into two ·OH radicals under UV light, enhancing 

the degradation of organic contaminants or transforming them into 

harmless substances. [243] However, the UV/H2O2 process has some 

drawbacks. Due to the low molar absorption of H2O2 in the 200–300 nm 

range, a high dose of H2O2 and prolonged UV exposure with strong, broad-

spectrum UV output are necessary, leading to higher energy consumption 

compared to the UV/O3 process. [246] Additionally, the UV/H2O2 process is 

sensitive to the scavenging effects of carbonates in basic conditions (pH 8–

9). High concentrations of H2O2 can act as radical scavengers, slowing the 

oxidation rate, while low concentrations of H2O2 generate insufficient ·OH 

radicals, resulting in a slower oxidation rate. [245-246]  

 

- Combined UV/H₂O₂/O₃ method 

 

Despite being a powerful oxidizing agent, ozone alone is not so efficient to 

degrade the persistent compounds found in leachate. [247] When combined 

with UV light and hydrogen peroxide, it can effectively oxidize more 

resistant substances. Adding H₂O₂ to the UV/O₃ system accelerates ozone 

decomposition, which in turn increases the generation rate of hydroxyl 

radicals. [248] In a study on leachate treatment at the Stuttgart landfill in 

Germany, Ince reported that the O₃/H₂O₂/UV process outperformed both 

the UV/O₃ and UV/H₂O₂ methods. At an initial COD concentration of 1280 

mg/L, the O₃/H₂O₂/UV system achieved 89% COD removal, compared to 

54% for UV/O₃ and 59% for UV/H₂O₂. This improvement is likely due to the 

synergistic effect of H₂O₂ and ozone in generating ·OH radicals, which 

effectively degrade the persistent compounds in the leachate. Additionally, 

the treated effluent's COD was reduced to below 140 mg/L, meeting local 

discharge standards. [243] Regarding energy consumption, the O₃/H₂O₂/UV 

system is a viable option, especially if ozone generation costs are low. [253] 

The recommended optimal pH for the process is 2–3 when using H₂O₂ and 

8–9 when using ozone. [175,226] A significant advantage of the O₃/H₂O₂/UV 

system is the absence of pollution from the photoreactor, ensuring 

uninterrupted oxidation processes. [250] 
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- UV/H₂O₂/Fe²⁺ (photo-Fenton oxidation) 

  

Irradiating with UV light during the Fenton process can enhance COD 

removal. UV light causes the photolysis of Fe(III) oxalate complexes, 

generating Fe²⁺ ions. that further drive the Fenton process. Additionally, 

Fe²⁺ ions are generated from the interaction of UV light with Fe(OH)²⁺, 

which then react with H₂O₂ to produce more ·OH radicals. These radicals 

are highly reactive and initiate the oxidation of pollutants in the leachate, 

leading to the mineralization of organic pollutants. The organic radicals (R·) 

generated in the reaction react quickly with dissolved oxygen, forming 

peroxyl radicals (RO₂·), which initiate further oxidation reactions. [251] The 

pH value is crucial for the photo-Fenton oxidation process, with most 

studies using acidic conditions between pH 2 and 4. Besides pH, the 

intensity of radiation and the concentration of H₂O₂ and Fe²⁺ significantly 

influence ·OH formation. With initial COD concentrations ranging from 

1150 to 5200 mg/L, the photo-Fenton process can achieve 70% COD 

removal, which is slightly higher than that achievable by UV/H₂O₂ systems 

at similar COD levels. The biodegradability of the leachate improves 

significantly, indicating that the photo-Fenton process can transform the 

organic molecules into more degradable forms. [252] The photo-Fenton 

process is cost-effective, particularly since sunlight can be used instead of 

UV light, reducing treatment costs. [243] However, its performance in acidic 

conditions is not as good as that of UV/H₂O₂ for COD removal. Like the 

Fenton process, it produces sludge from iron hydroxide precipitation, 

which requires further disposal. [253] Additionally, carbonate and 

bicarbonate ions can interfere by acting as radical scavengers, forming a 

solid layer on UV lamps, hindering UV penetration and reducing its 

effectiveness in the leachate. [253] Full-scale application of UV lamps 

requires high energy consumption, increasing the operational cost of the 

photo-Fenton process. [244]  

 

- Combined UV/TiO2 method 

 

TiO2 is the most widely used catalyst due to its stability and non-toxicity. As 

a semiconductor, it absorbs light with a wavelength below 385 nm, 

requiring 1 W/m² of light. [254] When combined with UV irradiation, TiO2 
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initiates the generation of hydroxyl radicals. Its wide band gap energy (E = 

3.2 eV) facilitates reduction-oxidation reactions under UV light at 400 nm. 
[255-256] However, this method is less explored for leachate treatment due 

to its high operational costs stemming from significant energy 

consumption. 

 

- Ultrasound-Based Oxidation Process (US) 

 

Ultrasonic treatment modifies the particle size distribution of wastewater, 

breaking down larger particles and making microorganisms more 

accessible for disinfection. In this process, operational parameters such as 

power density and intensity, frequency, energy dosage, and treatment 

duration are crucial. 

High-power, low-frequency ultrasound generates cavitation, creating 

intense shear forces in liquids. The extreme conditions of cavitational 

bubble collapse and particle collisions grind the material into very fine 

particles. When ultrasound propagates through a liquid, the waves 

produce alternating cycles of compression and rarefaction (high and low 

pressure). During the low-pressure cycles, small cavitation bubbles form 

and grow until they reach a critical size and collapse violently, having 

absorbed the maximum energy. Cavitation can be of two types: acoustic 

and hydrodynamic. Acoustic cavitation is generated by high-power 

ultrasonic waves with frequencies ranging from tens of kHz to tens of MHz, 

while hydrodynamic cavitation results from the reduction in static pressure 

caused by compression during flow through asymmetric geometries. [257]  

Cavitation can increase the biodegradability of recalcitrant compounds 

present in wastewater or leachate, causing their complete mineralization 

due to the action of ·OH radicals. Most studies indicate that increasing the 

inlet pressure improves the biodegradability of wastewater. [258] This 

method is also widely used for bacterial inactivation and various biological 

and chemical applications. [259] The process performance can be further 

optimized when combined with other advanced oxidation processes 

(AOPs). 
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- Combined US/O3 method 

 

When ozone is used in combination with cavitation, it produces a higher 

number of hydroxyl radicals through the dissociation of ozone and the 

subsequent reaction of atomic oxygen with water. [260] According to a study 

by Tizaoui et al., a cavitation-assisted method can accomplish comparable 

results with significantly less ozone consumption. The study focused on 

leachate treatment using only ozone at a concentration of 80 g/m³ and 

showed a 27% COD removal in 1 hour. [218] Another study by Rajoriya et al. 

reported that the combination of ozone with cavitation results in higher 

COD removal compared to using only ozone. [261] 

 

- Combined US/H2O2 method 

 

 The use of H2O2 with ultrasound increases the generation rate of hydroxyl 

radicals due to the efficient dissociation of added H2O2, leading to higher 

COD removal.  

As hydroperoxyl radicals are less reactive than hydroxyl radicals and can 

also have the scavenging effect of undissociated hydrogen peroxide, 

continuously increasing the H2O2 loading does not lead to higher COD 

removal. [262] 

 

- Combined US/Fenton method 

 

The combination of ultrasound with Fenton treatment resulted in the 

highest COD removal, attributed to the intensified production of hydroxyl 

radicals, making this combination the most efficient approach compared to 

H2O2 or ozone with ultrasound. [110] Using Fenton chemistry produces 

hydroxyl radicals more quickly than using just H2O2 

 

1.9.2.9 Electrochemical Advanced Oxidation Processes (EAOPs)  

 

EAOPs have gained significant recognition for their clean and efficient approach 

in generating ·OH radicals without the addition of chemicals. These techniques 

are capable of decomposing organic pollutants to their fully mineralized state. 
[263] Various technologies included in EAOPs are anodic oxidation (AO), electro-
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Fenton (EF), photoelectro-Fenton (PEF), and sonoelectro-Fenton (SEF) 

oxidations. [204][264-268] The key reactions that occur in different types of EAOPs are 

summarized in Fig. 7. Other EAOP technologies, such as electroperoxone and 

electrochemical persulfate activation (E-PS), have proven successful in treatment 

of leachate wastewater and in soil remediation.  

 
Fig. 7. EAOPs and their main reactions.[269] 

 

Anodic oxidation (AO), can occur by two main processes, the first one based on 

direct electron transfer between the metal and the pollutant at the anode 

surface and the second one oxidation of water at the anodic surface with 

generation of hydroxy radicals that react with contaminants leading to their 

degradation. 

The Electro-Fenton (EF) approach is based on the generation of H2O2 by two-

electron reduction of O2 on a suitable electrode material (usually a carbon-based 

electrode material). [270] Moreover, H2O2 leads to the formation of ·OH through 

the Fenton reaction and Fe2+ can be generated on the cathode surface. [270-271] 

Compared to the typical Fenton process, EF offers various benefits, such as the 

possibility to generate Fenton’s reagent in situ reducing costs and risks related to 

the H2O2 storage and handling or the prevention of parasitic reactions that lead 

to ·OH waste due to the low concentration of Fenton’s reagent.  
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EF efficiencies can be also enhanced combining this process with artificial UV or 

natural solar light irradiation (Photoelectro-Fenton PEF and Solar Photoelectro-

Fenton SPEF). [263] 

Moreover, EF can be improved by ultrasounds (Sonoelectro-Fenton) capable to 

promote the decomposition of H2O2 into additional hydroxyl radicals and the 

continuous ultrasonic cleaning increases the regeneration of Fe2+ and reduces 

electrodes passivation. [272-273] 

Other EAOPs used for wastewater and leachate treatment include 

electrochemically activated persulfate technology and electro-peroxone 

technologies. The generation of sulfate radicals (SO4
-·) through the 

electrochemical activation of persulfate has gained popularity in recent years, 

particularly for degradation of persistent organic contaminants. [274-275] Energy 

transfer to persulfate ion generates two SO4
-· radicals. that can oxidize non 

selectively organic matter, having redox potentials comparable to hydroxyl 

radicals. [276] 

The electro-peroxone process is an innovative EAOP that starts with the 

generation of H2O2 at the cathode. H2O2 facilitates the transformation of ozone 

produced by a generator into hydroxyl radicals and [277] this method considerably 

enhances the efficiency and lowers the energy consumption with respect to 

traditional ozone treatment methods.  

The effectiveness of reducing organic contaminants in aqueous solutions using 

the mentioned EAOPs relies on various operational parameters, such as the initial 

concentration of organic compounds, properties of the supporting electrolyte, 

electrode potential, applied current density, liquid flow rate, agitation speed, 

temperature, and pH. [278] EAOP techniques are advantageous due to their high 

efficiency in degrading stubborn organic pollutants, minimal auxiliary chemical 

needs, mild reaction conditions, lack of secondary treatment, and wide 

applicability [279-280]  

 

- Hybrid biological EAOP processes 

 

In response to the significant operational costs associated with 

implementing EAOPs, there has been a trend towards adopting combined 

treatment strategies that incorporate biological processes. This approach 

aims to optimize the efficiency of both wastewater and soil treatment [279] 

[281-283] Figure 8 shows a summary diagram of the suitable techniques to be 
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adopted based on the initial characteristics of the wastewater to be 

treated. The choice of treatment technology depends on the specific 

characteristics of wastewater and the desired quality of the treated 

effluent. Preliminary tests and analyses are necessary before selecting an 

appropriate treatment method. Wastewater with high toxicity, low 

biodegradability, and high TOC should first be pretreated with EAOPs to 

convert non-biodegradable pollutants into a more biodegradable form and 

partially or completely remove toxic compounds that could hinder the 

effectiveness of subsequent biological treatment. For more biodegradable 

wastewater with high COD values, EAOPs can be used as a pretreatment 

stage to break down complex organic compounds, simplifying the 

biological treatment process. It is crucial to recognize that EAOPs generally 

demand more energy and resources compared to biological treatments. 

Consequently, for wastewater with low toxicity or low biodegradability, it 

is more efficient to start with biological treatment to eliminate many 

organic pollutants. Then, EAOPs can be adopted to target specific and 

persistent pollutants. Furthermore, EAOPs can be used as a final step to 

enhance the quality of the treated effluent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Treatment option for a specific toxic and/or non-biodegradable wastewater 
[269,284] 
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Upon combination of EAOPs with a biological treatment, various key 

factors must be considered. Indeed, after EAOP, adjustments of some 

parameters are necessary (e.g. EF process requires a pH of around 3, while 

biotreatment requires a neutral pH). [285] Transition to neutral pH causes Fe 

to precipitate as sludge, this requiring an additional intermediate step to 

extract the iron hydroxide sludge. Moreover, to minimize chemical and 

energy consumption and reduce operational costs, it is advisable to limit 

mineralization levels during the pretreatment phase. Intermediates 

produced during the electrochemical oxidation (EO) can be also toxic for 

biological systems. 

Other factors that must be considered when EAOPs are integrated with 

biological treatment systems are the reactors operating modes, the 

effluent biodegradability, the ideal conditions for both methods, and 

reactors efficiency. These elements are vital for designing a robust and 

effective combined system. [286] 

Proper concentration of oxidant chemical species is also essential because 

excessive amounts of oxidizing agents can lead to over-mineralization of 

the effluents, resulting in a lack of carbon sources for microbial growth 

during subsequent biotreatment stages. 

In summary, and more in general, integration of biological processes with     

physicochemical methods has proven to be highly effective. Tables 17, 18 

and 19  summarize the main adopted  hybrid techniques and their 

effectiveness in reducing COD in landfill leachate. 
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Table 17 Combined Physicochemical and Biological Treatments for Landfill Leachate 

Treatment [287] 
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Table 18 Combined physicochemical treatments for landfill leachate treatment [287] 
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Table 19 multistage treatment strategies for the remediation of urban landfill 

leachates. [288] 
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1.10 Noble Metals  

 

Transition metals such as Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au are defined as "noble" 

due to their low chemical reactivity, allowing them to be used predominantly in 

pure form or in metal alloys. [289] These noble metals rank among the ten most 

valuable and expensive elements, and they are also some of the rarest on Earth, 

with extremely limited availability. [290] Since noble metals are limited natural 

resources, it is foreseeable that they will be eventually depleted, making it 

necessary to reduce their use, find alternatives, and/or fully recycle them. [291-292] 

Moreover, since not all nations possess noble metal deposits, conflicts may arise 

over their control. The main producers of noble metals are distributed across 

different regions of the world, with some nations emerging as leaders in their 

production, such as China, Russia, and South Africa. Russia is among the major 

producers, especially for palladium, rhodium, osmium, ruthenium, and iridium. 

(Fig. 9) South Africa is known for having some of the largest reserves of these 

metals, particularly platinum. North America (USA and Canada) also plays a 

significant role in the production of these metals, frequently appearing among 

the top producers of palladium, rhodium, iridium, and platinum. Regarding gold, 

besides China, other major producers include Australia and the United States, 

both of which have a long-standing tradition of gold production. Mexico and 

Peru, on the other hand, stand out in 

silver production, where they hold a 

leading position globally. [293-300] 

The price scale of the various noble 

metals is Ir > Rh > Au > Pd > Pt > Ru > 

Os > Ag. [301]   

Despite their countless applications, 

transition metals global demand is 

dominated by industrial catalysis, 

particularly for the production of 

catalytic converters. [302-303] 

 

Fig.9. Palladium world production [304] 
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1.11 Scrap Automotive Catalytic Converters 

(SCATs) 

 

End-of-life vehicles (ELVs) are now recognized as a significant source of diverse 

recyclable materials, attracting the interest of both industrial and academic 

sectors. The primary goal is to establish new sustainable production methods in 

accordance with the Circular Economy model, that aims to tackle the critical issue 

of resource depletion by reusing waste and minimizing its disposal. In the sole 

European Union, ELVs generate over 8 million tons of waste annually, including 

6000 tons of scrap automotive catalytic converters (SCATs). [305]  

Catalytic converters (SCATs) were firstly introduced in the late 1970s as devices 

aimed at reducing exhaust emissions from internal combustion engines by 

converting harmful gases such as carbon monoxide (CO), hydrocarbons, and 

nitrogen oxides (NOx) resulting from incomplete combustion into less harmful 

substances like carbon dioxide, water vapor, and nitrogen gas. [306]   

Since 1994, following the introduction of the European Directive 94/12/EC on air 

quality, all engines manufactured or imported into the European Union were 

required to incorporate catalytic converters that ensure emissions within legal 

limits. These converters were mandatory in gasoline-powered vehicles since 

1993 and diesel-powered vehicles since 1997. [307]   

Initially, two-way catalytic converters were used to reduce emissions of 

hydrocarbons and carbon monoxide. However, advancements in technology and 

increasingly stringent emission standards have led to the development of more 

efficient systems. By the late 1970s, it was discovered that specific combinations 

of precious metals, particularly Pt and Rh, could oxidize CO and hydrocarbons 

while simultaneously reducing nitrogen oxides NOx. [308] This discovery enabled 

the transition from the old two-way catalysts to the more advanced "three-way 

catalysts" (TWC), (fig.10), so called for their ability to simultaneously remove all 

the three major pollutants. [309] 
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Fig.10. three-way automotive catalytic converters (TWCs) [310] 

 

1.11.1 Design and Composition of SCATs   

 

The core component of a catalytic converter is its structure. It mainly consists of 

a metal casing that contains a monolithic ceramic substrate onto which the 

catalytically active material is deposited. This monolith is a single block with a 

honeycomb design, featuring numerous parallel channels that run lengthwise 

and are open at both ends, fig. 11. This configuration allows for minimal pressure 

loss while maximizing the internal surface area. Cordierite is the primary 

material used for fabrication of monoliths. It is a mixed 

oxide consisting of 2MgO⋅2Al2O3⋅5SiO2, along with smaller 

amounts of Fe and Ca oxides, along with small amounts of 

iron and calcium oxides. Cordierite offers several key 

advantages, including a high melting point (1300°C), strong 

mechanical durability, and most importantly, a very low 

coefficient of thermal expansion, which is essential for 

withstanding thermal shocks. [305][311-314]  

Fig.11. Ceramic honeycomb 

 

To further increase the specific surface area, the monolith is coated with a thin 

layer of material with high surface area, known as the washcoat. The washcoat 
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also aids in distributing the active phase more uniformly [307] The material used 

for the washcoat is γ-alumina, a highly porous compound composed primarily of 

Al2O3, TiO2, and SiO2. It is well-suited because it has high thermal stability and 

excellent pore distribution. γ-Alumina can be used on its own, or it can be 

enhanced with additives like ceria (CeO2), which helps regulating the oxygen 

levels in the gas mixture passing through the catalyst via the following reaction.  

[315-316]  

 
Additionally, ceria is a good catalyst for “steam reforming” and hydrogen 

generated in this process acts as a reducing agent. 

 

 
The “washcoat” is generally deposited onto the monolith by impregnation with 

a slurry in H2O of γ-alumina, additives, and the metal phase, all suspended in 

water. This slurry adheres as a thin film to the monolith surface, which is then 

dried and calcined to solidify the coating. [307]     

The active catalytic phase consists of noble metal nanoparticles from the 

platinum group metals (PGMs), including Pt, Pd, and Rh. These metals are highly 

resistant to volatilization under typical operating conditions, which prevents 

their loss. [289] They stably adhere to the host substrate and act as highly efficient 

catalysts for the redox reactions of the gaseous combustion products.   

The treatment of automotive exhaust gases hinges on the use of these precious 

metals, each of which plays a distinct role. Rhodium (Rh) is particularly effective 

for NOx reduction and is the key component for NOx control in three-way 

catalysts. Pd and Pt are instead used to promote the oxidation reactions of CO 

and HC. The exhaust gases pass through these honeycomb cells at temperatures 

above 300-350 degrees; gases activate the catalyst and trigger oxidation and 

reduction reactions. Various PGMs content in catalytic converters has been 

reported in the literature so far. For example, Hagelüken et al. (2012) estimate 

that the total PGM content can reach up to 2.000 ppm in the ceramic substrate, 

or roughly 0.1% by weight. [315] Other sources suggest a typical composition of 

0.08% Pt, 0.04% Pd, and 0.005-0.007% Rh in automotive catalytic converters. [289] 

According to Barefoot et al. (1997), the PGM content includes Pt in concentration 

ranging from 300 to 1.000 μg/g, Pd from 200 to 800 μg/g, and Rh from 50 to 100 

μg/g. [317] Jimenez de Aberasturi et al. (2011) reported that the total PGM 
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amount does not exceed 1.000 ppm, while Yakoumis et al. showed average PGM 

levels of 601-885 ppm for Pt, 1302-1884 ppm for Pd, and 248-343 ppm for Rh.  

[307,318] Three-way catalysts typically have a Pt/Rh ratio of 5-20:1, resulting in a 

total metal content of 0.9-2.2 g L⁻¹, and a Pd/Pt ratio of 2:5, with an overall 

precious metal content of around 1.5 g L⁻¹. For optimal performance, these 

metals must be precisely deposited in specific locations and at different layers of 

the washcoat to prevent the agglomeration of metal nanoparticles, which would 

reduce their catalytic efficiency.  [318] 

 

1.11.2 Revaluation of Spent Catalytic Converters (SCAT) 

 

The technological evolution of internal combustion engines in recent years has 

seen a clear acceleration due to the growing awareness of energy savings and 

the reduction of pollutant emissions. The composition of the TWC has undergone 

continuous modifications over years, driven by the need to comply with 

legislative limits imposed by regulations. In 1985, emission limits were 

introduced in Europe, known as Euro standards, which have become increasingly 

stringent with the improvement of abatement technologies. The Euro classes 

range from Euro 0 to Euro 6: the lower the number, the greater the 

environmental impact of vehicles.[319] The imposed limits are expressed in g/km. 

Euro 1 and 2 standards from the 1990s only concerned carbon monoxide, the 

total amount of hydrocarbons, nitrogen oxides, and particulate matter in the 

case of diesel vehicles.  

The limit on PN (particle number per distance traveled) was only introduced 

starting with the Euro 6 limits. [320]   

In Europe, the regulation addressing the disposal of waste from vehicle 

dismantling is the 2000 regulation called "End of Life Vehicles." It emphasizes the 

importance of recycling, particularly stressing that all European Union member 

states are required to adopt and encourage all forms of recovery, making 

producers responsible for adopting low environmental impact techniques. As a 

result, spent catalytic converters and the metals they contain are among the 

materials to be recovered. [321] 

The revaluation of spent SCATs has been mainly reported in scientific literature 

so far, with the goal of recovering PGMs through pyro- and hydrometallurgical 

processes under difficult experimental conditions, working at extremely high 
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temperatures (1500-1900 °C) to melt the ceramic substrate and leaching the 

PGMs with strong acidic and oxidizing reagents. [322] 

• The pyrometallurgical process described by Rumpold et al. for the recovery of 

PGMs from automotive catalysts involves several stages. The spent catalyst, 

which contains ceramic materials like cordierite (a compound of silicon, 

aluminum, and magnesium oxide), is melted at extremely high temperatures 

ranging from 1500°C to 1900°C. These temperatures can be achieved using 

techniques such as plasma torches or electric arc heating. During this process, 

the ceramic portion of the catalyst turns into a liquid slag, while the denser 

precious metals (PGMs) separate and accumulate in an underlying molten metal 

bath, which is typically composed of copper but may also include iron, lead, or 

nickel. A key mechanism to enhance the recovery efficiency of PGMs is the 

collection through collector metal drop. [323]  

Droplets form in the metal bath, and when they come in contact with the slag, 

they create a larger interface area between the slag and the metal. Due to 

turbulence, droplets capture small PGM particles that might otherwise not settle 

in the metal bath. This phenomenon significantly contributes to improve the 

PGM recovery rate. Once the metal bath is enriched with PGMs, it undergoes 

further treatment via electrowinning or electrorefining. In these processes, 

PGMs concentrate in a sludge residue, which is subsequently purified to separate 

individual metals. Purification techniques include methods such as solvent 

extraction, precipitation, and ion exchange. [324] 

• Hydrometallurgical processes, although less commonly used compared to 

pyrometallurgical methods, employ chemical agents such as strong acids and 

oxidizers, including HCl combined with H2O2 or aqua regia (a mixture of HCl and 

HNO3), that are the main leaching agents. [325-326] PGMs, known for their 

resistance to corrosion and acids, require aggressive conditions to dissolve and 

form soluble complexes that can be further processed. However, not all PGMs 

can be completely dissolved using aqua regia.  

As an alternative, the "pregnant" solution (rich in dissolved precious metals) can 

be separated from the remaining ceramic material and treated with sulfuric acid 

or sodium hydroxide under pressure. In this way, PGMs remain solid and can be 

separated through simple filtration. A drawback of this approach is the high 

volume of wastewater that needs to be managed and disposed of. The previously 

separated "pregnant" solution can then be processed using various techniques 

to concentrate and recover the PGMs. Techniques include cementation, where a 
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less noble metal (such as zinc or iron) is added to the solution to precipitate the 

more noble metals like PGMs; solvent extraction, which effectively concentrates 

the solution and separates platinum, palladium, and rhodium; and ion exchange, 

where PGMs are retained on columns and subsequently recovered. [327] 

 

 
 

Fig.12. Pyro- and hydrometallurgical processes to recover PGMs [328] 

 

Both processes, summarized in fig.12, feature advantages and disadvantages. 

The pyrometallurgical process is highly efficient, with recovery rates exceeding 

95% for metals such as platinum and palladium, and about 85% for rhodium. 

[323,329]  

Conversely, the hydrometallurgical process consumes less energy compared to 

the pyrometallurgical one, as it does not require high temperatures to melt the 

waste material. Although efficient in extracting and recovering precious noble 

metal nanoparticles, these processes are not environmentally friendly, as they 

produce additional toxic waste for disposal, require long processing times, and 

consume large amounts of energy. [330] 

 

An alternative and eco-friendly strategy for the revaluation of SCATs could involve 

their direct use as supported catalysts. A prior regeneration step would be 

necessary, involving thermal treatment at temperatures of ~450°C (lower than 

those used in pyrometallurgical processes to melt cordierite), to remove the 

impurities adsorbed on the surface of SCAT without altering either the PGM 
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nanoparticles or the porous ceramic substrate. This approach would not 

generate additional waste and is expected to give new life to ELV-SCAT as 

supported catalytic materials for a variety of chemical reactions. 

Scientific literature shows very limited examples of investigations into the 

catalytic efficiency of revaluated SCAT in organic reactions, mainly focusing on 

reduction or oxidation processes. For example, Zengin et al. reported the 

hydrogenation reaction of carbon-carbon double bonds in a series of alkenes at 

room temperature (Scheme 1) under a hydrogen atmosphere in the presence of 

tetrahydrofuran solvent and a SCAT catalyst extracted from a Fiat Siena, which 

covered 140.000 km and was previously regenerated through a thermal 

treatment at 120 °C for 12 hours. After regeneration, an analysis was conducted 

using X-Ray Fluorescence, which revealed the presence of Pd at 0.47% 

concentration and Rh at 0.04%. Subsequently, the catalytic activity of this 

material was tested. Results showed that the catalyst could be easily reused after 

simple filtration, maintaining its activity over 1-4 reaction cycles. Additionally, 

alumina and ceramic were tested separately to evaluate their catalytic 

capabilities in the hydrogenation of carbon-carbon double bonds, but no 

significant reactions were recorded. [331]  

 

 
Scheme 1. Reagents and condition: trans-stilbene (1.00 mmol), solvent (15 ml), rt, 1 atm, H2. 

 

A similar procedure was reported by the same group for the hydrogenation of 

sunflower oil into saturated fats, using a SCAT catalyst. Hydrogenation is a 

fundamental process that allows for the saturation of unsaturated bonds present 

in oils, thereby improving their physical and chemical properties, as well as 

increasing oxidative stability, which is crucial for extending the shelf life of food 

products and for industrial applications. Traditionally, hydrogenation of 

vegetable oils is carried out using noble metal-based catalysts, such as Pd and Pt. 

In particular, the authors examined the effectiveness of the SCAT previously 

examined by Zengin et al. This catalyst underwent a regeneration and 

characterization process prior to use. The regeneration was carried out through 

a pre-wash with chromic acid and distilled water to remove dust and 

carbonaceous particles, followed by a thermal treatment at 120 °C to enhance 
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the catalytic activity and restore the desired properties. The hydrogenation of 

vegetable oils was performed in the presence of hydrogen, in a controlled 

atmosphere, using the SCAT catalyst. Results demonstrated that the regenerated 

catalyst was effective in promoting the saturation of unsaturated bonds in 

vegetable oils. During the trials, several parameters, such as temperature, 

pressure, and reaction time, were monitored to optimize the hydrogenation 

conditions. The final analysis showed that the quality of the vegetable oils 

treated with the recovered catalyst was comparable to that obtained using 

traditional catalysts. [332]   

 

Cova et al. also reported good catalytic activity of SCAT in continuous 

hydrogenation reactions of unsaturated alcohols (e.g. isopulegol to menthol, 

Scheme 2) and aromatic aldehydes (e.g. vanillin to vanillyl alcohol) using a SCAT 

catalyst previously purified by ultrasound in 

a series of solvents (hot water, ethanol, 

acetone) and dried at 500°C in an oven 

under a flow of N2 and H2. [305] 

 

Scheme 2. hydrogenation of (−)-isopulegol (1) to (−)-menthol (2) 

 

The catalytic efficiency of SCAT in reduction processes has also been investigated 

after additional deposition of transition metal nanoparticles. [333-335] For example, 

the continuous selective hydrogenation of α,β-unsaturated aldehydes to 

unsaturated alcohols (e.g. 

cinnamaldehyde to cinnamyl 

alcohol see (figure 13) was reported 

using a SCAT catalyst enhanced by 

mechanochemical incorporation of 

ruthenium nanoparticles into the 

cordierite without solvent. [334]   

 

Fig.13. Reaction pathways in the hydrogenation of cinnamaldehyde [334] 

 

Ruthenium-based catalysts were successfully synthesized using a 

mechanochemical method, followed by chemical reduction. The interaction 

between ruthenium and the recycled catalytic converter had a significant impact 
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on ruthenium's performance. Both studies highlighted the effectiveness of 

SCATs, showing that they can not only be used directly as catalysts but also as 

supports, as demonstrated in the specific case of ruthenium. 

 

A Fe/SCAT tandem cyclization-hydrogenation process in continuous mode of (+)-

citronellal to (-)-menthol was also achieved (Figure 14). [335]  

 

 

Fig. 14. cyclization-hydrogenation process in continuous mode of (+)-citronellal to (-)-

menthol 
 

Before use, the recycled SCATs underwent a washing and drying process to 

remove carbonaceous residues and other surface pollutants. Specifically, 50 g of 

SCAT were dissolved in a solution of distilled water and ethanol (in a 1:1 ratio) 

and subjected to ultrasound treatment for 2 hours, reaching a temperature of 

approximately 323 K. After treatment, the SCAT was filtered, repeatedly washed 

with water, acetone, and ethanol, and then dried in an oven at 373 K for 12 hours. 

Subsequently, several Fe/SCAT and Fe/SiO2 catalysts were prepared by varying 

the weight percentage of iron (wt%). The comparison of catalytic activities 

revealed that the Fe/SCAT catalysts were particularly efficient. Besides 

demonstrating the catalytic activity, SCATs themselves showed a certain degree 

of activity in the cyclization of citronellal to isopulegol, thereby contributing to 

an increase in the final yield of menthols. Furthermore, the catalytic system 

displayed excellent robustness, as highlighted by long-term stability tests, with 

no metal loss and no changes in the morphology or oxidation state of the metal. 

Under optimized conditions, it was possible to produce (−)-menthol with a yield 

of approximately 77% starting from enantiomerically pure (+)-citronellal.  

In another study, Zuliani et al. developed Ni-based catalysts and co-catalysts 

through a solvent-free mechanochemical approach, using SiO2 (Ni/SiO2) and the 
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ceramic cores of catalytic converters (Ni/SCATs) as supports. These catalysts and 

co-catalysts were employed in the hydrodeoxygenation of anisole. Under 

standard batch reaction conditions, at 200 °C and 4 MPa of H2, the combined use 

of Ni/SiO2 and Ni/SCATs resulted in an anisole conversion exceeding 97% in just 

40 minutes, with a reaction rate over 50% faster than that obtained with pure 

Ni/SiO2. [336] 

Among the rare studies on non-reductive reactions catalyzed by SCAT, Isgoren et 

al. recently reported the suitability of revaluated automotive catalytic converters 

for the oxidative degradation of the pesticide malathion in aqueous phase, as a 

potential strategy for wastewater treatment (figure 15).  

The used SCAT underwent a series of preliminary treatments, including the 

washing of monolithic substrate drying at 105 °C, grounding, and passing through 

a fine mesh sieve. The recovered material showed high catalytic efficiency in both 

the removal of malathion and the elimination of its toxicity. The maximum 

malathion removal efficiency of 88% was achieved under optimal conditions. 

Furthermore, toxicity tests based on bacterial bioluminescent response 

confirmed that malathion was converted in compounds non-toxic for bacteria. 

[337] 

 
Fig. 15 oxidative degradation of the pesticide using SCATs [337] 

 

In this context, the use of SCAT-based catalysts in carbon-carbon bond formation 

reactions has been almost completely unexplored, with the only exception being 

a proof of concept by Trzeciak et al. on their possible suitability in the 

hydroformylation of 1-hexene and in cross-coupling reactions of phenyl iodide 

with butyl acrylate or phenylboronic acid, respectively. (Scheme 3-4) [338] 
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These results confirmed the high catalytic potential of the waste materials, 

although the reactions have not yet been systematically explored and studied in 

depth. 
 

1.12 Suzuki Miyaura Cross Coupling Reactions 

 

Carbon-carbon coupling reactions are essential to produce many products in 

sectors such as pharmaceuticals, agriculture, and detergents. Initially studied in 

the 19th century, these processes were inefficient and produced low yields due 

to the formation of by-products. However, since the 1960s, the introduction of 

transition metal catalysts significantly enhanced reaction efficiencies and yields.   

These reactions are generally classified into two kinds: the homocoupling and 

the cross-coupling processes. Homocoupling reactions include the Wurtz, Glaser, 

Ullmann, and Pinacol reactions, while cross-coupling reactions include the Heck, 

Suzuki, Sonogashira, Stille, Hiyama, Kumada, and Negishi reactions. [339] 

Cross-coupling reactions use metal catalysts such as Pd(II) and Pd(0) [340-342]  Ni(II), 
[343-345] Cu(II), [346-354]  Fe (II) and Fe(III), [348-350]   that are often supported on 

materials like carbon nanotubes and graphene oxide and can be employed in 

forms such as nanoparticles, nanocomposites, or complexes to achieve high 

yields and product purity degree. [351-356] 

Specifically, the Suzuki cross-coupling reaction is particularly important to the 

availability of common organometallic reagents such as boronic acids, mild 

reaction conditions, environmental compatibility, and the use of safe reagents. 

This reaction requires fewer catalysts and generates easily separable by-

products.   
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Suzuki and Miyaura published the first paper on the Suzuki-Miyaura coupling 

reaction in 1995 highlighting its importance for various industrial applications 

due to its ability to produce functional compounds. First discovered in 1981, the 

Suzuki reaction gained significant recognition, culminating in the 2010 Nobel 

Prize in Chemistry awarded to Akira Suzuki, Richard F. Heck, and Ei-ichi Negishi. 

Cross-coupling reactions are known for their broad tolerance of functional 

groups and high selectivity.  The Suzuki reaction involves using aryl halides as 

electrophiles and organoboranes as nucleophiles, along with a metal catalyst, a 

base, aqueous and organic solvents, and reaction temperatures between 60 and 

100°C. Generally, such reactions proceed between an organic electrophile R1-X 

and an organoboron nucleophile R2-BY2 in the presence of a metal catalyst, 

usually palladium complexes like LnPd0, ideed by an organic or inorganic base 

MA (Fig. 12.). According to Scheme 5, the mechanism is based on a catalytic cycle 

that includes three steps: a) the oxidative addition of an organic halide or 

pseudohalide to the palladium complex, which represents the slow stage of the 

reaction; b) the transmetallation between the adduct and the boronate R2-BY2 in 

the presence of the base MA, and finally, c) the reductive elimination which 

produces the R1-R2 compound with a new C−C bond and regenerates the catalyst, 

(Fig.16) [357] 
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Fig.16. catalytic cycle of Suzuki-Miyaura cross-coupling reactions[357] 

 

1.12.1 Catalysts and solvents suitable for the Suzuki cross-

coupling 

 

The catalyst plays a crucial role in the Suzuki coupling reaction, as it accelerates 

the reaction rate without being consumed. Approximately 85% of Suzuki 

reactions depend on a catalyst, which can be classified into three main classes: 

homogeneous, heterogeneous, or biocatalysts. Homogeneous catalysts offer 

high activity but they are difficult to recover, while heterogeneous catalysts are 

more easily recyclable. Nanocatalysts, due to their large surface area relative to 

their volume, combine the benefits of both, offering high efficiency, stability, and 

selectivity. Although biocatalysts are environmentally friendly, they still have to 

achieve widespread industrial use. Consequently, nanocatalysts are favored in 

industrial applications for their effectiveness and sustainability.  [339] 

Among PGMs, Pd is especially valued for its excellent catalytic activity and wider 

application in cross-coupling processes. 

Solvents also play an important role in Suzuki coupling reactions, affecting both 

the reaction's efficiency and its environmental footprint. A variety of polar and 

polar or non-polar solvents can be employed, including DMF, THF, DMSO, 1,4-

dioxane, water, methanol, ethanol, and toluene. [359-360] In line with the principles 

of green chemistry, the focus is on using cost-effective and non-toxic materials, 

aiming to minimize the generation of contaminants. 
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Chapter 2: Results  

 

2.1 Chemical Composition of SCAT 

 

The catalyst examined in this study is a "three-way catalytic" automotive 

converter. As reported in the literature, this kind of automotive converter 

catalyzes both the oxidation of fuel hydrocarbons into carbon dioxide and the 

reduction of nitrogen oxide exhaust gases from vehicles into nitrogen gas.[307][ 361-

362] The SCAT sample used herein was sourced from an Italian end-of-life vehicle 

(Fiat Bravo) that was registered in 1995 and scrapped in 2018 after covering 

235.000 kilometers. It was regenerated through a simple process involving 

calcination in a muffle furnace at 450 °C for 3 hours to eliminate aged combustion 

residues. Afterwards, the catalyst was ground into a fine powder using a mortar 

and was it directly used in oxidation reactions and in Suzuki-Miyaura cross-

coupling processes as a heterogeneous transition metal catalyst supported on 

porous ceramic. An ICP-MS analysis was performed to determine the presence 

and amount of catalytic metals on the ceramic material of the regenerated SCAT. 

As shown in Table 20, the most abundant elements are aluminum (32.5%) and 

silicon (35.1%), which compose the ceramic support, followed by cerium (3.3%), 

magnesium (3.1%), and iron (1.8%). Chromium, zinc, titanium, and zirconium 

were also detected with weight percentages of 0.2%, 0.42%, 0.4%, and 0.25%, 

respectively. The percentages of transition metals are even lower (0.15% for Pd, 

0.07% for Pt, and 0.008% for Rh).  

 

Tab.20. Chemical composition of the catalytic converter by ICP-MS 

 

Element Al Si Ce Mg Fe Cr Zn Ti Zr Pd Pt Rh 

% wt 32.5 35.1 3.3 3.1 1.8 0.2 0.42 0.4 0.25 0.15 0.07 0.008 

 

To confirm the ICP analysis, a TEM analysis was carried out.  

TEM analyses performed on the three samples show the formation of 

nanoparticles on the order of a few tens of nm, with the presence of Rh, Pd, and 

Pt. (fig. 17) 
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Fig.17. Metal nanoparticles observed in untreated spent catalytic converters 

 

2.2 Landfill Leachate composition 

 

Leachate samples were collected at the ITALCAVE S.p.A landfill, an Italian 

company located in Statte, in the province of Taranto (Figure 18, coordinates: 

latitude 40° 31'24'' N, longitude 17° 12'58'' E, at an altitude of 45 meters above 

sea level, in the Apulia region of southern Italy). The landfill is located in a 

limestone quarry equipped with high-density polyethylene pipes that direct the 

leachate to impermeable collection wells, from where it is pumped and 

transferred to silos. Founded in 1973, the company specializes in environmental 

services, focusing on waste management. ITALCAVE's main activities include the 

treatment, recovery, and disposal of both hazardous and non-hazardous waste 

from various industrial and urban sources. The leachate sample under 

investigation was obtained concentrating the landfill leachate via reverse 

osmosis (CROL, concentrated reverse osmosis leachate). CROL was then stored 

into polyethylene bottles and kept at 4 °C to avoid potential thermal degradation. 

 

 
Fig. 18.  ITALCAVE landfill panoramic picture 
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The average characteristics of the CROL are shown in Table 21. Data clearly show 

the presence of high amounts of chloride and sulfate anions (9648 and 25573 

mg/L), ammonia nitrogen (8150 mg/L). The key parameter which this research 

work has been focused on is the Chemical Oxygen Demand value that, as 

expected for a concentrated reverse osmosis leachate, was high (15880 mg/L). 

Hence, the main target of this PhD thesis, has been to research effective eco-

friendly methods to reduce the CROL COD to values below the tolerated 

threshold levels. Indeed, according to the 2010/75/UE Parliament regulation the 

highest tolerated COD for aqueous waste samples range between 30 and 300 

mg/L to discharge them into water bodies. These values are also variable 

depending on each country, with 160 mg/L and 500 mg/L being the tolerated 

thresholds by Italian laws to discharge landfill leachate into shallow waters or 

sewerages, respectively.[104] 

 

Table 21 General characteristics of concentrate from reverse osmosis produced by the 

Italcave’s landfill leachate treatment (CROL) 

 

Parameter Results 

Alkalinity (meq/L) 

Fluoride (mg/L) 

Sulfate (mg/L) 

Chloride (mg/L) 

Phosphate (mg/L) 

Total phosphorus (%) 

Ammonia nitrogen (mg/L) 

COD (mg/L) 

Conductivity at 20 ºC (µS/cm) 

Density (g/cm3) 

Boro (mg/kg) 

Calcium (mg/kg) 

Magnesium (mg/kg) 

Potassium (mg/kg) 

Silicon (mg/kg) 

Sodium (mg/kg) 

pH  

Dry residue at 105 ºC (%) 

Dry residue at 600 ºC (%) 

Total suspended solids (mg/L) 

Kinematic viscosity 20°C (cSt) 

300 

12,2 

25573 

9648 

301,2 

0,008 

8150 

15880 

409000 

1,04 

66,8 

37,3 

159 

2692 

75,5 

4509 

7,34 

5,00 

3,07 

175 

0,848 
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2.2.1 Calculation of Dry Residue as a Percentage of CROL 

 

To begin the study on the treatment of CROL, a preliminary determination of the 

percentage of fixed residue was conducted. CROL was subjected to heating in a 

muffle furnace at three different temperatures: 105°C, 600°C, and 900°C. The 

study aimed to obtain information on the kind of solids present in the leachate. 

At 105°C, water evaporation and the removal of volatile components such as 

residual organic solvents, dissolved gases, and moisture occurred. The 

corresponding residue was primarily composed of inorganic and organic 

substances that do not decompose at this temperature. At 600°C, the residue 

underwent complete combustion of hydrocarbons and other volatile organic 

compounds. The resulting solid product mainly included inorganic minerals and 

ash. This process allowed quantification of the volatile organic matter fraction in 

the residue. At 900°C, complete oxidation of the organic and inorganic 

compounds in the ash occurred, allowing measurement of the amount of 

persistent inorganic compounds such as mineral salts, metal oxides, and other 

refractory species. The residue obtained after heating at 900°C was made of the 

inorganic fraction of the leachate that did not volatilize or burn (Figure 19). The 

percentage of dry residue was calculated by relating the dry weight to the wet 

weight. By treating 13 g of leachate and heating it for 2 hours at various 

temperatures in the muffle furnace, fixed residue values of 3.7% at 105°C, 2.35% 

at 600°C, and 2.16% at 900°C were obtained.  

 
Fig.19 solid residue 
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2.2.2 CROL oxidation reactions 

 

Experiments were performed to compare the effectiveness of SCAT in different 

advanced oxidation processes. Specifically, the effect of traditional oxidation of 

leachate on COD using the Fenton protocol was compared to the oxidation 

catalyzed by SCAT.  

The CROL (15 mL) was initially acidified to pH 3 by adding H2SO4 (110 µL) to 

remove carbonates in the form of carbon dioxide. The acidification induced the 

precipitation of a dark product, which was separated from the aqueous phase by 

centrifugation. The supernatant was then divided into three 5 mL aliquots (L1, 

L2, and L3).  

The L1 sample was used to determine the COD value (13.750 mg/L) following 

CROL acidification, according to the EPA 410.4 protocol (Revision 2.0 

"Determination of Chemical Oxygen Demand by Semi-Automated 

Colorimetry").[363] 

Samples L2 and L3 were treated with H2O2 (35%, 350 µL) in the presence of two 

different catalysts: FeCl2 (100 mg) for L2 and SCAT (100 mg) for L3. The choice to 

use 350 µL of H2O2 was based on an estimate that 13 g of O2 would be needed 

to completely oxidize one liter of leachate (COD=0). The reactions were 

conducted at 70°C for 150 minutes, and after cooling to room temperature and 

centrifugation (3500 rpm for 3 min), the COD of the supernatant was determined 

(1880 mg/L for L2, 1716 mg/L for L3).  

These results indicate not only the efficiency of SCAT but also the same 

effectiveness compared to FeCl2, given the same volume of oxidizing agent. This 

is particularly significant considering that, with the same weight of the two 

catalysts, the amount of active metals present in SCAT is significantly lower than 

that in FeCl2. Furthermore, SCAT is recoverable and does not generate the sludge 

typical of the traditional Fenton process, reducing environmental impact. 

After demonstrating the catalyst's effectiveness, oxidation reactions were 

conducted following the same experimental procedure applied to sample L3. In 

this phase, the CROL was initially acidified with sulfuric acid and then divided into 

5 mL aliquots to perform oxidation reactions with H₂O₂ and the SCAT catalyst. 

The experimental conditions of the oxidation were adjusted in terms of the 

amount of H₂O₂ (from 130 to 530 µL), SCAT (from 50 to 300 mg), pH (from 3 to 

12), reaction temperature (from 25°C to 70°C), and reaction time (from 60 to 240 
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minutes), with the aim of minimizing the COD through acidic oxidative 

treatment. 

 

Tab. 22. Effect of varying H2O2, temperature, and catalyst parameters 

 

 
 

As shown in Table 22, the COD value can be reduced to 3446 mg/L using 530 µL 

of H2O2 without a catalyst (test 1) and to 5176 mg/L using 50 mg of SCAT without 

an oxidant (test 2). In a series of experiments conducted at 70°C (tests 1-11), the 

amount of H2O2 was varied with respect to the calculated stoichiometric value of 

350 µL, while keeping the amount of catalyst constant at 100 mg. In these tests, 

hydrogen peroxide was used in quantities lower than the stoichiometric value 

(265 µL and 130 µL) or in excess (530 µL). The best result in terms of COD 

reduction was obtained using an excess of hydrogen peroxide (530 µL), with a 

reduction in COD to 1304 mg/L (test 5). COD values of 1834 mg/L and 2124 mg/L 

were determined when operating with less oxidant (respectively 265 µL in test 6 

and 130 µL in test 7). 

Subsequently, with the same amount of hydrogen peroxide (530 µL), the effect 

of SCAT quantity was studied. Starting with 100 mg, the amount of catalyst was 

halved and doubled. The best COD reduction was obtained with 150 mg of 

catalyst, lowering the COD to 980 mg/L (test 9). Using larger or smaller amounts 

of catalyst compared to this condition, less significant COD reductions were 



85 
 

observed.  A good compromise was reached using 200 mg of SCAT, corresponding 

to a final COD value of 1156 mg/L (test 10). When the temperature was reduced 

to 50°C and 60°C, the COD values obtained were generally higher than those 

recorded at 70°C, except for test 12 (COD 1156 mg/L), conducted at 60°C using 

the same conditions as test 9 (530 µL of H₂O₂ and 150 mg of catalyst). However, 

further temperature reductions, such as 50°C, resulted in a worsening of COD 

reduction, regardless of the amount of catalyst and hydrogen peroxide used. 

Finally, in the tests conducted at room temperature with 530 µL of H₂O₂ and 150 

mg of catalyst, the COD was reduced to 3542 mg/L after 4 hours of reaction (test 

18). Increasing the amount of catalyst did not lead to significant improvements 

under these conditions (test 19). 

The best operating conditions were thus found to be at 70°C, with amounts of 

hydrogen peroxide and catalyst of 530 µL and 150 mg, respectively: under these 

conditions, the minimum COD value observed was 980 mg/L. 

 

2.2.3 Determination of COD by Gel Permeation 

Chromatography (GPC) 

 

In parallel with the COD determination using the EPA method, a preliminary 

study was also performed to demonstrate the possibility to develop an 

innovative COD detection technique based on gel permeation chromatography 

(GPC). This approach offers potential advantages in terms of speed and cost, 

making COD determination more efficient. The chromatographic peaks obtained 

from the GPC analysis (Figures 20 and 21) were considered indicative of COD. The 

preliminary results, although qualitative, were very promising as they show a 

significant reduction in the chromatographic peak related to the organic eluate. 

This reduction is evident when comparing the response of the L1 sample treated 

only with H₂SO₄, to the L2 sample subjected to oxidation with H₂O₂ and FeCl₂, 

and to the L3 sample, subjected to oxidation with H₂O₂ and SCAT (Figure 20). 

A similar trend was observed in Figure 21 for the samples subjected to different 

treatments: the leachate acidified to pH 3, the sample treated only with 

hydrogen peroxide, the sample treated only with the SCAT catalyst, and the CROL 

at pH 3 subjected to oxidation with 530 µL of H2O2 and 150 mg of SCAT. The 

relative intensity of the peaks was coherent with the reduction in COD values 

detected using the EPA method, which were respectively 13.750 mg/L, 3446 

mg/L, 5176 mg/L, and 980 mg/L. 
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Fig.20. GPC chromatographic profiles for samples L1, L2 and L3 

  

 
 

Fig.21. Chromatographic profiles obtained from GPC analysis 
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2.2.4 Effect of pH on the different phases of CROL treatment 

 

To confirm the importance of acidification as the preliminary phase in the 

treatment of CROL, experiments were performed to study the variation in the 

final COD value with respect to pH. The raw leachate (CROL) was acidified with 

H₂SO₄ aliquots, reaching final pH values of 3, 4, and 5. Tests were also carried out 

following the addition of NaOH, bringing the pH values to 10 and 12. After 

adjusting the initial pH, samples were subjected to the oxidation process using 

the best experimental conditions previously identified (Tab. 22, test 9). 

At a purely qualitative level, after the oxidation reactions, a bleaching of the 

previously acidified samples was observed versus those treated under alkaline 

conditions (Figure 22). 

 

 
 

Fig.22. Color change of samples brought to: M1(pH3); M2(pH4); M3(pH5); M4(pH10); 

M5(pH12) 

 

Spectrophotometric analyses to determine the final COD values confirmed the 

qualitative evaluation, showing COD values of 1031, 1570, and 2372 mg/L for 

samples acidified to pH 3, 4, and 5, respectively. Conversely, the COD values were 

significantly higher (7014 and 7098 mg/L, respectively, Table 23) for samples 

treated at pH 10 and 12. 
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Tab.23 Influence of pH directly tuned for CROL 

 

Sample 

 
pH 

H
2
SO

4 
(µL) 

Add to  
5mL of 
CROL 

NaOH 
(mg) 

H
2
O

2 

(µL) 

SCAT 
(mg) 

Temperature 
(°C) 

Time 
(h) 

COD 
mgO

2
/L 

M1 3 26 - 530 150 70 1 1031 

M2 4 23 - 530 150 70 1 1570 

M3 5 21 - 530 150 70 1 2372 

M4 10 - 79 530 150 70 1 7014 

M5 12 - 136 530 150 70 1 7098 

 

This result highlights the importance of starting the leachate treatment at pH 3 

by adding sulfuric acid, which removes carbonates in the form of carbon dioxide 

and improves the effectiveness of hydrogen peroxide. 

Then, to analyze the effect of pH on the oxidation process, the leachate acidified 

to pH 3 was divided into five aliquots, and by addition of sodium hydroxide, pH 

was set to values between 4 and 12. Under the same model operating conditions, 

samples at pH 8, 10, and 12 showed COD values between 1100 and 1650 mg/L, 

while the best results (579 and 668 mg/L) were obtained at pH 5 and 6, 

respectively (Table 24). 

 

Tab.24 Influence of pH on COD following initial precipitation at pH 3 and subsequent 

addition of NaOH 

 

Sample pH 

H
2
SO

4 
(µL) 

Add in 
5mL of 
CROL 

NaOH 
(mg) 

H
2
O

2 

(µL) 

SCAT 
(mg) 

Temperature 
(°C) 

Time 
(h) 

COD  
(mg 

O
2
/L) 

M1 3 26 - 530 150 70 1 1031 

M6 4 26 3,5 530 150 70 1 668 

M7 5 26 4,4 530 150 70 1 579 

M8 8 26 10 530 150 70 1 1639 

M9 10 26 57,1 530 150 70 1 1006 

M10 12 26 82,1 530 150 70 1 1116 

 

After identifying pH 5 as the optimal value for oxidation, a study was conducted 

to evaluate the importance of the sequence of operational phases. Two distinct 
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approaches were tested. In the first, the pH of leachate was initially set to 3, then 

increased to pH 5 by adding NaOH immediately before oxidation. 

In the second approach, the pH was directly set to 5 by adding H2SO4, and after 

oxidation, further acid was added to remove carbonates and reach pH 3. The 

results showed that the first approach was significantly more effective than the 

second, leading to a COD reduction to 579 mg/L, compared to 1856 mg/L with 

the second approach. Therefore, the importance of initially acidifying the 

leachate to pH 3 and subsequently raising it to pH 5 with the addition of sodium 

hydroxide was validated as a good approach to improve the effectiveness of the 

treatment. 

 

2.2.4.1 H2O2 amount necessary for CROL oxidation 

 

Once pH 5 was identified as the optimal value for oxidation, the second 

parameter investigated was the concentration of hydrogen peroxide to be used 

under these working conditions. Starting from the stoichiometric amount of 350 

µL of 35% hydrogen peroxide required to ideally eliminate the COD of the initial 

leachate concentrate (CROL), oxidation experiments were conducted using both 

an excess (480 and 530 µL) and a deficit (120 and 240 µL) of the oxidant, while 

keeping other experimental conditions constant. 

 

The COD value decreased as the amount of hydrogen peroxide used increased: 

the maximum reduction (96%) in COD to a final value of 580 mg/L was achieved 

using 530 µL of H₂O₂ (Table 25) 

 

Tab.25 Optimization of the amount of H2O2 

 

Sample pH 
H

2
O

2 

(µL) 

SCAT 
(mg) 

Temperature 
(°C) 

Time 
(h) 

COD  
(mg O

2
/L) 

M12 5 530 150 70 1 680 

M13 5 480 150 70 1 1228 

M14 5 350 150 70 1 1714 

M15 5 240 150 70 1 2202 

M16 5 120 150 70 1 3700 
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2.2.4.2 CROL titration curves 

 

To evaluate the amounts of acid and base needed to set the pH of CROL, titration 

curves were plotted as shown in Figures 23 and 24. This assessment was useful 

to estimate the amounts of H2SO4 and NaOH that would be required in a 

potential scale-up of the process. I was estimated that in a hypothetical plant 

treating 1 m³ of CROL, 4.7 L of sulfuric acid would be necessary to acidify the 

leachate from an initial pH of 9 to a final pH of 3 (Figure 23). On the other hand, 

to reach a pH of 5, 1.7 L of 1M NaOH solution would be required (Figure 24). 

 

 
 

Fig.23. Titration curve: amount of H2SO4 required to acidify leachate from pH9 to pH3 

 

 
 

Fig.24. Titration curve: amount of NaOH needed to reach pH 5 values starting from 

pH3 
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2.2.4.3 Analysis of Cations and Anions in CROL after each treatment step 

 

Monitoring changes in the ionic balance at each stage is useful to assess the 

effectiveness of leachate treatment process. For this purpose, anions and cations 

were analyzed in the initial CROL, in the acidified leachate (pH 3) before and after 

oxidation, and in the leachate subsequently alkalized (pH 5) before and after 

oxidation. In all cases, the oxidation process was carried out on 5 mL of the initial 

sample with the addition of 530 µL of H₂O₂ and 150 mg of SCAT, with the sole 

difference being the starting value of pH. The results of cations and anions 

analysis are reported in tables 26 and 27. All values are expressed in mg/L, and 

next to each element, the corresponding standard deviation is indicated in 

brackets. 

 

Tab.26 cation analysis 

 

CATIONS 
CROL 

(mg/L) 

CROL at 
pH 3 

(mg/L) 

CROL acidified at 
pH 3 after oxidation 

(mg/L) 

CROL at 
pH 5 

(mg/L) 

CROL basified at pH 5           
after oxidation 

(mg/L) 

Al (0.1) 1.42 0.482 36.2 0.521 14.7 

As (0.04) 0.459 0.417 1.7 0.459 1.3 

B (0.04) 24.9 24.8 16.4 25.8 22.6 

Ba (0.04) 0.291 0.312 0.339 0.289 0.375 

Be (0.004) 0 0 0 0 0 

Ca (0.1) 34.8 35.5 47 36.8 42.2 

Cd (0.001) 0.002 0.001 0.001 0.001 0.002 

Co (0.04) 0.155 0.106 0.065 0.109 0.099 

Cr (0.04) 6 2.38 1.56 2.48 2.02 

Cu (0.04) 0.056 0 0.283 0 0.208 

Fe (0.1) 10.7 4.68 1.82 4.56 2.48 

Hg (0.001) 0 0 0 0 0 

K (0.4) 2248 2207 1434 2332 2047 

Mg (0.1) 89.5 92.4 60.7 95.6 83.9 

Mn (0.04) 0.134 0.138 0.197 0.14 0.181 

Mo (0.04) 0.049 0.024 0.023 0.019 0.033 

Na (0.1) 3906 3865 3596 4565 4537 

Ni (0.04) 0.97 0.652 0.539 0.673 0.596 
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Pb (0.04) 0.022 0 0.066 0.004 0.036 

Sb (0.02) 0.154 0.093 0.092 0.1 0.097 

Se (0.004) 0 0 0 0 0 

Si (0.02) 57.6 42.8 35.7 44 43.5 

Sn (0.001) 0.694 0.06 0.009 0.057 0.014 

Te (0.04) 0.018 0.068 0.572 0.049 0.429 

Ti (0.04) 2.77 0.522 0.079 0.539 0.055 

Tl (0.001) 0 0 0 0 0 

V (0.04) 0.906 0.59 0.423 0.606 0.572 

Zn (0.04) 0.393 0.316 6.82 0.342 5.6 

P tot (1.6) 0.007 0.006 0.013 0.006 0.004 

 

Tab.27 anion analysis 

 

ANIONS  
CROL 

(mg/L) 

CROL at  

(pH3) 

(mg/L) 

CROL acidified at pH 
3 after oxidation 

(mg/L) 

CROL 

at pH5 

(mg/L) 

CROL basified at 
pH 5 after 
oxidation 

(mg/L) 

F- < 200 < 20 < 30 < 20 < 30 

Cl- 7291 7548 4367 8480 6847 

NO2
- < 200 < 20 < 30 < 20 < 30 

Br- < 2000 < 200 < 300 < 200 < 300 

NO3
- < 2000 < 200 < 300 < 200 < 300 

SO4
2- 11862 26496 15276 29508 24117 

PO4
3- < 2000 < 200 < 300 < 200 < 300 

 

From the cation analysis in Table 26, considering a percentage of instrumental 

error, the amount of most cations is almost constant after acidification, 

alkalization, and throughout the oxidation process. However, a significant 

increase in aluminum and zinc levels was observed. Specifically, the 

concentration of aluminum rose from 1.42 mg/L in the CROL to 36.2 mg/L after 

oxidation at pH 3 and to 14.7 mg/L after oxidation at pH 5. As for zinc, values 

increased from 0.393 mg/L in the CROL to 6.82 mg/L after oxidation at pH 3 and 

5.6 mg/L after oxidation at pH 5. These increases suggest that, after the 

treatment, metals may dissolve into the leachate. The SCAT composition, 

including 35.5% w/w of Al and 0.42% w/w of Zn, may support this hypothesis. 
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Oxidation may facilitate the dissolution of these metals, leading to an increase in 

their concentration in the sample analyzed. 

Conversely, a decrease in iron and chromium levels was observed. Iron, starting 

from a value of 10.7 mg/L in the CROL, decreases to 4.86 mg/L after acidification 

at pH 3 and to 4.56 mg/L after alkalization at pH 5. Similarly, chromium drops 

from 6 mg/L to 2.38 mg/L and 2.48 mg/L in the respective acidification and 

alkalization processes. These reductions can be attributed to pH conditions: at 

acidic values, chromium and iron may precipitate as insoluble compounds 

contributing to the reduction of their concentration in the leachate.  

Finally, a further minimal decrease in iron and chromium levels is observed after 

the oxidation process. After oxidation at pH 3, iron concentration drops to 1.82 

mg/L and 2.48 mg/L after oxidation at pH 5, while chromium decreases to 0.283 

mg/L and 2.02 mg/L, respectively. This further decrease may be due to the 

involvement of these metals in the oxidation process. 

The analysis of anions, shown in Table 27 reveals a decrease in all anions at the 

various stages up to oxidation except for sulfates. This increase was expected, as 

the addition of sulfuric acid to a solution naturally leads to an increase in sulfate 

concentration.  

 

2.2.5 Catalyst Recovery 

 

The recyclability of the catalyst in subsequent oxidation reactions was also 

evaluated. Using the same operational conditions as the oxidation model, after 

each cycle, the catalyst was washed three times with ultrapure water and 

subsequently reused in the next oxidation. The results shown in Figure 25, 

indicate that the catalytic activity of SCAT remains almost unchanged for at least 

four consecutive cycles. However, starting from the fifth cycle, a gradual decrease 

in activity is observed. This decline can be attributed to various factors, including 

possible desorption and leaching of transition metals during washing or contact 

with the reaction mixture. Additionally, the high temperatures and aggressive 

operating conditions might cause physical or chemical degradation of SCAT. 

Residues and reaction products from the leachate could accumulate on the 

catalyst's surface, inhibiting its activity and decreasing performance over time. 

Contaminants present in the leachate may also poison the catalyst, 

compromising its effectiveness. 
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Fig.25. Number of catalyst recycling in the oxidative treatment of CROL 

 

2.2.6 TOC detection 

 

 Besides evaluating the reduction of the COD, the Total Organic Carbon (TOC) was 

also examined. It was calculated subtracting the concentration of inorganic 

carbon (IC) from the total carbon (TC) concentration. This parameter provides a 

measure of the presence of organic compounds in the leachate, which may arise 

from the decomposition of waste or the introduction of external materials. 

Measuring TOC is useful to identify contamination levels and determine whether 

specific treatments are necessary before disposal. Treatment processes for 

leachate, such as chemical or biological oxidation, aim to reduce the organic 

content. Monitoring TOC, along with COD, allows for the assessment of the 

effectiveness of these processes, highlighting their efficiency when TOC values 

decrease. 

In this regard, as with the study of anions and cations, TOC values were also 

analyzed for the pristine CROL, the acidified leachate (pH 3) before and after 

oxidation, and the subsequently basified leachate (pH 5) before and after 

oxidation. The results are reported in Table 28.  
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Tab.28  TOC detection 

 

 

TOC 

(Total organic carbon) 

(mg/L) 

TC  

(Total carbon)  

(mg/L) 

TIC 

(Total inorganic 

carbon)  

(mg/L) 

RAW LEACHATE 

(CROL) 
3202 5117 1915 

CROL ACIDIFIED (pH3) 2077 2119 42.34 

BASIFICATION (pH5) 2025 2078 53.12 

CROL ACIDIFIED (pH3)               

post oxidation 
1890 1904 13.79 

BASIFICATION ph5 

(post oxidation) 
1325 1339 14.07 

 

A reduction of TOC values was observed, consistent with the findings related to 

COD and previously reported. Starting from the CROL, an initial decrease of TOC 

values was detected. Then, a further reduction was observed after the oxidation 

process by addition of 530 µL of H₂O₂ and 150 mg of SCAT, whether the process 

was conducted at an initial pH of 3 or at pH 5. In the latter case, as predicted by 

the observed improvement in COD reduction, the best result was achieved also 

for TOC, highlighting the effectiveness of the oxidative treatment under less 

acidic pH conditions. 

On the other hand, when analyzing the behavior of total inorganic carbon, a 

significant reduction was noted even during the acidification phase at pH 3. This 

result was consistent with expectations since the acidification phase aims to 

eliminate the present carbonates. Subsequently, inorganic carbon is almost 

completely removed through the oxidation process, confirming the overall 

effectiveness of the treatment in reducing both the organic and inorganic 

components of leachate. 
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2.2.7 Comparison of SCAT and FeSO4 ·7H2O efficiency at 

equal amounts of catalytically active iron 

 

As part of the study on landfill leachate treatment, a comparison was made 

between the efficiency of the classic Fenton reaction, conducted using 

FeSO₄·7H₂O, and the use of regenerated SCAT waste as alternative catalyst. The 

goal was to evaluate the behavior of these two different catalysts to compare 

their effectiveness by employing amounts with the same content of catalytically 

active iron. 

To define the necessary quantities, data available in literature were used. Sanem 

et al. performed a classic Fenton oxidation using 41.5 g/L of FeSO₄·7H₂O, known 

to contain 20% active iron (FeSO₄·7H₂O molecular weight: 278 g/mol, Fe atomic 

weight: 55.8 g/mol). This ratio leads to a content of approximately 8.4 g of iron 

per 41.5 g of FeSO₄·7H₂O. 

The same approach was applied to the SCAT catalyst, which is a composite 

containing various elements, as determined by the ICP analysis described in 

section 3.1.1. In this case, iron represents about 3% of the total content. 

Therefore, to obtain 8.4 g of iron, 264 g of SCAT were required.  

Once the reference quantities were established, a systematic study was 

conducted on both catalysts, progressively varying the iron content. Specifically, 

the amount of iron was reduced in successive tests, using 4, 2, and 1 g of iron, as 

shown in table 29. The goal of this reduction was to evaluate whether effective 

results could be achieved using lower quantities of catalyst, thus improving the 

process efficiency. The monitored parameter in this study was TOC (total organic 

carbon). For each fixed amount of iron, experiments were conducted by varying 

the quantity of hydrogen peroxide, using exactly 530, 250, and 50 µL. All 

reactions were carried out at an initial acidic pH 3, maintained at room 

temperature for a duration of 84 minutes under constant stirring, following the 

conditions described in ref.[364] 
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Tab. 29 Amount of SCAT and FeSO4
 . 7H2O used at equal iron content 

 

Volume 

(L) 

FeSO4
 . 7H2O 

(g/L) 

Catalytically active Iron 

in FeSO4
 . 7H2O 

(g/L) 

Catalytically active 

Iron in SCAT 

(g/L) 

1 41,5 8.4 264 

1 20 4 132 

1 10 2 66 

1 5 1 34 

 

The TC content of the untreated landfill leachate (CROL) was found to be 3743 

mg/L. Subsequently, the sample was acidified to a pH of 3 before proceeding 

with the various oxidation stages. After acidification, the TOC decreased to 2626 

mg/L, corresponding to a 30% reduction, only attributed to the lowered pH. 

Then, the effect of different oxidation processes was studied. The results, 

presented in Figure 26, show a significant reduction in both TOC and color using 

the classic Fenton process, with FeSO₄·7H₂O as the catalyst. Specifically, using 2 

g of iron and 50 µL of H₂O₂,  

TOC dropped to 792.4 mg/L, reflecting a 78% reduction from the initial value of 

3743 mg/L. It was hypothesized that TOC reduction is more efficient with lower 

amounts of hydrogen peroxide and catalyst, likely due to factors related to the 

kinetics and chemical equilibrium of the reaction. An excess of H₂O₂ could lead 

to its rapid decomposition into water and oxygen, without contributing to the 

oxidative process of the leachate. This phenomenon is particularly pronounced 

in the presence of ferrous catalyst excess, which accelerates the unwanted 

decomposition of H₂O₂, so reducing the amount of oxidant available for actual 

oxidation.  

Another determining factor is the generation of hydroxyl radicals (·OH), which 

are the main agents of oxidation. Excessive amounts of catalyst or H₂O₂ can 

promote uncontrolled production of ·OH radicals, which may react with other 

radicals or with hydrogen peroxide itself, forming less reactive byproducts. 

Additionally, catalyst saturation could limit the activity of active sites, decreasing 

the effectiveness of the process and generating undesirable by-products. An 

excess of H₂O₂ could also lead to the formation of large amounts of Fe³⁺, which 
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is less efficient in generating hydroxyl radicals with respect to Fe²⁺. Therefore, a 

lower concentration of H₂O₂ and catalyst ensures a better balance between the 

production of hydroxyl radicals and the efficient consumption of the oxidant, 

preventing decomposition and the formation of by-products. 

Conversely, the results obtained using the SCAT as a catalyst showed the opposite 

behavior. In this case, the best reduction of TOC and color was achieved with a 

higher amount of iron (8.4 g) and a lower amount of H₂O₂ (50 µL), resulting in a 

final TOC of 988 mg/L, equivalent to 74% reduction. Decreases in catalytic 

efficiency were observed with lower amounts of iron at various H₂O₂ 

concentrations, with a corresponding increase in residual color. The efficiency 

observed with the catalytic composite can be attributed to its composition, 

which includes, besides iron, noble metals such as platinum, palladium, and 

rhodium. The higher catalytic activity could therefore be due not only to the 

presence of iron but also of noble metals. Using higher amounts of SCAT 

increases the available active surface area and the noble metals load, thus 

promoting interactions between leachate molecules and H₂O₂ on the catalytic 

surface, enhancing the effectiveness of the oxidative process. 
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Fig. 26. FeSO₄ · 7H₂O and SCAT comparison 
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2.3 SCAT catalyzed Suzuki-Miyaura Cross-Coupling 

Reactions  

 

2.3.1 Optimization of the experimental conditions 

 

To evaluate the suitability of SCAT as heterogeneous catalyst in Csp2-Csp2 bond 

forming reactions, the Suzuki-Miyaura cross-coupling process of aryl halides with 

aryl boronic acids was selected as the model case study, due to the possibility to 

work under eco-friendly conditions, in air and aqueous non-toxic solvents. The 

suitability of the SCAT catalyst was firstly tested through a model reaction 

between phenylboronic acid and 4-iodoanisole (Scheme 6). Various tests were 

made to evaluate the effects of different bases, solvents, and catalyst amounts 

on the reaction conversion and selectivity. 

The solvent effect was analyzed performing the reaction in 1 hour under reflux 

using potassium carbonate as the base. As reported in Table 30, no reaction was 

observed with ethanol, water, tetrahydrofuran, or toluene, likely due to the poor 

solubility of the reagents and the base in these solvents (tests 1-4). Conversely, 

using only dimethylacetamide (DMA) at 100 °C, good selectivity (96%) but low 

conversion (35%) to the expected product was observed (test 5).  

Increasing the temperature at 120 °C improved the efficiency of the reaction in 

DMA (conversion 47% and selectivity 99%, test 6). However, rather than further 

heating the mixture to the boiling point of DMA (160 °C), more eco-sustainable 

solvents were explored, such as mixtures of water and ethanol in various 

proportions (Table 30, tests 7-11). An excess of water improved both conversion 

and selectivity, with the best results obtained at 80 °C in a 4:1 volume ratio of 

H₂O to EtOH, achieving complete conversion (>99%) (test 11).  

At the same temperature of 80 °C, lower amounts of water reduced the 

conversion from 75% to 60%, with varying H₂O:EtOH ratios from 3:1 to 1:2 (tests 

10-7), but the selectivity remained nearly unchanged (from 99% to 90%). Finally, 

to verify the possibility of conducting the reaction at lower temperatures, the 

reaction was carried out at 70 °C (test 12), observing a reduction in conversion 

to 75%, which confirms a better efficiency upon working at 80 °C reaction 

temperature (entry 11). 
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Scheme 6: (i) 1 (0.16 mmol; 19.51mg), 2 (0.11 mmol; 25.74mg), SCAT 200 mg, base (0.16 

mmol; 22.11mg), reaction time: 1 h. Conversion and selectivity detected via GC-MS 

 

 
 

Tab. 30 Solvent screening for the model reaction of Scheme 6 

 

Entry Solvent Base 
Temperature 

(°C) 

Conversion 

(%) 

Selectivity 

(%) 

1 EtOH K2CO3 60 - - 

2 H2O K2CO3 100 - - 

3 THF K2CO3 66 - - 

4 Toluene K2CO3 120 - - 

5 DMA K2CO3 100 35 96 

6 DMA K2CO3 120 47 >99 

7 
H2O/EtOH 

(1:2) 
K2CO3 80 60 90 

8 
H2O/EtOH 

(1:1) 
K2CO3 80 70 >99 

9 
H2O/EtOH 

(2:1) 
K2CO3 80 70 >99 

10 
H2O/EtOH 

(3:1) 
K2CO3 80 75 >99 

11 
H2O/EtOH 

(4:1) 
K2CO3 80 >99 >99 

12 
H2O/EtOH 

(4:1) 
K2CO3 70 75 >99 

 

Subsequently, the effectiveness of alternative bases to K₂CO₃ was evaluated. As 

shown in Table 31, the use of CaCO₃, Cs₂CO₃, and NaHCO₃ led to a reduction in 

conversion (tests 1-3). Conversely, when using tributylamine or NaOH the base, 

no cross-coupling product and low conversion to the homocoupling product 

were observed (10% and 60%, tests 4 and 5). The use of tetrabutylammonium 

acetate (TBAA) also resulted in poor conversions and selectivity (test 6). 

Additional experiments were carried out to test the suitability of these bases as 
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ionic liquid solvents, but in the presence of TBAA at 100 °C, conversion and 

selectivity were low (10% and 20%, respectively, in test 7, Table 31). 

 

 

Tab. 31 Screening of bases for the model reaction of Scheme 6 at 80 °C in a 

mixture of water and ethanol 4:1 vol 

 

Entry Base Conversion (%) Selectivity (%) 

1 CaCO3 85 30 

2 Cs2CO3 50 80 

3 NaHCO3 20 70 

4 (Bu)3N 10 0 

5 NaOH 60 0 

6 TBAA 30 50 

7 TBAA* 10 20 

* Solvent-free, reaction temperature 100 °C 

 

Table 32 also reports the amounts of SCAT used in the model reaction at 80 °C, 

in the presence of a water-ethanol mixture (4:1 volume ratio) and potassium 

carbonate as the base. As shown in Table 32, the maximum conversion and 

selectivity for the reaction described in Scheme 6 were achieved using 200 mg of 

SCAT with respect to 0.11 mmol (22.4 mg) of iodobenzene. According to ICP-MS 

analysis, this amount of SCAT corresponds to approximately 0.3 mg of 

catalytically active palladium nanoparticles (equivalent to 0.15 wt% of Pd in SCAT, 

as reported in Table 20). Consequently, the weight percentage of Pd relative to 

iodobenzene is estimated to be 1.3% (i.e. 0.3 mg out of 22.4 mg). Reducing the 

SCAT amount to 100 mg significantly lowered the conversion to 30%, with 80% 

selectivity for the cross-coupling product (test 2, Table 32). An improvement was 

observed when using 150 mg of catalyst, resulting in nearly complete selectivity 

and 80% conversion (test 3). However, the use of 200 mg of SCAT was considered 

the optimal condition to achieve maximum conversion and selectivity (test 1, 

Table 32). 
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Tab. 32: Screening of the amount of SCAT in the model reaction of Scheme 6 (80 °C in a 

4:1 vol. mixture of water and ethanol) 

 

Entry SCAT Conversion (%) Selectivity (%) 

1 200 >99 >99 

2 100 30 80 

3 150 80 >99 

 

 

2.3.2 Substrates scope in the Suzuki-Miyaura cross-

coupling  

 

After optimizing the reaction conditions, the Suzuki-Miyaura cross-coupling was 

performed on a series of arylboronic acids and aryl halides. The results, shown 

in Table 33, indicate high yields (80-99%) and good selectivity in almost all 

processes investigated. These reactions were successful not only for a wide 

variety of aryl iodides and bromides functionalized with electron-donating or 

electron-withdrawing groups but also for aryl chlorides, which are known to be 

less reactive.  

Considering the ideal reaction conditions, which involved a limiting reagent of 

0.11 mmol and 200 mg of catalyst (containing only 0.15% palladium), the 

Turnover Number (TON) and Turnover Frequency (TOF) were calculated, yielding 

values of 274 for both TON and TOF. Compared to the TON of 980 reported by 

Senemoglu et al., who used a microwave-assisted aqueous system catalyzed by 

an unsymmetrical sulfonated water-soluble Pd(II)-pyridylimine, the SCAT catalyst 

may appear less efficient in terms of TON. Nevertheless, the robustness and 

versatility of the SCAT catalyst remain important, especially considering that 

SCAT is originally a waste material that does not require any complex treatment 

for its use. [365][366] 
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Tab.33 Reaction of cross-coupling Suzuki Miyaura 
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As indirect evidence that the catalytic effect of SCAT in cross-coupling reactions 

is attributable to the traces of transition metals present, reactions were also 

carried out using a sample of SCAT subjected to an acid leaching treatment, 

which removes the transition metals. As expected, no cross-coupling product 

was obtained under these conditions. 

The effectiveness of SCAT was further examined in reactions involving variously 

functionalized arylboronic acids and aryl iodides (Table 34). These reactions, 

performed at 80°C in a mixture of H₂O and EtOH as the solvent, led to fair and 

high isolated yields (60% to 90%) of the cross-coupling product, with relatively 

short reaction times, usually on the order of a few hours. The effect of the 

position of functional groups on the aryl iodide was also evaluated to extend the 

generality of the method and complete the systematic study (Table 35). 
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Tab.34 Results of Suzuki-Miyaura cross-coupling reactions tested on different boronic 

acids 

 

 
 

Tab.35 Results of Suzuki-Miyaura cross-coupling reactions tested on aryl halides with 

substituents in ortho and meta 

 

 
 

SCAT were also effective for reactions involving arylboronic acids and aryl 

dihalides (Table 36), with the aim to extend the application to π-conjugated 

oligomers that represent model systems with defined molecular weights, and 

model precursor products in order to extend the investigation to the synthesis of 

SCAT catalyzed polymerization protocols. As shown in Scheme 7, the regenerated 

SCAT efficiently catalyzes the reaction between phenyl boronic acid and 2,7-

diiodo-9,9-dihexylfluorene, leading to an example of arylene small oligomer. In 
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this case, besides SCAT, the presence of tetrabutylammonium bromide as phase 

transfer catalyst was important to favor the reaction. 

This experiment represents the first example of use of SCAT waste as catalysts 

for the synthesis of polyconjugated oligomers that will be extended to the 

synthesis of polymers in the future. 

 

Tab.36 synthesis of π-conjugated oligomers 

 

Scheme 7: (i) 1 (0.16 mmol; 19.51mg), 2 (0.055 mmol; 32mg), SCAT 200 mg, K2CO3 (0.16 mmol; 

22.11mg), TBAB 125mg, H2O 2mL, EtOH 0.5mL, reaction time: 1 h, temperature: 80°C 

 

 
 

 

2.3.3 Catalyst recovery 

 

Finally, the recyclability of the catalyst was evaluated. For this study, the cross-

coupling reaction between phenylboronic acid and 2-iodothiophene was used  

(Scheme 8). The catalyst was recovered by centrifugation (4000 rpm for 2 

minutes), washing with water and ethanol, and calcination in a muffle furnace at 

450°C for 1 hour after each reaction. Calcination was necessary because when 

only washing was performed, the catalyst's efficiency was completely lost at the 

fifth cycle. In contrast, with calcination, the catalytic activity could be extended 

up to nine cycles, though it was lower than during the first five cycles (Figure 27). 

To investigate the cause of the transition metal loss, ICP-MS analysis of the 

reaction mixture was performed, which excluded the presence of these metals 

in solution. This ruled out the desorption of catalytic species into the solution.  

The loss of metals during calcination was also studied by placing a quartz filter, 

commonly used for atmospheric metal sampling, on top of the SCAT inside the 

muffle furnace. ICP-MS analysis of the filter’s mineralization extract confirmed 

the presence of Pd (0.045%), highlighting that calcination can alter the 

composition of SCAT over time. This observation is further supported by a 
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recorded reduction in palladium content, which decreased from an initial 0.15% 

to 0.07% after nine recycling. It is hypothesized that the undetected fraction of 

palladium may have been lost due to insufficient retention on the filter, adhesion 

to the walls of the vials and the loss of part of the SCAT during processing steps. 

 
Scheme 8: (i) 1 (0.16 mmol; 19.51mg), 2 (0.11 mmol; 12µL), SCAT 200 mg, K2CO3 (0.16 mmol; 

22.11mg), H2O 2mL, EtOH 0.5mL, reaction time: 1 h, temperature: 80°C 

 

 
 

 

 
Fig. 27 Recyclability of the catalyst 
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Chapter 3: Materials and Methods 

 

All reagents and solvents were purchased from Sigma-Aldrich and used without 

further purification. 

 

3.1 SCAT Regeneration and Characterization 

 

Exhausted SCAT was obtained from a Fiat Bravo car registered in Italy on 1995 

and scrapped in 2018 after travelling 235000 km. The exhaust SCAT sample was 

firstly regenerated by calcination in a muffle at 450 °C for ~3 hours to remove 

adsorbed organic and inorganic residues of uncompleted automotive fuel 

combustion. ICP-MS analysis was then carried out to determine the presence and 

weight percentage of catalytically active metals supported onto the regenerated 

SCAT ceramic material.  

For this aim, SCAT powder (5 g) crushed in a mortar was subjected to microwave-

assisted mineralization with HCl (16 ml), H2O2 (1 ml) and H2SO4 (1 ml). [326] The 

resulting solution was diluted with deionized water (32 ml) and used for ICP-MS 

analysis. Mineralization of the sample was performed in a Microsynth Milestone 

FKV Advanced Microwave Synthesis Labstation and ICP-MS was carried out by 

Thermo Scientific iCAP Q spectrometer after a microwave-assisted.  

TEM micrographs of a sample of SCAT powder after thermal regeneration were 

acquired by a JEOL JEM 2100Plus Transmission Electron Microscope (JEOL, Japan) 

operating with 200kV acceleration voltage, and equipped with 8-megapixel 

Gatan (Gatan, USA) Rio Complementary Metal-Oxide-Superconductor (CMOS) 

camera. 

 

3.2 Experimental procedure for leachate oxidation 

reactions  

 

Leachate (1 L) was placed in a beaker under magnetic stirring at room 

temperature and acidified with 1.7 mL of concentrated H₂SO₄ until reaching pH 

3. Subsequently, the sample was centrifuged at 4000 rpm for 3 minutes to 

separate the residue from the supernatant. The supernatant was then divided 

into 5 mL aliquots and transferred into screw cap round bottom tubes for 
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subsequent oxidation treatments. Oxidation was performed in most cases over 

one-hour, varying parameters such as temperature, amount of oxidant (35% 

H₂O₂), and quantity of SCAT, to determine the optimal conditions. Additionally, 

comparative oxidation tests were conducted under the same conditions using 

FeSO4
 . 7H2O as a catalyst instead of SCAT to compare catalyst efficiency. At the 

end of the oxidation process, the samples were cooled and centrifuged again at 

3500 rpm for 2 minutes. Finally, an aliquot of the supernatant was taken for COD 

or TOC determination as described in the following analytical methods. 

 

3.3 COD-TOC-TC-TIC Detection 

 

The protocol used for COD determination is the EPA Method 410.4 (Revision 2.0: 

"Determination of Chemical Oxygen Demand by Semi-Automated Colorimetry"). 

COD determination was carried out using a cuvette test and it involves a digestion 

phase at 150°C for 2 hours followed by spectrophotometric measurement. All 

oxidation tests were conducted using 5 mL of the initial sample. After the 

oxidation, 2.5 mL of the sample were mixed with 3.5 mL of catalytic solution and 

1.5 mL of digestion solution.  

The digestion solution was prepared dissolving K₂Cr₂O₇ (0.00867mol, 2.55 

g), 42 mL of concentrated H₂SO₄, and HgSO₄ (0.0281mol, 8.35 g) to 250 mL 

of distilled water. 

The Catalytic solution was obtained dissolving Ag₂SO₄ (0.00705mol, 2.2 g) and 

concentrated H₂SO₄ (4.17mol, 409 g). 

 

The oxidation of organic matter occurs through digestion, which involves the use 

of an excess of potassium dichromate (K₂Cr₂O₇) in an acidic environment at high 

temperature. Any chlorides present are eliminated using mercury sulfate 

(HgSO₄), while silver sulfate (Ag₂SO₄) acts as a catalyst. After the digestion phase, 

the test tubes need to cool down before the spectrophotometric reading can be 

performed. The standard used at different concentrations for the calibration 

curve was potassium hydrogen phthalate (KHP), and the specific wavelength 

used by the spectrophotometer is 660 nm. 

• The Spectrophotometer used is a Perkin Elmer UV/Vis/NIR Lambda 950. This 

instrument operates in the ultraviolet, visible, and near-infrared regions. It 

features a double beam, a double monochromator, and covers the entire 
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spectrum from 175 to 3300 nm. The two light sources are tungsten and 

deuterium, and the source change is computer-controlled. The instrument is 

also equipped with two detectors: a gridless type for the UV/Vis range and a 

Peltier-cooled PbS detector for the near-infrared range. Additionally, the 

instrument includes a 150 mm integrating sphere with a spectral range from 

200 to 2500 nm. This sphere is equipped with a photomultiplier and a Peltier-

cooled PbS detector. Polystyrene cuvettes with a single transparent window 

and a capacity of 4 mL were used for the spectrophotometric reading. 

• Gel Permeation Chromatography (GPC) Detention: parallel to the 

determination of COD using the EPA method, a study was initiated to develop 

a COD determination method based on gel permeation chromatography 

(GPC). Since the concentrate is water-soluble, a polymethylmethacrylate 

stationary phase column was used, as opposed to the traditional polystyrene 

columns commonly employed for organic substances insoluble in aqueous 

environments. Due to the good water solubility, the concentrated samples 

were directly diluted (1:1 vol) with an aqueous solution of sodium azide and 

potassium nitrate used as the eluent mixture. The samples were then filtered 

with a 0.45 μm nylon filter and injected into a GPC (Knauer, Germany). The 

GPC was performed using an eluent flow rate of 1 mL/min. 

• Total organic carbon was evaluated using a Shimadzu TOC-L analyzer. The 

TOC-L series employs the catalytic oxidation method, with a detection limit 

of 5%. The instrument is initially conditioned with an airflow of 0.6 L/min at 

a pressure of 200 kPa. This method effectively oxidizes not only low 

molecular weight organic compounds that are easily decomposable but also 

insoluble and macromolecular organic compounds that are difficult to 

decompose. The total carbon (TC) concentration in the sample was 

determined comparing it with a calibration curve constructed with points at 

5 mg/L, 50 mg/L, and 100 mg/L. By subjecting the oxidized sample to the 

sparging process, the inorganic carbon (IC) in the sample was converted into 

carbon dioxide, and the IC concentration was measured using NDIR 

detection. The TOC concentration was calculated by subtracting the IC 

concentration from the obtained TC concentration. The carrier gas used in 

this instrument is air. All analyzed samples were prepared by taking an aliquot 

of the sample under examination and bringing it to a volume of 40 mL with 

ultrapure water using various dilutions. Subsequently, they were analyzed. 

For liquid samples determination, the TC standard is prepared using a 
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solution of ultrapure water and potassium hydrogen phthalate. For the TIC 

standard, a solution of ultrapure water containing NaHCO3 and Na2CO3 is 

prepared.  

 

3.4 Cations and Anions Determination 

 

The variation of cations and anions at each single step was evaluated respectively 

using: ICP-OES (by Thermo Scientific iCAP 7000 Series and Dionex ICS-6000 Ion 

Chromatography System by Thermo Scientific. 

• The ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) of 

the Thermo Scientific iCAP 7000 series offers high spectral resolution, 

enabling accurate separation of emission lines. This instrument covers a wide 

range of wavelengths, including most of the UV-visible spectrum. Thanks to 

its high sensitivity, it can detect very low concentrations of elements, down 

to parts per billion (ppb). For the analysis, 10 mL were taken, and in some 

cases, where necessary, when the sample was turbid, a digestion process was 

performed. The digestion consists of adding 2 mL of nitric acid and 6 mL of 

hydrochloric acid. The sample was digested using an automated digestion 

system, DigiPrep Jr from SCP Science, for 2 hours at 95°C. Afterwards, it is 

filtered with a 0.45 µm Teflon filter and brought to the desired volume, 

specifically 20 mL. In other cases, when the sample was less turbid and thus 

did not require digestion, the reading was taken directly from the sample as 

is. Ultrapure water was used to bring the digested solution to volume (20 

mL), while acidified water with nitric and hydrochloric acid was used to bring 

the undigested samples to volume. 

• The Thermo Scientific Dionex ICS-6000 Ion Chromatography system 

was equipped with a series of specific columns for different types of 

analytes, including cations and amines. This instrument can handle a 

high number of samples with precision and automation, including 

automatic sample preparation such as dilution. Additionally, it can 

detect and quantify ions at very low concentration levels, ensuring high 

reproducibility of results thanks to the precision of the system. The 

calibration curve involves the use of standards of analytes such as 

fluorides, chlorides, nitrites, nitrates, sulfates, and bromides. The 

calibration curve points range from 0.1 mg/L to 5 mg/L for fluorides 
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and nitrites, while for the other analytes, the calibration curve ranges 

from 1 mg/L to 100 mg/L. The sample must be previously filtered with 

a 0.45 µm nylon filter, transferred into 1.5 ml vials, and analyzed, with 

possible dilutions in case of out-of-range values. For sludge samples, a 

leaching test was performed. The sample was mixed with ultrapure 

water in a 1:9 ratio and left to rotate for 24 hours. Subsequently, the 

sample was filtered with a 0.45 micrometer nylon filter, transferred 

into 1.5 ml vials, and analyzed. Also, in this case, different dilutions 

were carried out in the presence of out-of-range values. 

 

3.5 General Procedure of Suzuki Miyaura Cross-

Coupling Reactions 

 

Reactions were performed suspending the aryl boronic acid, the aryl halide, the 

SCAT grounded powder and the base in 2.5 mL of the solvent inside a 10 mL 

screw cap round bottom tube. The reaction mixture was stirred at the selected 

reaction temperature heating it inside a dry-bath metal block for tubes in contact 

with a heating magnetic stirrer plate. The reaction course was monitored over 

time via GM-MS analysis and, after observing its maximum conversion, it was 

cooled at room temperature and subjected to centrifugation at 4000 rpm for 2 

min to separate the SCAT catalyst that was recovered and regenerated by thermal 

treatment. The organic mixture in the supernant was then subjected to 

extraction with ethyl acetate (3x 10mL) in the presence of water and the 

collected organic phase was dried with anhydrous sodium sulphate. After 

filtration and evaporation of the solvent at reduced pressure, the crude cross-

coupling product was purified via column chromatography. Spectroscopic 

characterization of all products and experimental details of each reaction are 

reported in the results chapters. 

To evaluate the efficiency of the reaction, parameters such as conversion, 

selectivity, and isolated yield were considered. 

 

- The conversion was calculated as the percentage of the starting reagent that is 

transformed into the product during the reaction, but it does not provide direct 

information about the quality of the products formed. It is calculated as it 

follows: 
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- The selectivity allows assessing how effectively the cross-coupling product was 

obtained compared to other side reactions, such as homo-coupling products. 

High selectivity indicates that the reaction primarily produced the desired 

compound. 

 

 

 

 

-The yield represents the amount of the desired product obtained at the end of 

the reaction, in relation to the theoretically expected amount based on the 

reaction stoichiometry. A high yield indicates that most of the reagents were 

successfully transformed into the desired product and that the separation and 

purification were efficient. 

 

 

 

3.6 GC-MS Characterization 

 

Reaction conversions were detected observing reagents consumption and cross-

coupling product formation via GC-MS spectrometry by a Thermo Scientific Trace 

1310-TSQ 8000 gas chromatograph coupled with triple quadrupole mass 

spectrometer. 

 

3.7 SCAT Recovery Procedure After the Cross-

Coupling Reaction  

 

After centrifugation, the catalyst sample used for the reaction was collected in a 

porcelain crucible and kept at 450 °C in a muffle furnace for 60 min. During the 

thermal treatment, a sintered glass filter was used to cover the crucible 

containing the catalyst powder, with the aim to estimate the eventual 

Quantity of initial reagent consumed 
 x 100 

Initial quantity of reagent 
Conversion (%) =  

Quantity of product desired 
 x 100 

Quantity of reagents transformed in total 
Selectivity (%) =  

Quantity of isolated product 
 x 100 

Theoretical quantity of product 
Yield (%) =  
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sublimation of PGM nanoparticles from SCAT and their incorporation in the filter. 

After cooling to room temperature, the catalyst powder was reused in the same 

reaction, to evaluate its catalytic efficiency in subsequent cycles. ICP-MS analysis 

of both SCAT and sintered filter was carried out after the whole series of cross 

coupling reactions performed using the same recycled catalyst, to estimate the 

overall effect of its thermal regeneration on PGM reduction in recycled sample. 
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Chapter 4: Experimental Section 

 

4.1 1H and 13C NMR Characterization of cross-

coupling products 

 

Reaction products were characterized via 1H and 13C NMR spectroscopy with a 

Agilent 500 spectrometer. Both 1H and 13C NMR spectra were acquired using an 

11.7 Tesla magnetic field, with resonance frequencies of 500 MHz for 1H and 125 

MHz for 13C. The typical recording parameters included a spectral width of 31250 

Hz for 13C and 9000 Hz for 1H, using a 90° observing pulse at room temperature. 

"The ¹H and ¹³C NMR spectra were obtained using 99.80% deuterated chloroform 

purchased from Eurisotop." 

 

 

4-methoxy-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane as eluent; m.p 86 – 87 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.54 – 7.59 (m, 4H), 7.41 – 7.46 (m, 2H), 7.30 – 7.35 (m, 

1H), 6.98 – 7.02 (m, 2H), 3.87 (s, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm): 159.3, 

141.0, 133.9, 128.9, 128.4, 126.9, 126.8, 114.4, 55.5. The spectroscopic data are 

in agreement with the literature. [367] GC-MS, m/z: 184.1 [M]+. 

 

4-methyl-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2). The product was isolated as a white solid by column 
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chromatography on silica gel with hexane as eluent; m.p 49–50 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): δ 7.50 (d, J=7.8 Hz, 2H), 7.36 (d, J=7.9 Hz, 2H), 7.27-7.31 

(m, 1H), 7.24 (t, J=7.4 Hz, 2H), 7.04 (d, J=7.9 Hz, 2H), 2.29 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ (ppm): 136.86, 131.64, 131.33, 130.92, 130.15, 126.99, 122.6, 

119.14, 21.03. The spectroscopic data are in agreement with the literature. [368] 

GC-MS, m/z: 3ea: 168.1 [M]+. 

 

4-nitro-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a yellow solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 112-

113 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.30 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.0 

Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 7.52-7.43 (m, 3H);13C NMR (125 MHz, CDCl3): δ 

(ppm)= 147.7, 147.2, 138.9, 129.2, 129.0, 127.9, 127.5, 124.2. The spectroscopic 

data are in agreement with the literature. [369] GC-MS, m/z: 199.1 [M]+. 

 

3-phenylpyridine 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a withe solid by column 

chromatography on silica gel with hexane/ ethyl acetate (7:3) as eluent; m.p 49–

50 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.77 (s, 1H), 8.52 (d, J = 4.0 Hz, 1H), 

7.80 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.41 (t, J = 8.0 Hz, 2H), 7.34 (d, J= 

8.0 Hz, 1H), 7.30 (dd, J = 4.0 Hz, 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm):  

147.5, 147.3, 136.9, 135.7, 133.3, 128.1, 127.1, 126.2, 122.5. The spectroscopic 

data are in agreement with the literature. [370] GC-MS, m/z: 155.1 [M]+. 
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2-phenylthiophene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a light yellow solid by column 

chromatography on silica gel with hexane/DCM, (9.5:0.5) as eluent; m.p 33–

35 °C; 1H NMR (400 MHz, CDCl3) δ (ppm): H NMR (500 MHz, CDCl3) δ ppm: 7.54 

(d,J = 7.9 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.17-7.24 (m, 3H), 7.00 (dd, J = 3.6, 4.8 

Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm): 144.6, 134.5, 129.0, 128.1, 127.6, 

126.2, 124.9, 123.2. The spectroscopic data are in agreement with the literature. 
[371] GC-MS, m/z: 160.0 [M]+. 

 

Biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a colorless solid by column 

chromatography on silica gel with hexane as eluent; m.p 86 – 87 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.59 (d, 4H), 7.43-7.39 (t, 4H),7.33-7.30 (d, 2H); 13C NMR 

(125 MHz, CDCl3) δ (ppm): 141.3, 128.8, 128.6, 127.3, 127.2. The spectroscopic 

data are in agreement with the literature. [372] GC-MS, m/z: 154.1 [M]+. 

 

4-Phenylbenzaldehyde 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 57 – 

59 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.06 (s, 1H), 7.96 (d, 2H, J = 8.4 Hz), 

javascript:
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7.76 (d, 2H, J = 8.2 Hz), 7.64 (d, 2H, J = 7.1 Hz), 7.49 (t, 2H, J = 7.2 Hz), 7.42 (t, 1H, 

J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ (ppm): 192.1, 147.4, 140.0, 135.4, 130.5, 

129.3, 128.7, 127.9, 127.6. The spectroscopic data are in agreement with the 

literature. [373] GC-MS, m/z: 182.0 [M]+. 

 

4-Methoxy-4’-methyl-1,1’biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 108-

109 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.52 (md, J = 8.8 Hz, 2H), 7.46 (md, J 

= 8.0 Hz, 2H), 7.22 (md, J = 7.9 Hz, 2H), 7.00 (md, J = 8.8 Hz, 2H), 3.85 (s, 3H), 2.39 

(s, 3H); 13C-NMR (125 MHz, CDCl3) δ(ppm):  158.9, 137.9, 136.3, 133.7, 129.4, 

127.9, 126.6, 114.1, 55.3, 21.0. The spectroscopic data are in agreement with the 

literature. [374] GC-MS, m/z: 198.1 [M]+. 

 

4,4’-dimethyl-1,1’- biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane as eluent; m.p 124-126 °C; 1H NMR 

(500 MHz, CDCl3) δ (ppm): 7.48-7.46 (d, 4H), 7.23- 7.21 (d, 4H), 2.40 (s, 6H); 13C 

NMR (125 MHz, CDCl3) δ(ppm): 138.4, 136.8, 129.6, 126.9, 21.2 ppm. The 

spectroscopic data are in agreement with the literature. [375] GC-MS, m/z: 182.1 

[M]+. 
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4-methyl-4'-nitro-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a yellow solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 154-

155 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.49 – 7.51 (m, 2H), 7.33 – 7.37 (m, 

2H), 7.27 (s, 2H), 7.00 (s, 2H), 2.50 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 147.64, 

139.20, 135.90, 129.99, 127.55, 127.31, 124.18, 21.31. The spectroscopic data 

are in agreement with the literature. [376] GC-MS, m/z: 213.1 [M]+. 

 

3-(p-Tolyl)pyridine 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (7:3) as eluent; m.p 58-

60 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.77 (s, 1H), 8.50 (s, 1H), 7.78 (d, J = 

8.0 Hz, 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.28 (dd, J = 4.0 Hz, 8.0 Hz, 1H), 7.20 (d, J = 

8.0 Hz, 2H), 2.34 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ(ppm): 148.2, 138.1, 136.5, 

135.0, 134.2, 129.8, 127.0, 123.6, 21.2. The spectroscopic data are in agreement 

with the literature. [375] GC-MS, m/z: 169.1 [M]+. 

 

2-(p-tolyl)thiophene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 
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104.7-106.3 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.51- 7.26 (dd, J = 8.3 Hz, 2H), 

7.24 (dd, J = 2.5 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 7.06 (t, J = 3.5 Hz, 1H), 2.38 (s, 

3H); 13C NMR (CDCl3, 125 MHz) δ(ppm): 144.51, 138.22, 137.22, 136.60, 131.60, 

129.50, 129.39, 127.86, 127.74, 125.80, 124.19, 122.51, 21.09. The 

spectroscopic data are in agreement with the literature. [377] GC-MS, m/z: 174.0 

[M]+. 

 

4-Methyl-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane as eluent; m.p 46-48 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 2.48 (s, 3H), 7.33 (d, J= 7.6 Hz, 2H), 7.40 (t, J= 7.6 Hz, 1H), 

7.50 (t, J= 7.6 Hz, 2H), 7.58 (d, J= 8.0 Hz, 2H), 7.66 (d, J= 7.2 Hz, 2H); 13C NMR 

(125 MHz, CDCl3) δ(ppm): 21.1, 126.9, 127.0, 128.7, 129.4, 137.0, 138.3, 141.1. 

The spectroscopic data are in agreement with the literature. [368] GC-MS, m/z: 

168.1 [M]+. 

 

4'-methyl-[1,1'-biphenyl]-4-carbaldehyde 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9,5:0.5)  as eluent; m.p 

76-78 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.05 (s, 1H), 7.94 (d, J = 8.1 Hz, 

2H), 7.74 (d, J =8.0 Hz, 2H), 7.55 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 7.8 Hz, 2H), 2.42 

(s, 3H); 13C NMR (125 MHz, CDCl3) δ(ppm): 192.1, 147.3, 138.7, 136.9, 135.1, 

130.4,129.9, 127.5, 127.3, 21.3. The spectroscopic data are in agreement with 

the literature. [378] GC-MS, m/z: 196.0 [M]+. 
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3-fluoro-4’-methoxy-1,1’-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9,5:0,5)  as eluent; m.p 

65-67 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.50 (d, J = 7.0 Hz, 2H), 7.42 (td, J = 

7.9, 1.8 Hz, 1H), 7.31 – 7.26 (m, 1H), 7.19 (td, J = 7.5, 1.3 Hz, 1H), 7.17 – 7.11 (m, 

1H), 6.99 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H); 13C NMR (125 MHz, CDCl3) δ(ppm): 

159.9, 159.4, 130.64, 130.3, 128.9, 128.5, 128.3, 124.4, 116.2, 114.1, 55.5. The 

spectroscopic data are in agreement with the literature. [379] GC-MS, m/z: 202.1 

[M]+. 

 

3-fluoro-4’-methyl-1,1’-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane as eluent; m.p 46-48 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.48 (d, J = 8.0 Hz, 2H), 7.41-7.34 (m, 2H), 7.29-7.25 (m, 

3H), 7.06-6.97 (m, 1H), 2.40 (s, 3H); 13C NMR (125 MHz, CDCl3) δ(ppm): 21.13, 

113.67, 113.85, 122.55, 126.93, 129.60, 130.15, 137.09, 137.74, 143.47, 164.22. 

The spectroscopic data are in agreement with the literature. [380] GC-MS, m/z: 

186.1 [M]+. 
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3-fluoro-4’-nitro-1,1’-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a yellow solid by column 

chromatography on silica gel with hexane/ethyl acetate (9,5:0,5)  as eluent; m.p 

98-100 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.21 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 

8.8 Hz, 2H), 7.43 – 7.35 (m, 1H), 7.31 (d, J = 7.9 Hz, 1H), 7.21 (dt, J = 9.8, 2.1 Hz, 

1H), 7.04 (td, J = 8.4, 1.9 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm):163.2, 147.6, 

146.3, 141.0, 130.7, 127.3, 124.2, 123.3, 115.4, 114.1. The spectroscopic data are 

in agreement with the literature. [381] GC-MS, m/z: 217.0 [M]+. 

 

3-(3-fluorophenyl)pyridine 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (7:3)  as eluent; m.p 56-

58 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.84 (s, 1H), 8.62 (s, 1H), 7.90 – 7.82 

(m, 1H), 7.48 – 7.41 (m, 1H), 7.41 – 7.34 (m, 2H), 7.28 (dd, J = 12.1, 2.0 Hz,1H), 

7.10 (td, J = 8.3, 2.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm): 163.22, 148.97, 

148.14, 140.03, 135.41, 134.38, 130.64,123.63, 122.78, 114.97, 114.01. The 

spectroscopic data are in agreement with the literature. [382] GC-MS, m/z: 173.1 

[M]+. 
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2-(3-fluorophenyl)thiophene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a colorless oil by column 

chromatography on silica gel with hexane as eluent; m.p 44-48 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.42 (s, 1H), 7.40 (t, J = 7.9 Hz, 1H), 7.28 (d, J = 3.4 Hz, 3H), 

7.27 (d, J = 3 Hz, 1H), 6.94 (t, J = 6.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm): 

164.36, 161.91, 142.95, 136.52, 130.37, 128.05, 125.413, 124.29, 122.68, 

114.71, 114.093. The spectroscopic data are in agreement with the literature [383] 

GC-MS, m/z: 178.0 [M]+. 

 

3-fluoro-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a colorless liquid by column 

chromatography on silica gel with hexane as eluent; m.p 42-44 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.62-7.59 (m, 2H), 7.50-7.46 (m, 2H), 7.43-7.38 (m, 3H), 

7.34-7.31 (m, 1H), 7.09-7.04 (m, 1H). 13C NMR (125 MHz, CDCl3) δ(ppm): 163.4, 

161.0,143.5, 140.0, 130.3, 128.9, 127.9, 127.1, 122.8, 114.2, 113.5. The 

spectroscopic data are in agreement with the literature [384] GC-MS, m/z: 172.1 

[M]+. 
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3'-Fluoro-[1,1'-biphenyl]-4-carbaldehyde 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a colorless needles by column 

chromatography on silica gel with hexane/ethyl acetate (9,5:0,5)  as eluent; m.p 

54-57 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.07 (s, 1H), 8.01 - 7.88 (m, 4H), 

7.67 - 7.46 (m, 3H), 7.28 - 7.13 (m, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm):193.0, 

163.1, 144.8, 141.6, 135.9, 131.4, 130.5, 127.9, 123.6, 115.7, 114.3. The 

spectroscopic data are in agreement with the literature. [385] GC-MS, m/z: 200.1 

[M]+.  

 

3-phenylthiophene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane as eluent; m.p 90-91 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.60 (d, J= 8.4, 2H), 7.44-7.42 (m, 1H), 7.40-7.34 (m,4H), 

7.32-7.31 (m, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm): 142.3, 135.8, 128.7, 127.1, 

126.4, 126.3, 126.2, 120.2. The spectroscopic data are in agreement with the 

literature. [386] GC-MS, m/z: 160.0 [M]+. 

 

[1,1'-biphenyl]-4-carbaldehyde  

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 
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chromatography on silica gel with hexane/ethyl acetate (9:1)  as eluent; m.p 58-

61 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.03 (s, 1H), 7.91 (d, J = 8.2 Hz, 2H), 

7.78 (d, J = 8.2 Hz, 2H), 7.68 – 7.61 (m, 2H), 7.46 (t, J = 7.3 Hz, 2H), 7.39 (t, J = 7.3 

Hz, 1H); 13C NMR (125 MHz, CDCl3) δ(ppm): 191.83, 147.8, 139.60, 135.11, 

130.18, 128.98, 128.40, 127.58, 127.27. The spectroscopic data are in agreement 

with the literature. [387] GC-MS, m/z: 182.1 [M]+. 

 

4'-methoxy-[1,1'-biphenyl]-4-carbaldehyde 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1)  as eluent; m.p 105-

111 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.03 (s, 1H), 7.93 (d, J = 8.2 Hz, 2H), 

7.72 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 3.87 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ(ppm): 192.0, 160.1, 146.8, 134.7, 132.1, 130.3, 

128.5, 127.1, 114.5, 55.4. The spectroscopic data are in agreement with the 

literature. [388] GC-MS, m/z: 212.1 [M]+. 

 

4'-nitro-[1,1'-biphenyl]-4-carbaldehyde 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (7,5:2,5)  as eluent; m.p 

124-128 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.10 (s, 1H), 8.34 (dd, J = 8.7, 

1.8 Hz, 2H), 8.01 (dd, J = 8.2, 1.6 Hz, 2H), 7.77 (dd, J = 8.5, 1.5 Hz, 4H); 13C NMR 

(125 MHz, CDCl3) δ(ppm): 191.6, 147.8, 146.0, 144.5, 136.3, 130.4, 128.2, 128.1, 

124.3. The spectroscopic data are in agreement with the literature. [381] GC-MS, 

m/z: 227.1 [M]+. 
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4-(trifluoromethoxy)-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (8:2)  as eluent; m.p 52-

54 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.55 (m, 4H), 7.46 (t, J = 7.5 Hz, 2H), 

7.35 (t, J= 7.3 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ(ppm): 

148.7, 140.0, 139.9, 128.9, 128.4, 127.6, 127.1, 121.8, 121.2, 119.3. The 

spectroscopic data are in agreement with the literature. [389] GC-MS, m/z: 238.1 

[M]+. 

  

4-methoxy-1,1'-biphenyl  

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/ethyl acetate (9:1) as eluent; m.p 86 – 

87 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.56 – 7.59 (m, 4H), 7.41 – 7.46 (m, 

2H), 7.30 – 7.36 (m, 1H), 6.98 – 7.04 (m, 2H), 3.88 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ (ppm): 159.3, 141.0, 133.9, 128.9, 128.3, 126.7, 126.8, 114.4, 55.5. The 

spectroscopic data are in agreement with the literature. The spectroscopic data 

are in agreement with the literature. [374] GC-MS, m/z: 184.1 [M]+. 
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1-phenyl-4-(trifluoromethyl)benzene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexane/DCM (9:1)  as eluent; m.p 51 – 55 °C; 
1H NMR (500 MHz, CDCl3) δ (ppm): 7.73 (s, 4H), 7.68 (d, J = 7.4 Hz, 2H), 7.52 (t, J 

= 7.5 Hz, 2H), 7.49 (t, J = 7.4 Hz, 1H);13C NMR (125 MHz, CDCl3) δ (ppm): 144.7, 

139.8, 129.1, 129.3, 128.1, 127.2, 127.3, 125.9, 124.1. The spectroscopic data are 

in agreement with the literature. [374] GC-MS, m/z: 222.1 [M]+. 

 

2-methoxy-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexan as eluent; m.p 38 - 41 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 7.48 (d, J = 9.5 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.36 - 7.33 

(m, 3H), 7.02 (t, J = 7.4 Hz, 1H), 7.01 (d, J = 8.7 Hz, 1H), 3.81 (s, 3H); 13C NMR (125 

MHz, CDCl3) δ (ppm): 156.7, 138.3, 130.2, 130.1, 129.2, 128.5, 128.0, 127.1, 

120.8, 111.1, 55.8. The spectroscopic data are in agreement with the literature. 
[390] GC-MS, m/z: 184.1 [M]+. 
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3-methoxy-1,1'-biphenyl 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2).The product was isolated as a white solid by column 

chromatography on silica gel with hexan as eluent; m.p 43 – 48 °C; 1H NMR (500 

MHz, CDCl3) δ (ppm): 3.81 (s, 3H), 6.88 (d, J = 8.0 Hz, 1H), 7.11 (d, J = 1.6 Hz, 1H), 

7.13 (d, J = 7.6 Hz, 1H), 7.29-7.31 (m, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.55 (d, J = 7.6 

Hz, 2H). 13C NMR (125 MHz, CDCl3) δ (ppm):) 55.8, 112.3, 112.4, 119.1, 127.2, 

127.4, 128.5, 129.3, 141.0, 142.9, 159.7. The spectroscopic data are in 

agreement with the literature. [391] GC-MS, m/z: 184.1 [M]+. 

 

9,9-dihexyl-2,7-diphenyl-9H-fluorene 

 

 
The reaction was performed according to the general procedure reported in the 

thesis (Section 2.3.2; Scheme 7). The product was isolated as a white solid by 

column chromatography on silica gel with hexane/DCM (8:2) as eluent; m.p. 80 

– 150 °C; 1H NMR (500 MHz, CDCl3) δ (ppm): δ 7.79 (d, J = 7.8 Hz, 2H), 7.70 (m, 

4H), 7.61 (m, 4H), 7.50 (m, 4H), 7.38 (m, 2H), 2.06 (m, 4H), 1.15 (m, 12H), 0.7 (m, 

10H); 13C NMR (125 MHz, CDCl3, ppm): δ 151.84, 145.23, 142.44, 139.87, 133.51, 

128.05, 125.07, 124.45, 122.41, 119.68, 55.24, 40.43,  31.79, 30.01, 29.18, 23.73, 

22.59, 14.05. GC-MS, m/z: 486.3 [M]+. 
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Conclusions 

 

In summary, the activities carried out during the PhD project have been focused 

on the development of innovative and eco-friendly protocols to reduce the 

Chemical Oxygen Demand (COD) of landfill leachate concentrate samples, to 

values next to the limits set by current regulations (160 mg/L). The COD is an 

important parameter to estimate the presence of undesirable oxidizable organic 

and inorganic substance, thus allowing to assess the environmental risk related 

to leachate concentrate disposal. Reducing COD is a critical target at both 

national and international levels, as it can contribute to solve the issue of 

leachate disposal, which accumulates in large amounts in landfills. The research 

was carried out in deep collaboration with the Tecnologia & Ambiente 

environmental service company (T&A, Putignano, Apulia Region, Italy), funder of 

the PhD position. 

 

Recyclable waste materials derived from spent automotive converters (SCATs) 

were used as heterogeneous catalysts for both the oxidative treatment of 

leachate concentrates with hydrogen peroxide and for Csp2-Csp2 bond forming 

reactions such as the Suzuki-Miyaura cross-coupling of aryl boronic acids with 

aryl halides. The regenerated SCAT was found to be highly efficient in both 

processes, ensuring up to five and nine recovery cycles for leachate oxidation and 

Suzuki cross coupling respectively. 

 

Moreover, Gel Permeation Chromatography was demonstrated to be a promising 

technique for COD detection, with the possibility to avail of 

polymethylmethacrylate and water as the green stationary phase and the 

solvent, respectively. Despite the need for further optimization, this method has 

been proven to be very straightforward, fast and eco sustainable with respect to 

the well-known EPA 410.4 revised 2.0 protocol. 

 

A further project investigated during the PhD course dealt with the study of 

supercritical fluid-based extraction of biofuel from fishing waste collected from 

two trawlers in the southwestern Adriatic Sea. Supercritical carbon dioxide (sc-

CO₂) was used as a green solvent for this aim and the extracted lipid oils, were 

then converted into fatty acid methyl esters (FAME) suitable as biodiesel. This 
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work led to the publication of the article “Green production of biofuels from fish 

discards using supercritical Carbon Dioxide as the extraction solvent.” authored 

by Sini V., Carluccio A., Marangi M., Ragni R., D’Onghia G., Cotugno P. in 2022 

IEEE International Workshop on Metrology for the Sea; Learning to Measure Sea 

Health Parameters (MetroSea) (pp. 91-95). 

  

Main outputs of the research activity  

 

1. Oxidative treatments of landfill leachate to reduce COD 

The effectiveness of regenerated SCAT as heterogeneous catalyst was 

studied in the oxidation reaction of landfill leachate concentrate with 

hydrogen peroxide. Leachate COD was reduced from 16.000 mg/L to 579 

mg/L. Considering that the limit for disposal in the sewage system is 500 

mg/L, this result is highly significant. The best results of 96% COD 

reduction were achieved by firstly working at pH 3 to remove carbonates 

and then at pH 5 to perform the oxidation reaction with hydrogen 

peroxide (530 μL) and SCAT (150 mg),. Furthermore, the recyclability of 

the catalyst was demonstrated for at least five consecutive cycles. 

2. SCAT catalyzed Suzuki Miyaura cross coupling reactions 

SCAT efficacy was demonstrated in Suzuki-Miyaura cross-coupling 

reactions of a wide variety of heteroaryl boronic acids with heteroaryl 

halides. The experimental protocol was optimized by the model reaction 

between phenylboronic acid and 4-iodoanisole and then extended to a 

wide variety of substrates, investigating the electronic effects and 

positions of various functional groups in reagents. The results showed fair 

to high yields (80-99%) and good selectivity not only when using iodides 

and bromides but also for some aryl chlorides, known to be less reactive. 

The SCAT catalyst was also effective in reactions between arylboronic 

acids and aryl dihalides, useful for the synthesis of π-conjugated 

oligomers. Moreover, the recyclability of the catalyst up to nine 

consecutive reactions was also demonstrated by calcination at 450°C for 

one hour and washing with water and ethanol. This output demonstrates 

the promising suitability of SCATs as catalytic waste materials for Csp2-

Csp2 bond forming reactions. Future studies could explore the 

application of SCAT in other types of catalytic reactions, increasing its 

potential in synthetic chemistry. In particular, this study could serve as a 
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foundation for testing the efficiency of other metals beyond palladium, 

such as platinum for the reduction of alkenes or rhodium for the 

hydroformylation of olefins. These investigations could further expand 

the scope of SCAT as a versatile catalyst derived from recycled materials, 

reinforcing its role in the development of sustainable and innovative 

methodologies in organometallic synthesis. 

 

3. Biofuel production by supercritical carbon dioxide based extraction of 

lipid oils from fishing waste 

The effectiveness of supercritical carbon dioxide (sc-CO₂) as eco-friendly 

solvent for the extraction of lipid oils from fishing waste was 

demonstrated in collaboration with other researchers of the group where 

the PhD work was carried out. Experiments were firstly made to find the 

experimental parameters (s-CO2 pressure, flow, and temperature) to 

optimize the extraction yield. A 10% (w/w) yield of fish oil extract (i.e. 10 

g of oil vs 100 g of dry fish waste) was observed working at 30 MPa, 50 

°C, and 1 l/min sc-CO₂ flow rate. The transesterification reaction on the 

extracted oil led to a mixture of saturated and unsaturated fatty acid 

methyl esters (FAME) with C14-C25 alkyl chains, with higher abundance 

for methyl hexadecanoate, (Z,Z)-methyl octadeca-9,12-dienoate, and 

trans-methyl-13-octadecenoate, all suitable for use as biodiesel oils. 

 

In conclusion, the three years PhD overall research work can be regarded as a 

fruitful activity to prove the concept that waste regeneration is more profitable 

than disposal and that “waste for waste” treatment strategies can be extremely 

useful to face the environmental impact of goods consumption, in accordance 

with the Green Deal and Circular Economy.  
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[168] Çeçen, F., & Gürsoy, G. (2000). Characterization of landfill leachates and 

studies on heavy metal removal. Journal of Environmental Monitoring, 2(5), 436-

442. 

[169] Kabdaslı, I., Tünay, O., Öztürk, I., Yılmaz, S., & Arıkan, O. (2000). Ammonia 

removal from young landfill leachate by magnesium ammonium phosphate 

precipitation and air stripping. Water science and technology, 41(1), 237-240.  

[170] Tengrui, L., Al-Harbawi, A. F., Qiang, H., & Jun, Z. (2007). Comparison 

between biological treatment and chemical precipitation for nitrogen removal 

from old landfill leachate. American Journal of Environmental Sciences, 3(4), 183-

187.  

[171] Li, X. Z., Zhao, Q. L., & Hao, X. D. (1999). Ammonium removal from landfill 

leachate by chemical precipitation. Waste management, 19(6), 409-415. 

[172] Li, X. Z., & Zhao, Q. L. (2001). Efficiency of biological treatment affected by 

high strength of ammonium-nitrogen in leachate and chemical precipitation of 

ammonium-nitrogen as pretreatment. Chemosphere, 44(1), 37-43.  

[173] Lee, S. D., Mallampati, S. R., & Lee, B. H. (2017). Hybrid zero valent iron 

(ZVI)/H2O2 oxidation process for landfill leachate treatment with novel nanosize 

metallic calcium/iron composite. Journal of the Air & Waste Management 

Association, 67(4), 475-487. 

[174] Visvanathan, C., Aim, R. B., & Parameshwaran, K. (2000). Membrane 

separation bioreactors for wastewater treatment. Critical reviews in 

environmental science and technology, 30(1), 1-48. 

[175] Calli, B., Mertoglu, B., & Inanc, B. (2005). Landfill leachate management in 

Istanbul: applications and alternatives. Chemosphere, 59(6), 819-829. 

[176] Anqi, T., Zhang, Z., Suhua, H., & Xia, L. (2020, September). Review on landfill 

leachate treatment methods. In IOP Conference Series: Earth and Environmental 

Science (Vol. 565, No. 1, p. 012038). IOP Publishing. 

[177] Peng, Y. (2017). Perspectives on technology for landfill leachate treatment. 

Arabian Journal of Chemistry, 10, S2567-S2574. 



149 
 

[178] Piatkiewicz, W., Biemacka, E., & Suchecka, T. (2001). A polish study: treating 

landfill leachate with membranes. Filtration & separation, 38(6), 22-26. 

[179] Bohdziewicz, J., Bodzek, M., & Górska, J. (2001). Application of pressure-

driven membrane techniques to biological treatment of landfill leachate. Process 

Biochemistry, 36(7), 641-646. 

[180] Syzdek, A. C., & Ahlert, R. C. (1984). Separation of landfill leachate with 

polymeric ultrafiltration membranes. Journal of Hazardous materials, 9(2), 209-

220. 

[181] Tabet, K., Moulin, P., Vilomet, J. D., Amberto, A., & Charbit, F. (2002). 

Purification of landfill leachate with membrane processes: preliminary studies 

for an industrial plant. Separation Science and Technology, 37(5), 1041-1063. 

[182] Kulikowska, D., Zielińska, M., & Konopka, K. (2019). Treatment of stabilized 

landfill leachate in an integrated adsorption–fine-ultrafiltration system. 

International Journal of Environmental Science and Technology, 16, 423-430. 

[183] Urase, T., Salequzzaman, M., Kobayashi, S., Matsuo, T., Yamamoto, K., & 

Suzuki, N. (1997). Effect of high concentration of organic and inorganic matters 

in landfill leachate on the treatment of heavy metals in very low concentration 

level. Water science and technology, 36(12), 349-356.  

[184] Linde, K., & Jönsson, A. S. (1995). Nanofiltration of salt solutions and landfill 

leachate. Desalination, 103(3), 223-232. 

[185] Hasar, H., Unsal, S. A., Ipek, U., Karatas, S., Cınar, O., Yaman, C., & Kınacı, C. 

(2009). Stripping/flocculation/membrane bioreactor/reverse osmosis treatment 

of municipal landfill leachate. Journal of Hazardous Materials, 171(1-3), 309-317.  

[186] Abdel-Shafy HI, Hegemann W, Guindi KA, Tawfik NS, Teschner K. (2005). 

Membrane Bioreactor for the Treatment of Wastewater in an Egyptian Plant. 

Central European J of Occupational & Environ Medicine. 11(33):217–23. 

[187] Ushikoshi, K., Kobayashi, T., Uematsu, K., Toji, A., Kojima, D., & Matsumoto, 

K. (2002). Leachate treatment by the reverse osmosis system. Desalination, 

150(2), 121-129. 

[188] Choo, K. H., & Lee, C. H. (1996). Membrane fouling mechanisms in the 

membrane-coupled anaerobic bioreactor. Water research, 30(8), 1771-1780.  

[189] Madaeni, S. S., & Mansourpanah, Y. C. O. D. (2003). COD removal from 

concentrated wastewater using membranes. Filtration & separation, 40(6), 40-

46. 

[190] Alvarez-Vazquez, H., Jefferson, B., & Judd, S. J. (2004). Membrane 

bioreactors vs conventional biological treatment of landfill leachate: a brief 



150 
 

review. Journal of Chemical Technology & Biotechnology: International Research 

in Process, Environmental & Clean Technology, 79(10), 1043-1049. 

[191] https://www.sepa.org.uk/media/61145/ippc-s503-guidance-for-the-

treatment-of-landfill-leachate-part-1.pdf 

[192] Bashir, M. J., Aziz, H. A., Yusoff, M. S., & Adlan, M. N. (2010). Application of 

response surface methodology (RSM) for optimization of ammoniacal nitrogen 

removal from semi-aerobic landfill leachate using ion exchange resin. 

Desalination, 254(1-3), 154-161. 

[193] Wang, S., & Peng, Y. (2010). Natural zeolites as effective adsorbents in 

water and wastewater treatment. Chemical engineering journal, 156(1), 11-24. 

[194] Mojiri, A., & Branch, I. K. (2011). Review on membrane bioreactor, ion 

exchange and adsorption methods for landfill leachate treatment. Aust. J. Basic 

Appl. Sci, 5(12), 1365-1370. 

[195] Kasmuri, N., Sabri, S. N. M., Wahid, M. A., Rahman, Z. A., Abdullah, M. M., 

& Anur, M. Z. K. (2018, November). Using zeolite in the ion exchange treatment 

to remove ammonia-nitrogen, manganese and cadmium. In AIP Conference 

Proceedings (Vol. 2031, No. 1). AIP Publishing. 

[196] Scandelai, A. P. J., Zotesso, J. P., Jegatheesan, V., Cardozo-Filho, L., & 

Tavares, C. R. G. (2020). Intensification of supercritical water oxidation (ScWO) 

process for landfill leachate treatment through ion exchange with zeolite. Waste 

Management, 101, 259-267.  

[197] Hansen, B. R., & Davies, S. R. (1994). Review of potential technologies for 

the removal of dissolved components from produced water. Chemical 

Engineering Research and Design;(United Kingdom), 72(A2). 

[198] Chuang, K.T. (1993). U.S. Patent No. 5,190,668. Washington, DC: U.S. 

Patent and Trademark Office. 

[199] Ferraz, F. M., Povinelli, J., & Vieira, E. M. (2013). Ammonia removal from 

landfill leachate by air stripping and absorption. Environmental technology, 

34(15), 2317-2326. 

[200] Cheung, K. C., Chu, L. M., & Wong, M. H. (1997). Ammonia stripping as a 

pretreatment for landfill leachate. Water, air, and soil pollution, 94, 209-221. 

[201] Zhang, M., Shi, Q., Song, X., Wang, H., & Bian, Z. (2019). Recent 

electrochemical methods in electrochemical degradation of halogenated 

organics: a review. Environmental Science and Pollution Research, 26, 10457-

10486. 

https://www.sepa.org.uk/media/61145/ippc-s503-guidance-for-the-treatment-of-landfill-leachate-part-1.pdf
https://www.sepa.org.uk/media/61145/ippc-s503-guidance-for-the-treatment-of-landfill-leachate-part-1.pdf


151 
 

[202] Pirsaheb, M., Azizi, E., Almasi, A., Soltanian, M., Khosravi, T., Ghayebzadeh, 

M., et al., 2016. Evaluating the efficiency of electrochemical process in removing 

COD and NH4-N from landfill leachate. Desalin. Water Treat. 57, 6644–6651. 

[203] Al Lawati, M. J., Jafary, T., Baawain, M. S., & Al-Mamun, A. (2019). A mini 

review on biofouling on air cathode of single chamber microbial fuel cell; 

prevention and mitigation strategies. Biocatalysis and Agricultural 

Biotechnology, 22, 101370. 

[204] Guo, Z., Zhang, Y., Jia, H., Guo, J., Meng, X., & Wang, J. (2022). 

Electrochemical methods for landfill leachate treatment: A review on 

electrocoagulation and electrooxidation. Science of the total environment, 806, 

150529. 

[205] Deng, Y., Zhu, X., Chen, N., Feng, C., Wang, H., Kuang, P., & Hu, W. (2020). 

Review on electrochemical system for landfill leachate treatment: Performance, 

mechanism, application, shortcoming, and improvement scheme. Science of the 

total environment, 745, 140768. 

[206] Bayramoglu, M., Kobya, M., Can, O. T., & Sozbir, M. (2004). Operating cost 

analysis of electrocoagulation of textile dye wastewater. Separation and 

Purification Technology, 37(2), 117-125. 

[207] Deng, Y., & Englehardt, J. D. (2007). Electrochemical oxidation for landfill 

leachate treatment. Waste management, 27(3), 380-388. 

[208] Panizza, M., & Cerisola, G. (2009). Direct and mediated anodic oxidation of 

organic pollutants. Chemical reviews, 109(12), 6541-6569. 

[209] Malinovic, B. N., Djuricic, T., & Zoric, D. (2019, February). The impact of 

electrode material in the treatment of landfill leachate by electrocoagulation 

process. In IOP Conference Series: Materials Science and Engineering (Vol. 477, 

No. 1, p. 012040). IOP Publishing. 

[210] Turro, E., Giannis, A., Cossu, R., Gidarakos, E., Mantzavinos, D., & 

Katsaounis, A. (2012). Reprint of: electrochemical oxidation of stabilized landfill 

leachate on DSA electrodes. Journal of hazardous materials, 207, 73-78. 

[211] Krishnan, S., Rawindran, H., Sinnathambi, C. M., & Lim, J. W. (2017, June). 

Comparison of various advanced oxidation processes used in remediation of 

industrial wastewater laden with recalcitrant pollutants. In IOP Conference 

Series: Materials Science and Engineering (Vol. 206, No. 1, p. 012089). IOP 

Publishing. 

[212] Ganiyu, S. O., Martínez-Huitle, C. A., & Oturan, M. A. (2021). 

Electrochemical advanced oxidation processes for wastewater treatment: 



152 
 

Advances in formation and detection of reactive species and mechanisms. 

Current Opinion in Electrochemistry, 27, 100678. 

[213] Chin, Y. T., Bashir, M. J., Amr, S. S. A., & Alazaiza, M. Y. (2022). Factorial 

design and optimization of thermal activation of persulfate for stabilized 

leachate treatment. Desalination and Water Treatment, 250, 211-220. 

[214] Liotta, L. F., Gruttadauria, M., Di Carlo, G., Perrini, G., & Librando, V. (2009). 

Heterogeneous catalytic degradation of phenolic substrates: catalysts activity. 

Journal of hazardous materials, 162(2-3), 588-606. 

[215] Jamali, G. A., Devrajani, S. K., Memon, S. A., Qureshi, S. S., Anbuchezhiyan, 

G., Mubarak, N. M., ... & Siddiqui, M. T. H. (2024). Holistic insight Mechanism of 

ozone-based oxidation process for wastewater treatment. Chemosphere, 

142303. 

[216] Shah, M. P., Bera, S. P., & Tore, G. Y. (Eds.). (2022). Advanced Oxidation 

Processes for Wastewater Treatment: An Innovative Approach. CRC Press. 

[217] Miklos, D. B., Remy, C., Jekel, M., Linden, K. G., Drewes, J. E., & Hübner, U. 

(2018). Evaluation of advanced oxidation processes for water and wastewater 

treatment–A critical review. Water research, 139, 118-131. 

[218] Tizaoui, C., Bouselmi, L., Mansouri, L., & Ghrabi, A. (2007). Landfill leachate 

treatment with ozone and ozone/hydrogen peroxide systems. Journal of 

hazardous materials, 140(1-2), 316-324. 

[219] Wang, F., Smith, D. W., & El-Din, M. G. (2003). Application of advanced 

oxidation methods for landfill leachate treatment–A review. Journal of 

Environmental Engineering and Science, 2(6), 413-427. 

[220] Chen, W. S., Juan, C. N., & Wei, K. M. (2007). Decomposition of 

dinitrotoluene isomers and 2, 4, 6-trinitrotoluene in spent acid from toluene 

nitration process by ozonation and photo-ozonation. Journal of Hazardous 

Materials, 147(1-2), 97-104. 

[221] Deng, Y. (2007). Physical and oxidative removal of organics during Fenton 

treatment of mature municipal landfill leachate. Journal of Hazardous Materials, 

146(1-2), 334-340. 
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Appendix 1 
 

Table 8 BAT-associated emission levels (BAT-AELs) for direct discharges to a receiving 
water body [107] 

 

Substance/Parameter BAT-AEL (1) 
Waste treatment process to which the 

BAT-AEL applies 

Total organic carbon (TOC) (2) 
10-60 mg/L 

All waste treatments except treatment of 
water-based liquid waste 

10-100 mg/L 
(3)(4) 

Treatment of water-based liquid waste 

Chemical oxygen demand (COD) (2) 
30-180 mg/L 

All waste treatments except treatment of 
water-based liquid waste 

30-300 mg/L 
(3)(4) 

Treatment of water-based liquid waste 

Total suspended solids (TSS) 5-60 mg/L All waste treatments 

Hydrocarbon oil index (HOI) 0,5-10 mg/L 

- Mechanical treatment in shredders of metal 
waste 
- Treatment of WEEE containing VFCs and/or 
VHCs 
- Re-refining of waste oil 
- Physico-chemical treatment of waste with 
calorific value 
- Water washing of excavated contaminated soil 
- Treatment of water-based liquid waste 

Total nitrogen (Total N) 

1-25 g/L 
(5)(6) 

- Biological treatment of waste 
- Re-refining of waste oil 

10-60 g/L 
(5)(6)(7) 

Treatment of water-based liquid waste 

Total phosphorus (Total P) 
0,3-2 mg/L Biological treatment of waste 

1-3 mg/L (4) Treatment of water-based liquid waste 

Phenol index 
0,05-0,2 mg/L 

- Re-refining of waste oil 
- Physico-chemical treatment of waste with 
calorific value 

0,05-0,3 mg/L Treatment of water-based liquid waste 

Free cyanide (CN-) (8) 0,02-0,1 mg/L Treatment of water-based liquid waste 

Adsorbable organically bound halogens 
(AOX) (8) 

0,2-1 mg/L Treatment of water-based liquid waste 

 
 

Metals and 
metalloids (8) 

Arsenic (expressed as As) 
 

0,01-0,05 
mg/L - Mechanical treatment in shredders of metal 

waste 
- Treatment of WEEE containing VFCs and/or 
VHCs 
- Mechanical biological treatment of waste 
- Re-refining of waste oil 
- Physico-chemical treatment of waste with 
calorific value 
- Physico-chemical treatment of
 solid and/or pasty waste 
- Regeneration of spent solvents 
- Water washing of excavated contaminated soil 

Cadmium (expressed as 
Cd) 

 
0,01-0,05 

mg/L 

Chromium (expressed as 
Cr) 

 
0,01-0,15 

mg/L 

Copper (expressed as Cu) 
 

0,05-0,5 mg/L 

Lead (expressed as Pb) 
0,05-0,1 mg/L 

(9) 

Nickel (expressed as Ni) 
 

0,05-0,5 mg/L 
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Mercury (expressed as 
Hg) 

 
0,5-5 µg/L 

Zinc (expressed as Zn) 
0,1-1 mg/L 

(10) 

Arsenic (expressed as As) 
 

0,01-0,1 mg/L 

Treatment of water-based liquid waste 

Cadmium (expressed as 
Cd) 

 
0,01-0,1 mg/L 

Chromium (expressed as 
Cr) 

 
0,01-0,3 mg/L 

Hexavalent chromium 
(expressed as Cr(VI)) 

 
0,01-0,1 mg/L 

Copper (expressed as Cu) 
 

0,05-0,5 mg/L 

Lead (expressed as Pb) 0,05-0,3 mg/L 

Nickel (expressed as Ni) 
 

0,05-1 mg/L 

Mercury (expressed as 
Hg) 

 
1-10 µg/L 

Zinc (expressed as Zn) 0,1-2 mg/L 

(1) The averaging periods are defined in the General considerations. 

(2) Either the BAT-AEL for COD or the BAT-AEL for TOC applies. TOC monitoring is the preferred option because it does not 
rely on the use of very toxic compounds. 

(3) The upper end of the range may not apply: 

— when the abatement efficiency is ≥ 95 % as a rolling yearly average and the waste input shows the following character- 
istics: TOC > 2 g/l (or COD > 6 g/l) as a daily average and a high proportion of refractory organic compounds (i.e. 
which are difficult to biodegrade); or 

— in the case of high chloride concentrations (e.g. above 5 g/l in the waste input). 

(4) The BAT-AEL may not apply to plants treating drilling muds/cuttings. 

(5) The BAT-AEL may not apply when the temperature of the waste water is low (e.g. below 12 °C). 

(6) The BAT-AEL may not apply in the case of high chloride concentrations (e.g. above 10 g/l in the waste input). 

(7) The BAT-AEL only applies when biological treatment of waste water is used. 

(8) The BAT-AELs only apply when the substance concerned is identified as relevant in the waste water inventory mentioned in 
BAT 3. 

(9) The upper end of the range is 0,3 mg/l for mechanical treatment in shredders of metal waste. 

(10) The upper end of the range is 2 mg/l for mechanical treatment in shredders of metal waste. 

 

Table 9 BAT-associated emission levels (BAT-AELs) for indirect discharges to a receiving 
water body [107] 

 

Substance/Parameter 
BAT-AEL 

(1)(2) 
Waste treatment process to which the 

BAT-AEL applies 

Hydrocarbon oil index (HOI) 
0,5-10 
mg/L 

- Mechanical treatment in shredders of metal 
waste 
- Treatment of WEEE containing VFCs and/or 
VHCs 
- Re-refining of waste oil 
- Physico-chemical treatment of waste with 
calorific value 
- Water washing of excavated contaminated soil 
- Treatment of water-based liquid waste 

Free cyanide (CN-) (8) 
0,02-0,1 

mg/L 
Treatment of water-based liquid waste 

Adsorbable organically bound halogens (AOX) 
(8) 

0,2-1 mg/L Treatment of water-based liquid waste 

 Arsenic (expressed as As)  - Mechanical treatment in shredders of metal 
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Metals and 

metalloids (8) 

0,01-0,05 
mg/L 

waste 
- Treatment of WEEE containing VFCs and/or 
VHCs 
- Mechanical biological treatment of waste 
- Re-refining of waste oil 
- Physico-chemical treatment of waste with 
calorific value 
- Physico-chemical treatment of solid 
and/or pasty waste 
- Regeneration of spent solvents 
- Water washing of excavated contaminated soil 

Cadmium (expressed as 
Cd) 

 
0,01-0,05 

mg/L 

Chromium (expressed as 
Cr) 

 
0,01-0,15 

mg/L 

Copper (expressed as Cu) 
 

0,05-0,5 
mg/L 

Lead (expressed as Pb) 
0,05-0,1 
mg/L (4) 

Nickel (expressed as Ni) 
 

0,05-0,5 
mg/L 

Mercury (expressed as Hg) 
 

0,5-5 µg/L 

Zinc (expressed as Zn) 
0,1-1 mg/L 

(5) 

Arsenic (expressed as As) 
 

0,01-0,1 
mg/L 

Treatment of water-based liquid waste 

Cadmium (expressed as 
Cd) 

 
0,01-0,1 

mg/L 

Chromium (expressed as 
Cr) 

 
0,01-0,3 

mg/L 

Hexavalent chromium 
(expressed as Cr(VI)) 

 
0,01-0,1 

mg/L 

Copper (expressed as Cu) 
 

0,05-0,5 
mg/L 

Lead (expressed as Pb) 
0,05-0,3 

mg/L 

Nickel (expressed as Ni) 
 

0,05-1 
mg/L 

Mercury (expressed as Hg) 
 

1-10 µg/L 

Zinc (expressed as Zn) 0,1-2 mg/L 

(1) The averaging periods are defined in the General considerations. 

(2) The BAT-AELs may not apply if the downstream waste water treatment plant abates the pollutants concerned, provided this does 
not lead to a higher level of pollution in the environment. 

(3) The BAT-AELs only apply when the substance concerned is identified as relevant in the waste water inventory mentioned in BAT 3. 

(4) The upper end of the range is 0,3 mg/l for mechanical treatment in shredders of metal waste. 

(5) The upper end of the range is 2 mg/l for mechanical treatment in shredders of metal waste. 

 

Table 10 Water emission monitoring according to EN and ISO standards [107] 

 

Substance/ 
parameter 

Standard(s) 
Waste treatment 

process 

Minimum 
monitoring 
frequency 

(1)(2) 

Monitoring 
associated 

with 
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Adsorbable organically 
bound halogens (AOX) 
(3)(4) 

EN ISO 9562 
Treatment of water-
based liquid waste 

Once every 
day 

BAT 20 

Benzene, toluene, 
ethylbenzene, xylene 

(BTEX)(3)(4) 
EN ISO 15680 

Treatment of water-
based liquid waste 

Once every 
month 

 

 
Chemical oxygen 
demand (COD)(5)(6) 

 
No EN standard 
available 

 

All waste treatments 
except treatment of 
water-based liquid 
waste 

Once every 
month 

Treatment of water-
based liquid waste 

Once every 
day 

Free cyanide (CN-)(3)(4) 

Various EN standards 
available (i.e. EN ISO 
14403-1 and -2) 

Treatment of water-
based liquid waste 

 
Once every 
day 

Hydrocarbon oil index 
(HOI)(4) 

EN ISO 9377-2 

Mechanical 
treatment in 
shredders of metal 
waste Once every 

month 
 
 
 
 
 
 
 

 

Treatment of WEEE 
containing VFCs 
and/or VHCs 

Re-refining of waste 
oil 

Physico-chemical 
treatment of waste 
with calorific value 

Water washing of 
excavated con- 
taminated soil 

Treatment of water-
based liquid waste 

Once every 
day 

Arsenic (As), Cadmium 
(Cd), Chromium (Cr), 

Copper (Cu), Nickel (Ni), 
Lead (Pb), Zinc (Zn) (3)(4) 

Various EN standards 
available (e.g. EN ISO 
11885, EN ISO 17294-
2, EN ISO 15586) 

Mechanical 
treatment in 
shredders of metal 
waste 

Once every 
month 

Treatment of WEEE 
containing VFCs 
and/or VHCs 

Mechanical 
biological treatment 
of waste 

Re-refining of waste 
oil 

Physico-chemical 
treatment of waste 
with calorific value 

Physico-chemical 
treatment of solid 
and/or pasty waste 

Regeneration of 
spent solvents 

Water washing of 
taminated soil 

 

 
Treatment of water-
based liquid waste 

Once every 
day 
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Manganese (Mn) (3)(4) 
Treatment of water-
based liquid waste 

Once every 
day 

Hexavalent chromium 
(Cr(VI))(3)(4) 

Various EN standards 
available (i.e. EN ISO 
10304-3, EN ISO 
23913) 

Treatment of water-
based liquid waste 

Once every 
day 

Mercury (Hg) (3)(4) 
Various EN standards 
available (i.e. EN ISO 
17852, EN ISO 12846) 

Mechanical 
treatment in 
shredders of metal 
waste 

Once every 
month 

Treatment of WEEE 
containing VFCs 
and/or VHCs 

Mechanical 
biological treatment 
of waste 

Re-refining of waste 
oil 

Physico-chemical 
treatment of waste 
with calorific value 

Physico-chemical 
treatment of solid 
and/or pasty waste 

Regeneration of 
spent solvents 

Water washing 
taminated soil 

 

Treatment of water-
based liquid waste 

Once every 
day 

PFOA (3)  
No EN standard 
available 

All waste treatments 
 

Once every six 
months 

PFOS (3) 

Phenol index (6) EN ISO 14402 

Re-refining of waste 
oil 

Once every 
month 

Physico-chemical 
treatment of waste 
with calorific value 

Treatment of water-
based liquid waste 

Once every 
day 
 
 

Total nitrogen (Total N) 
(6) 

EN 12260, EN ISO 
11905-1 

Biological treatment 
of waste Once every 

month Re-refining of waste 
oil 

Treatment of water-
based liquid waste 

Once every 
day 

Total organic carbon 
(TOC) (5)(6) 

EN 1484 

All waste treatments 
except treatment of 
water-based liquid 
waste 

Once every 
month 

Treatment of water-
based liquid waste 

Once every 
day 

 Various EN standards 
available (i.e. EN ISO 

Biological treatment 
of waste 

Once every 
month 
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Total phosphorus (Total 
P) (6) 

15681-1 and -2, EN 
ISO 6878, EN ISO 
11885) 

Treatment of water-
based liquid waste 

Once every 
day 

Total suspended solids 
(TSS) (6) 

EN 872 

All waste treatments 
except treatment of 
water-based liquid 
waste 

Once every 
month 

  
Treatment of water-
based liquid waste 

Once every 
day 

(1) Monitoring frequencies may be reduced if the emission levels are proven to be sufficiently stable. 

(2) In the case of batch discharge less frequent than the minimum monitoring frequency, monitoring is carried out once per batch. 

(3) The monitoring only applies when the substance concerned is identified as relevant in the waste water inventory mentioned in 
BAT 3. 

(4) In the case of an indirect discharge to a receiving water body, the monitoring frequency may be reduced if the downstream waste 
water treatment plant abates the pollutants concerned. 

(5) Either TOC or COD is monitored. TOC is the preferred option, because its monitoring does not rely on the use of very toxic 
compounds. 

(6) The monitoring applies only in the case of a direct discharge to a receiving water body. 

 

Table 11 Techniques used to limit water emissions [107] 

 

Technique 
(1) 

Typical pollutants targeted Applicability 

 
Preliminary and primary treatment, e.g. 

a. Equalisation All pollutants 

Generally applicable. 

b. Neutralisation Acids, alkalis 

c. 

Physical separation, e.g. 
screens, sieves, grit separ- 
ators, grease separators, oil- 

water separation or pri- mary 
settlement tanks 

Gross solids, suspended 
solids, oil/grease 

 
Physico-chemical treatment, e.g. 

d. Adsorption 

Adsorbable dissolved non-
biodegradable or 

inhibitory pollutants, e.g. 
hydrocarbons, mercury, 

AOX 

Generally applicable. 

e. 
Distillation/ 

rectification 

Dissolved non-
biodegradable or inhibitory 

pollutants that can be 
distilled, e.g. some 

solvents 

f. Precipitation 

Precipitable dissolved non-
biodegradable or inhibitory 

pollutants, e.g. metals, 
phos- phorus 

g. Chemical oxidation 

Oxidisable dissolved non-
biodegradable or 

inhibitory pollutants, e.g. 
nitrite, cyanide 

h. Chemical reduction 

Reducible dissolved non-
biodegradable or inhibitory 

pollutants, e.g. 
hexavalent chro- mium 

(Cr(VI)) 
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i. Evaporation Soluble contaminants 

j. Ion exchange 

Ionic dissolved non-
biodegradable or inhib- 
itory pollutants, e.g. 

metals 

k. Stripping 

Purgeable pollutants, e.g. 
hydrogen sulphide (H2S), 

ammonia (NH3), some 

adsorbable organically 
bound halogens (AOX), 

hydro- carbons 

 
Biological  treatment, e.g. 

l. Activated sludge process 
Biodegradable organic 

compounds 
Generally applicable 

m. Membrane bioreactor   

 
Nitrogen removal 

n. 
Nitrification/denitrification 

when the treatment includes 
a biological treatment 

Total nitrogen, ammonia 

Nitrification may not be ap- 
plicable in the case of high 
chloride concentrations (e.g. 
above 10 g/l) and when the 

reduction of the chloride 
concentration prior to nitri- 

fication would not be justi- fied 
by the environmental benefits. 
Nitrification is not applicable 

when the tem- perature of the 
waste water is low (e.g. below 12 

°C). 

 
Solids removal, e.g. 

o. 
 

Coagulation and floccula- tion 

Suspended solids and 
particulate-bound metals 

Generally applicable. 
 

p. Sedimentation 

q. 
Filtration (e.g. sand filtra- 
tion, microfiltration, ultra- 

filtration) 

r. Flotation 
(1) The descriptions of the techniques are given in Section 6.3. 
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