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RESUMEN (en español) 
 

En esta tesis doctoral se ha estudiado la aplicación de las técnicas de tratamiento 

hidrotérmicas de tipo oxidativa (oxidación húmeda) y no-oxidativa (hidrólisis térmica) para 

reducir el volumen de lodos activados. El propósito de este trabajo consistió en analizar el 

efecto de estos tratamientos sobre las propiedades químicas, biológicas y reológicas del lodo. 

Además, la oxidación húmeda fue empleada para tratar tanto el lodo crudo, como sus 

componentes estructurales con el fin de investigar en mayor profundidad las reacciones 

envueltas en este proceso. 

Preliminarmente, se llevó a cabo una revisión bibliográfica en la cual se encontró que existen 

numerosos datos sobre productos de valor industrial formados durante los tratamientos 

hidrotérmicos del lodo, pero que se encontraban muy dispersos en la amplia literatura del tema. 

Por lo tanto, se preparó un documento tipo review, en el cual se abordó esa temática, y que a 

su vez sirve como parte complementaria a la introducción de la tesis. 

Posteriormente, se analizó el efecto de las variables de operación de ambos tratamientos sobre 

las propiedades físicas, químicas y reológicas de los lodos. Se establecieron ecuaciones 

empíricas para modelar los efectos de la solubilización de sólidos sobre las propiedades 

reológicas del lodo cuando fue aplicada la hidrólisis térmica. Asimismo, se propuso un 

mecanismo de reacción para la oxidación húmeda del lodo, el cual incluyó dos etapas en serie: 

primero la solubilización del material orgánico sólido y segundo la oxidación del material 

solubilizado.   

El siguiente paso fue comparar y analizar las diferencias entre ambas técnicas hidrotérmicas 

aplicadas al tratamiento del lodo. Los resultados mostraron que la oxidación húmeda 

representa una técnica más efectiva para el tratamiento de los lodos, aportando mejores 

resultados en términos de solubilización, sedimentabilidad y mineralización.  

La parte restante de la investigación se centró en estudiar en más detalle el tratamiento por 

oxidación húmeda del lodo. Para tal fin, los lodos fueron separados en sus componentes 

estructurales correspondientes a: productos microbianos solubles, sustancias poliméricas 

extracelulares débilmente ligadas, sustancias poliméricas extracelulares fuertemente ligadas y 

células. Cada fracción por separado fue sometida a tratamiento por oxidación húmeda y los 

resultados se compararon con los obtenidos del lodo crudo. De esta forma, se identificó que la 

oxidabilidad de los biopolímeros que componen el lodo, es dependiente de la localización de 

estos en la estructura flocular. Por lo tanto, mayor refractariedad a la oxidación fue observada 

en las fracciones localizadas más externamente de las células. Además, la distribución del 

tamaño molecular de los biopolímeros durante la oxidación húmeda, mostró que las moléculas 

de mayor tamaño fueron degradadas tanto por reacciones de hidrólisis térmica como de 



                                                                

 
 

 

oxidación, obteniéndose al final del tratamiento un efluente compuesto principalmente de 

polímeros de bajo peso molecular (<35 kDa).  

En la etapa final se analizó el efecto de la oxidación húmeda sobre los principales biopolímeros 

del lodo, llevando a cabo este estudio para cada componente estructural del lodo. A partir de 

estos resultados fue propuesto y validado un modelo cinético que incluye los efectos de la 

concentración de oxígeno y de la temperatura del proceso, sobre las velocidades de 

solubilización de los sólidos volátiles, así como en las velocidades de formación y de reacción 

de los principales biopolímeros solubilizados.  

Adicionalmente, se analizó el efecto causado por la oxidación húmeda sobre las propiedades 

físico-químicas y la composición de tres muestras de lixiviados de vertedero (joven, maduro y 

estabilizado biológicamente). La identificación de los compuestos orgánicos presentes tanto en 

las muestras iniciales como en las tratadas por oxidación húmeda se realizó por medio de la 

técnica de Cromatografía Líquida-Espectrometría de Masas. 

 
RESUMEN (en Inglés) 

 

In this doctoral thesis, the application of hydrothermal treatments both oxidative (wet oxidation) 

and non-oxidative (thermal hydrolysis) to stabilize activated sludge has been studied. 

Specifically, the purpose of this work was to analyse the effect of these treatments on the 

chemical, biological and rheological properties of sludge, in order to investigate in more depth 

the reactions involved in this process. 

As a preliminary part of this study, an extensive literature review of the research works related 

to the topic was carried out. Consequently, it was observed that there are numerous published 

data on valuable industrial products formed during the hydrothermal treatments of sludge, but 

those were too scattered in the wide literature about the subject. Therefore, a review article 

dealing with this topic was prepared, which in turn will serve as a complementary part to the 

introduction section. 

Afterwards, the effect of the operating variables for both treatments on the physical, chemical 

and rheological properties from sludge was analysed. Empirical equations to model the effects 

of solubilisation of solids by thermal hydrolysis on the rheological behaviour of the sludge were 

stablished. Likewise, a reaction mechanism was proposed for sludge wet oxidation, which 

included two stages in series: firstly, the solubilisation of the solid organic matter; secondly, the 

oxidation of the solubilised material.   

The next step was to compare and analyse the differences between both hydrothermal 

techniques applied to the sludge treatment. The results showed that wet oxidation represents a 

more effective technique to treat sewage sludge, providing better results in terms of 

solubilisation, settleability and mineralization than thermal hydrolysis.  

According to the above mentioned, the following part of the research was focused on studying 

in more detail the treatment of the sludge by wet oxidation. For that purpose, the sludge was 

separated into its structural components, which correspond to: soluble microbial products, 

loosely bound extracellular polymeric substances, tightly bound extracellular polymeric 

substances and naked cells. Each fraction was subjected separately to treatment by wet 

oxidation and the results were compared with those obtained from the treatment of the raw 

sludge. In this way, it was identified that the oxidability of the biopolymers that make up the 

sludge depends on the location of these in the floc structure. Therefore, greater refractoriness to 

the oxidation was observed on those fractions located more externally to the cells. Moreover, 

the analysis of the molecular size distribution of the biopolymers during wet oxidation showed 

that the larger molecules were degraded by thermal hydrolysis and oxidation reactions, 

obtaining an effluent composed mainly of low molecular weight polymers (<35 kDa) at the end 



                                                                

 
 

 

of the treatment.  

In the final stage of the research, the effect of wet oxidation on the main biopolymers of the 

sludge was analysed, carrying out that study for each structural component of the sludge. From 

these results, a kinetic model that includes the effects of oxygen concentration and temperature 

of the process, as well as the rates of formation and reaction of the main solubilised 

biopolymers was proposed and validated. 

In addition, a study addressed to analyse the effect of wet oxidation on physicochemical 

characteristics and composition of different landfill leachates (young, old and biologically 

stabilised) was carried out. Liquid Chromatography Mass Spectrometry was used to identify the 

organic compounds present in the leachates and their transformations during the wet oxidation 

treatment. 
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SUMMARY 

In this doctoral thesis, the application of hydrothermal treatments both oxidative (wet 

oxidation) and non-oxidative (thermal hydrolysis) to stabilize activated sludge has been 

studied. Specifically, the purpose of this work was to analyse the effect of these 

treatments on the chemical, biological and rheological properties of sludge, in order to 

investigate in more depth the reactions involved in this process. 

As a preliminary part of this study, an extensive literature review of the research works 

related to the topic was carried out. Consequently, it was observed that there are 

numerous published data on valuable industrial products formed during the 

hydrothermal treatments of sludge, but those were too scattered in the wide literature 

about the subject. Therefore, a review article dealing with this topic was prepared, 

which in turn will serve as a complementary part to the introduction section. 

Afterwards, the effect of the operating variables for both treatments on the physical, 

chemical and rheological properties from sludge was analysed. Empirical equations to 

model the effects of solubilisation of solids by thermal hydrolysis on the rheological 

behaviour of the sludge were established. Likewise, a reaction mechanism was proposed 

for sludge wet oxidation, which included two stages in series: firstly, the solubilisation 

of the solid organic matter; secondly, the oxidation of the solubilised material.   

The next step was to compare and analyse the differences between both hydrothermal 

techniques applied to the sludge treatment. The results showed that wet oxidation 

represents a more effective technique to treat sewage sludge, providing better results in 

terms of solubilisation, settleability and mineralization than thermal hydrolysis.  

According to the above mentioned, the following part of the research was focused on 

studying in more detail the treatment of the sludge by wet oxidation. For that purpose, 

the sludge was separated into its structural components, which correspond to: soluble 

microbial products, loosely bound extracellular polymeric substances, tightly bound 

extracellular polymeric substances and naked cells. Each fraction was subjected 

separately to treatment by wet oxidation and the results were compared with those 

obtained from the treatment of the raw sludge. In this way, it was identified that the 

oxidability of the biopolymers that make up the sludge depends on the location of these 

in the floc structure. Therefore, greater refractoriness to the oxidation was observed on 
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those fractions located more externally to the cells. Moreover, the analysis of the 

molecular size distribution of the biopolymers during wet oxidation showed that the 

larger molecules were degraded by thermal hydrolysis and oxidation reactions, 

obtaining an effluent composed mainly of low molecular weight polymers (<35 kDa) at 

the end of the treatment.  

In the final stage of the research, the effect of wet oxidation on the main biopolymers of 

the sludge was analysed, carrying out that study for each structural component of the 

sludge. From these results, a kinetic model that includes the effects of oxygen 

concentration and temperature of the process, as well as the rates of formation and 

reaction of the main solubilised biopolymers was proposed and validated. 

In addition, a study addressed to analyse the effect of wet oxidation on physicochemical 

characteristics and composition of different landfill leachates (young, old and 

biologically stabilised) was carried out. Liquid Chromatography Mass Spectrometry 

was used to identify the organic compounds present in the leachates and their 

transformations during the wet oxidation treatment. 
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RESUMEN 

En esta tesis doctoral se ha estudiado la aplicación de las técnicas de tratamiento 

hidrotérmicas de tipo oxidativa (oxidación húmeda) y no-oxidativa (hidrólisis térmica) 

para reducir el volumen de lodos activados. El propósito de este trabajo consistió en 

analizar el efecto de estos tratamientos sobre las propiedades químicas, biológicas y 

reológicas del lodo. Además, la oxidación húmeda fue empleada para tratar tanto el lodo 

crudo, como sus componentes estructurales con el fin de investigar en mayor 

profundidad las reacciones envueltas en este proceso. 

Preliminarmente, se llevó a cabo una revisión bibliográfica en la cual se encontró que 

existen numerosos datos sobre productos de valor industrial formados durante los 

tratamientos hidrotérmicos del lodo, pero que se encontraban muy dispersos en la 

amplia literatura del tema. Por lo tanto, se preparó un documento tipo review, en el cual 

se abordó esa temática, y que a su vez sirve como parte complementaria a la 

introducción de la tesis. 

Posteriormente, se analizó el efecto de las variables de operación de ambos tratamientos 

sobre las propiedades físicas, químicas y reológicas de los lodos. Se establecieron 

ecuaciones empíricas para modelar los efectos de la solubilización de sólidos sobre las 

propiedades reológicas del lodo cuando fue aplicada la hidrólisis térmica. Asimismo, se 

propuso un mecanismo de reacción para la oxidación húmeda del lodo, el cual incluyó 

dos etapas en serie: primero la solubilización del material orgánico sólido y segundo la 

oxidación del material solubilizado.   

El siguiente paso fue comparar y analizar las diferencias entre ambas técnicas 

hidrotérmicas aplicadas al tratamiento del lodo. Los resultados mostraron que la 

oxidación húmeda representa una técnica más efectiva para el tratamiento de los lodos, 

aportando mejores resultados en términos de solubilización, sedimentabilidad y 

mineralización.  

La parte restante de la investigación se centró en estudiar en más detalle el tratamiento 

por oxidación húmeda del lodo. Para tal fin, los lodos fueron separados en sus 

componentes estructurales correspondientes a: productos microbianos solubles, 

sustancias poliméricas extracelulares débilmente ligadas, sustancias poliméricas 

extracelulares fuertemente ligadas y células. Cada fracción por separado fue sometida a 
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tratamiento por oxidación húmeda y los resultados se compararon con los obtenidos del 

lodo crudo. De esta forma, se identificó que la oxidabilidad de los biopolímeros que 

componen el lodo, es dependiente de la localización de estos en la estructura flocular. 

Por lo tanto, mayor refractariedad a la oxidación fue observada en las fracciones 

localizadas más externamente de las células. Además, la distribución del tamaño 

molecular de los biopolímeros durante la oxidación húmeda, mostró que las moléculas 

de mayor tamaño fueron degradadas tanto por reacciones de hidrólisis térmica como de 

oxidación, obteniéndose al final del tratamiento un efluente compuesto principalmente 

de polímeros de bajo peso molecular (<35 kDa).  

En la etapa final se analizó el efecto de la oxidación húmeda sobre los principales 

biopolímeros del lodo, llevando a cabo este estudio para cada componente estructural 

del lodo. A partir de estos resultados fue propuesto y validado un modelo cinético que 

incluye los efectos de la concentración de oxígeno y de la temperatura del proceso, 

sobre las velocidades de solubilización de los sólidos volátiles, así como en las 

velocidades de formación y de reacción de los principales biopolímeros solubilizados.  

Adicionalmente, se analizó el efecto causado por la oxidación húmeda sobre las 

propiedades físico-químicas y la composición de tres muestras de lixiviados de 

vertedero (joven, maduro y estabilizado biológicamente). La identificación de los 

compuestos orgánicos presentes tanto en las muestras iniciales como en las tratadas por 

oxidación húmeda se realizó por medio de la técnica de Cromatografía Líquida-

Espectrometría de Masas. 
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OBJECTIVES 

3 

 

The general aim of this thesis was focused on studying and analysing the effect of 

hydrothermal treatment techniques (thermal hydrolysis and wet oxidation) on the 

properties of sewage sludge. In addition, differences on the characteristics of sludge 

treated under inert or oxidising conditions were established. In basis to the results of 

treatment achieved, the best technique was selected to carry out a study in greater depth 

about its effect on the structural components of sludge. For the development of this 

work, the following specific objectives were proposed:   

 To analyse the effect of operating conditions (temperature, pressure and reaction 

time) of thermal hydrolysis and wet oxidation on physical, chemical and 

rheological properties of the sludge. 

 To establish a reaction mechanism and propose a kinetic model for sludge wet 

oxidation. 

 To study and compare the effect of an inert or oxidising atmosphere on 

solubilisation, mineralisation and settleability of sludge, as well as on the 

composition and molecular weight sizes of the biopolymers solubilised during 

the treatment. 

 To choose the more effective hydrothermal treatment in order to investigate and 

analyse in more detail the changes in both the structural components and the 

main species of polymeric substances from sludge during the treatment. 
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2.1 ORIGIN AND CURRENT PANORAMA ON THE PRODUCTION OF 

BIOLOGICAL SLUDGE 

Treatment biological systems are a method applied commonly for treating wastewater 

with biodegradable characteristics. Success of these systems is mainly due to its 

simplicity and low operation costs when it is compared to other physical, chemical or 

physicochemical processes. 

Removal and stabilization of organic matter in wastewater by biological processes are 

achieved by the action of a variety of microorganisms, mainly bacteria. These 

microorganisms use biodegradable compounds as a substrate to carry out their 

metabolism and to synthesize new cellular material, the latter causing an increase in 

sludge volume in the system (Metcalf & Eddy Inc. et al. 2003). 

The biological treatment system more commonly applied at industrial scale is activated 

sludge, which basically consist of an aerobic treatment process by a suspended culture 

of microorganisms (Hreiz et al. 2015). In this work, activated sludge was used as study 

material during all the research since this is the most generated sludge by wastewater 

treatment plants (WWTPs). The typical characteristics reported in the literature for 

activated sludge are presented in Table 2.1. 

Table 2.1. Typical characteristics of activated sludge. (Metcalf & Eddy Inc. et al. 2003). 

Characteristics Range 

Total dry solids (TS), % 0.83-1.16 

Volatile solids (% of TS) 59-88 

Proteins (% of TS) 32-41 

Nitrogen (N, % of TS) 2.4-5.0 

Phosphorus (P2O5, % of TS) 2.8-11.0 

pH 6.5-8.0 

Management of this sludge has been and continues to be one of the most complex and 

costly problems in WWTPs, representing between 50-60% of total cost of operation 

(Yang et al. 2011). The difficult management of sludge is caused by the high volume 

produced, as well as its difficult dewaterability. 
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In the last decades, the construction of new WWTPs due to the application of the Urban 

Waste Water Treatment Directive 91/271/EEC has led to a considerable increase in the 

sludge production in the European countries (Pérez-Elvira et al. 2006). 

According to the published data by the Eurostat, the sludge production total for the year 

2010 in the European Union (EU) was about 9.2 million tons, this being the last year in 

which were collected the data for almost all the state members. As it can be seen in the 

Figure 2.1, the largest sludge producers were Germany, United Kingdom, Spain, Italy 

and France, achieving the 72% of the total produced by the EU. Moreover, the 

collection of data for the state members has not been consistent from the year 2010, 

especially for the largest sludge producers. Germany is the only large producer of which 

there are annual data until the year 2015. In fact, the sludge production total for the year 

2015 in the EU is only 3.5 million tons according to the existent data (collected mainly 

for smaller producers), in contrast to the 9.2 million tons corresponding for the year 

2010.  

 

Figure 2.1. Distribution of the sludge production (thousand tons) in the states of the 

European Union for the year 2010. (Eurostat 2018). 

Regarding to the sludge production in Spain, the most recent data published show that 

the amount of sludge generated has followed a tendency to rise since the year 2001, 

reaching an increase of 35% for the year 2009 (Figure 2.2). However, the amount of 

sludge produced decreased slightly in the following years, remaining in more stable 

values. 
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Figure 2.2. Sludge production generated in Spain in the last years (MAPAMA 2018). 

This marked increase in the sludge production from 2001 in Spain was the result of 

taking measures derived from compliance with the Directive 91/271/CEE of the 

European Union. This fact led to the construction of new WWTPs in accordance with 

the National Sanitation and Treatment Plan corresponding to the period between 1995 

and 2005. In this National Plan, it was established the wastewater treatment of all urban 

areas with more of 2000 equivalent habitants as a target to achieve. Subsequently, the 

National Water Quality Plan: Sanitation and Treatment 2007-2015 was created in Spain 

in order to respond to both to the objectives not reached during the previous plan, and to 

the new necessities established by the Water Framework Directive and by the AGUA 

program (MAPAMA 2018). 

According to the data reported by DBK, a Spanish company specialized in the 

elaboration of sectoral analysis and competition studies, there were approximately 2350 

WWTPs operating in Spain for the year 2004. In the year 2007, that number was 

increased to 2500, reaching a total of 2940 at the end of 2015. Therefore, it is evident 

that while the number of households discharging in WWTPs continues increasing, the 

forecast for the coming years is an upward trend in sludge production. 

Some methods that have been commonly used for sludge removal, such as incineration, 

disposal on land as fertilizer and evacuation in landfill, are currently being more 

controlled. This fact is due to pollution problems that these methods can cause on air, 

ground and groundwater (Guo et al. 2013). 
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In basis to the last data reported by the National Register of Sludge, 1.13 million of dry 

matter tons (dmt) of sewage sludge were generated in Spain in the year 2012. As can be 

observed in the Figure 2.3, the most part of the sludge produced during that year was 

destined for agricultural use, while less than 20% was removed by landfilling, 

incineration and other alternatives.  

 

Figure 2.3. Final destination of the sludge produced in Spain in the year 2012 

(MAPAMA 2018). 

Nevertheless, the direct use of sludge as fertilizer leads to a series of contaminating 

risks, which makes it necessary to strictly control the composition of sludge and its 

physical, chemical and biological characteristics previously to its application on ground. 

This fact as well as the application of more restrictive standards has made it necessary 

to search for new alternatives of treatment or to improve the existing technologies, in 

order to reduce the volume of sludge, to reach its stabilization and to improve its 

manageability without compromising the health of the population or contaminating 

natural resources.    

2.2 STRUCTURE AND COMPOSITION OF BIOLOGICAL SLUDGE 

Biological sludge is a complex mixture formed by an ecosystem of microorganisms 

surrounded by extracellular polymeric substances (EPS) and divalent cations. Amongst 

the microorganisms that make up the sludge, bacteria play a fundamental role at 

biological treatment (Mesquita et al. 2013). In the Figure 2.4, it is shown an image taken 

through a scanning electron microscope, in which the presence and morphology of some 

cellular organisms from sludge can be observed. 
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Figure 2.4. Morphology of an activated sludge floc. 

EPS have great relevance on the conformation of microbial aggregates and represent the 

main organic fraction that determines the structure, integrity and strength of the floc 

(Eskicioglu et al. 2006). Furthermore, these substances have been identified as 

responsible for the difficult dewaterability of sludge. According to Neyens et al. 2004, 

EPS can reach up to 80% of the overall mass of activated sludge, when they are 

considered together with the water retained within its structure. For that reason, some 

research works have been focused on studying the effects of different treatment 

techniques of sludge on the EPS fractions specifically. 

2.2.1 EPS. Composition and classification 

EPS are formed by polymers of high molecular weight that come from bacteria 

metabolism, cell lysis and compounds present in wastewater (Frølund et al. 1996, Sheng 

et al. 2013). Their composition includes a variety of organic substances, mainly 

proteins, humic acids and carbohydrates. Likewise, other type of substances such as 

uronic acids and DNA are present, although at lower quantities (Zuriaga-Agustí et al. 

2013). 

The functions of EPS in microbial aggregates are numerous. On the one hand, they are 

responsible for keeping the organisms gather, forming a highly hydrated matrix by 

means of weak physical-chemical interactions, thus preventing their desiccation and 

controlling the movement of ions in the solution (Neyens and Baeyens 2003, Simon et 

al. 2009). On the other hand, EPS form a protective layer for cells against the harsh 

conditions of the external environment and even serve as a reserve of carbon and energy 

for cells during starvation stages (Liu and Fang 2002). 
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Based on their physical state, EPS have been classified into soluble microbial products 

(SMP) and bound EPS. SMP are defined as the group of organic compounds that are 

dissolved into solution, which are originated from the metabolism of substrate and the 

decomposition of biomass (Kunacheva and Stuckey 2014). With regard to bound EPS, 

these are in turn classified into two fractions, depending on their degree of bounding to 

cells. Loosely bound EPS (LB-EPS) are those that form a diffuse layer of slime, which 

is loose and disperse, surrounded the cells, whilst tightly bound EPS (TB-EPS) are 

firmly bound to the surface of the cells (Sheng et al. 2010). In the Figure 2.5, it is 

showed a scheme of the distribution of the EPS fractions in microbial aggregates. 

 

Figure 2.5. Distribution of EPS in microbial aggregates. 

2.3 TREATMENT METHODS OF SEWAGE SLUDGE 

Currently, there is a wide variety of treatment techniques that have been applied to 

sludge in order to reduce its volume and facilitate its subsequent management. These 

techniques can be used as methods of pretreatment to improve the characteristics of 

dewaterability and/or digestibility of sludge, or as final methods of treatment before 

sludge disposal. Moreover, these technologies have been studied under different 

configurations, thus the available information in the bibliography regarding to those is 

very extensive. For that reason, only a brief description of the most known and used 

techniques for the sludge treatment is presented in this section. A more detailed list of 

treatment techniques has been included in Table 2.2.  
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Table 2.2. Treatment and pretreatment methods to reduce and/or remove sewage sludge 

(Fytili and Zabaniotou 2008, Tyagi and Lo 2011). 

Method type Treatment methods 

1. Biological  1.1. Anaerobic digestion 

1.2. Aerobic digestion  

1.3. Enzymatic lysis 

2. Mechanical  2.1. High pressure homogenizer  

2.2. Ultrasonication 

2.3. Electric pulse power method 

2.4. Gamma irradiation 

2.5. Stirred ball mills 

2.6. Lysate-thickening centrifugal technique 

2.7. Jetting and colliding method 

2.8. Rapid non-equilibrium decompression  

2.9. ‘‘Bug Buster’’ technology High speed rotary 

disc process 

2.10. Electron beam pretreatment 

3. Chemical  3.1. Acidic and alkaline  

3.2. Ozonation. 

3.3. Peroxidation 

3.4. Fenton 

3.5. Peracetic acid 

4. Thermal  2.1. Combustion 

2.2. Co-combustion 

2.3. Pyrolysis 

2.4. Gasification 

2.5. MW irradiation 

2.6. Hydrothermal treatment 

2.6.1. Thermal hydrolysis 

2.6.2. Wet oxidation 

5. Hybrid methods 5.1. Chemically enhanced thermal process 

5.1.1. Conventional heating-Alkali/acid treatment 

5.1.2. Microwave-alkali treatment 

5.1.3. Microwave enhanced advanced hydrogen 

peroxide oxidation process 

5.2. Mechanical-chemical methods 

5.2.1. Alkali-ultrasonic treatment 

5.2.2. Ultrasonication-ozonation 

5.2.3. Alkali-high pressure homogenizer 

5.3. Thermo-mechanical 

5.3.1. Combination of thermal, explosive 

decompression and shear forces 

5.4. Chemical-chemical 

5.4.1. Alkali-hydrogen peroxide 

2.3.1 Biological treatments 

The conditioning and treatment of sludge by biological processes is carried out through 

aerobic and anaerobic digesters. Treatment by anaerobic digestion is the process most 
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widely used for sludge stabilization. Its ability to remove odours and pathogens, to 

stabilize organic matter and to produce renewable energy in form of methane has made 

it still remains as a basic process in the line of sludge treatment in a large number of 

WWTPs. In the case of aerobic digestion, this process presents as advantage the use of 

hydraulic retention time (HRT) lower than those of anaerobic digestion, achieving 

similar results in the reduction of solids. Nevertheless, the energy cost associated to the 

oxygen supply has led to its use is limited to small WWTPs (Metcalf & Eddy Inc. et al. 

2003).  

It is well known that the prolonged hydrolysis step of sludge, especially under anaerobic 

conditions, leads to long HRT, which in turn affects to the size of the digester. 

Therefore, the anaerobic digestion is being coupled to different pretreatment techniques 

in order to accelerate the hydrolysis of the sludge and improve the performance of the 

process (Zhen et al. 2017). There is a great variety of pretreatment techniques applied to 

solubilise the sludge for its subsequent digestion. These include mechanical, thermal, 

enzymatic, ultrasonication and chemical pretreatments, the latter includes in turn both 

oxidation and acid or alkaline hydrolysis (Appels et al. 2008). 

These techniques have been object of study in several works. For instance, Salsabil et 

al. 2010 analysed the effect of different pretreatments on the anaerobic or aerobic 

digestion of a sludge. They determined that the pretreatment by ultrasonication favoured 

to a major sludge removal during its subsequent digestion (61 and 54% under aerobic 

and anaerobic conditions, respectively). For thermal treatment, the sludge removal was 

higher when the temperature was increased, whilst at 90 ºC it achieved values of sludge 

removal (20%) similar to those obtained with ozone fed on a ratio of 0.1 g O3 gTS
−1

. 

Nah et al. 2000 reported a HRT reduction from 13 to 6 days during the anaerobic 

digestion of a pretreated sludge by mechanical injection (30 bars). Likewise, Knezevic 

et al. 1995 determined that after a sludge was pretreated by alkaline method, the HRT 

during its anaerobic digestion decreased from 25 to 10 days. However, it was not 

observed major effects of this treatment on the methane yield or the quality of the 

effluent. 

2.3.2 Mechanical treatments 

Mechanical methods of sludge disintegration involve the action of externally applied 

stress or pressure on the cells. Cells are disrupted when the external pressure exceeds 
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the internal cell pressure (Tyagi and Lo 2011). The most widely studied mechanical 

method has been ultrasonication. The main effect of ultrasonic pretreatment is particle 

size reduction at low frequency (20–40 kHz) sound waves. Furthermore, high-frequency 

sound waves also cause the formation of radicals, which produce the oxidation of 

organic material (Ariunbaatar et al. 2014). The duration of irradiation is the key factor 

to consider in this process. A short length of exposure can only break the microbial 

flocs, without destroying the cell wall, whereas a longer duration can completely 

destroy the bacterial cells (Anjum et al. 2016). Bougrier et al. 2006 determined that 

sonication led to a decrease in particles size, in apparent viscosity and in filterability of 

sludge, as well as, an enhancement of biogas production during its anaerobic digestion.  

On the other hand, high pressure homogenization is another well-known mechanical 

method used for cell disruption. Recently, this technique has been employed as a sludge 

pretreatment method, which changes both the rate and extent of sewage sludge 

degradation in anaerobic digestion processes. The disruption of microbial cell walls and 

the release of cytoplasm into the liquid phase are achieved by the effect of pressure 

gradient, cavitation, turbulence, impingement, shear stresses, and extensional shear 

(Zhang et al. 2012). Fang et al. 2015 studied the effect of high pressure homogenization 

treatment on the physicochemical properties of a secondary sludge. They found that the 

disintegration degree and soluble chemical oxygen demand increased with the 

increment of homogeneous pressure and cycle, showing effective organic release from 

sludge solid to liquid after treatment. 

2.3.3. Chemical treatments 

The chemical treatment methods most commonly used to reduce the sludge volume are 

ozonation, peroxidation and Fenton. These treatments of oxidative type, destroy the cell 

membranes of the microorganisms, releasing their cytoplasmic content, and 

consequently, improving the sludge dewaterability. Furthermore, the oxidation degree 

of the organic matter depends on the amount of oxidant fed (Zhen et al. 2017). 

The Fenton process is a technique that has been intensively applied to improve the 

dewaterability of sludge. It consists on the reaction of hydrogen peroxide with iron ions 

(Fe
2+

), which act as catalysts for producing hydroxyl radicals (OH
•
). The hydroxyl 

radicals have an oxidation potential of +2.80 (in acid conditions), being much higher 

than that for hydrogen peroxide (+1.36) and ozone (+2.07) (Zhen et al. 2017). 
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Therefore, the Fenton reaction is more effective when the oxidation of refractory 

pollutants is required. 

Erden and Filibeli 2011 studied the effects of a Fenton pretreatment on the properties of 

an activated sludge. They determined that this method was effective to enhance the 

biodegradability and the filterability of the sludge. Furthermore, the production of 

methane increased 19.4% when doses of 4 g Fe
2+

/kg total solids (TS) and 60 g H2O2/kg 

TS were applied. Likewise, Déléris et al. 2000 studied the potential of the ozonation on 

an activated sludge (0.2-2.0 g suspended solids), employing high doses of ozone (>10 g 

O3/g VSS). It was reported that between 40 and 90% of the organic carbon, depending 

on the ozone dose, was mineralized. 

Moreover, an ozonation process modified by introducing hydrogen peroxide was tested 

in a sewage sludge by Yin et al. 2008. The treatment caused a reduction in the volume 

and water content of the sludge, as well as an improvement of its settleability. However, 

the CST (capillary suction time) increased from 17.2s to 120.4s, which meant that the 

sludge filterability was deteriorated. 

Abelleira et al. 2012 proposed a variant of the peroxidation through a thermo-chemical 

process in which thermal hydrolysis was combined to peroxidation to treat a secondary 

sludge with a content of total solids of 50 g/L. The treatment at 138 ºC and a 0.9 ratio of 

oxidant with respect to the stoichiometric oxygen caused a reduction of 50-60 of 

organic matter from sludge.   

2.3.4 Thermal treatments 

Thermal treatments can be categorized in three groups: incineration, co-combustion and 

alternative processes such as pyrolysis, gasification and wet oxidation (Fytili and 

Zabaniotou 2008). Incineration is one of the most used methods for sludge disposal. 

This technique is based on the complete combustion of the sludge, producing in turn 

energy from the heat of the gases generated. On the other hand, co-combustion has 

emerged as an alternative method to incineration. In this process, the sludge mixed in 

low proportions is burned with other combustible materials such as solid wastes, coal, 

etc. (Lin and Ma 2012). 

Pyrolysis is defined as the thermal decomposition of sludge in absence of oxygen and 

under a range of temperatures that goes from 300 to 900 ºC. The obtained products are; 
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pyrolysis gas, char (a carbon-rich solid) and an oil composed by organic acids. In 

contrast, the thermal decomposition by gasification is carried out in presence of oxygen, 

although in conditions of deficit to reach only a partial oxidation. The obtained products 

are mainly a synthesis gas that can be utilized to produce fuel or energy, and a small 

quantity of char (Libra et al. 2011, Samolada and Zabaniotou 2014). 

The thermal reduction of the sludge has the ability of removing large volume of this, 

achieving in turn the destruction of pathogens and toxic organic compounds (Li et al. 

2014). In addition, it is possible recover energy from the process. In the case of the 

incineration, the derived problems from the generation of pollutant gases and the 

management of ash, the latter considered as a hazardous waste, have made its use can be 

complicated and expensive. In spite of this, the incineration can be considered an 

attractive option for urban areas where large volumes of sludge are generated and 

which, in turn, do not have conditioned zones for their disposition. Furthermore, 

technological advances have significantly improved this process, contributing to a major 

control on its gas emissions and reducing its operating costs (Werther and Ogada 1999). 

An example of the above mentioned is the work performed by Li et al. 2014, in which 

an integrated drying and incineration technique was proposed and tested with a sludge 

with a moisture content of about 80%. This system combines a bubbling fluidized bed 

dryer with a circulating fluidized bed incinerator. The advantage of this design is that 

the dried sludge is transported directly to the incinerator, eliminating any period of 

storage. According to the authors, this system allows a highly efficiency combustion 

with low pollutant emissions, in addition to low investment and operating costs. 

Moreover, Murakami et al. 2009 proposed a new type of incinerator that combines a 

pressurized fluidized bed combustor and a turbocharger driven by flue gas. This design 

contributed to reduce at 50% the emissions of CO, NOx, and N2O of the combustion 

gases with respect to a conventional plant. Furthermore, the data showed that this 

system could reach energy saves of up to 50%. Otero et al. 2002 studied the behaviour 

of the co-combustion of sludge with coal. They determined that using mixtures of 

sludge and coal, the combustion starts at lower temperatures than that for only coal. 

This performance associated with the releasing of volatile compounds from sludge, 

could represent a great advantage to initiate the combustion in the process. 
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2.3.5. Hydrothermal treatments 

The hydrothermal technologies are well established treatment methods that are used to 

improve the dewaterability characteristics of the sludge and to reduce its volume to 

disposal. These technologies, which have been classified into oxidative (wet oxidation) 

and non-oxidative (thermal hydrolysis) techniques, involve high temperature and 

pressure conditions. A brief description of the most relevant aspects with regarding the 

theoretical fundaments of both processes is performed below. A more detailed 

bibliographical revision of the research works involving these technologies is collected 

in the article “Valuable compounds from sewage sludge by thermal hydrolysis and wet 

oxidation. A review” located in the section 4.1. 

2.3.5.1 Thermal hydrolysis 

Thermal hydrolysis is a technique that has been implemented as a pretreatment for 

sludge before being introduced into an anaerobic digester. Thermal hydrolysis has as a 

goal to increase the solubilisation of organic matter from sludge. This is achieved by the 

partial or total destruction of the cellular structures from bacteria caused by the heating 

effect. In this way, the rate of sludge digestion is improved because its solubilised 

components are more easily assimilate by the microorganisms (Hii et al. 2014). 

Consequently, the anaerobic digestion of the hydrolysed sludge could produce an 

increase in the production of biogas of up to 40%, in approximately half of the 

residence time of a conventional anaerobic digestion (Pérez-Elvira et al. 2008). In 

addition, thermal hydrolysis improves the fluidity of the sludge, thereby encouraging its 

subsequent handling in operations of pumping and transport (Urrea et al. 2015). 

On the other hand, thermal hydrolysis can be used to treat any type of sludge; however, 

the best results are achieved when operating with secondary sludge (Abelleira et al. 

2012). The operating conditions generally include temperatures that are between 160 

and 180 ºC, pressures below 13 bar and residence times from 30 to 60 min (Laurent et 

al. 2011). The temperature is considered the most important factor of the process, since 

it has the major influence on the degree of disintegration of the sludge. Most studies 

have demonstrated an optimum range of 160-180 ºC for the thermal hydrolysis of the 

sludge, being obtained, to those conditions, better yields of methane during its 

subsequent anaerobic digestion. The use of higher treatment temperatures has been 
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associated with the formation of biorefractary compounds, which affect negatively the 

yield of the production of biogas (Dwyer et al. 2008).  

Commercial thermal hydrolysis processes 

Currently, there are available several commercial processes in which thermal hydrolysis 

is used as sludge pretreatment, such as Cambi
®
, Exelys

®
 and Biothelys

®
, LysoTherm

®
, 

Haarslev's Continuous Hydrolysis System (HCHS), Turbotec
®
, Aqualysis

®
 and TH4

+
. 

These technologies present differences in terms of operation (batch or continuous), 

reactor configuration, operation conditions (temperature, pressure and residence time) 

and energy integration scheme (Lema and Suarez 2017). A comparison of the general 

operating conditions for the thermal hydrolysis processes is summarized in Table 2.3, 

and a brief description of the most commercialised processes is presented subsequently.  

Table 2.3. Typical operating conditions and performance reported for the commercial 

thermal hydrolysis processes (Lema and Suarez 2017). 

Company Cambi Veolia Lysotherm Haarslev Sustec Aqualogy teCH4 

Technique THP Exelys Biothelys SH + E HCHS Turbotec Aqualysis tH4
+
 

Operation Batch Cont. Batch Cont. Cont. Batch/ Cont. Cont. Cont. 

% TS in feeding 12-16 >20 10-15 6-8 17-22 10 8-12 6-15 

T (ºC) 160-180 150-170 150-170 175 150-170 140-190 165-180 220 

P (bar) 6-9 7-9 7-9 5-15 7-8 4-8 7-10 12-14 

T (min) 20-30 30-60 30-60 30-60 20 30-75 15-30 <5 

N.A.: not available 

Cambi
®
 

The Cambi
®
 technique is the most widely thermal hydrolysis process used at present. 

Sludge is pretreated at temperatures between 150 and 180 ºC under a pressure of 4.5 bar 

and a residence time of 30 min. Firstly, the sludge is dewatered to 17% dry solids before 

it is heated using recycled steam. Afterwards, the treated sludge is flashed into a flash 

tank once the reaction has finished (Hii et al. 2014). The process improves the 

dewaterability and digestibility of the sludge, and thus enhances biogas production and 

contributes to reduce anaerobic digester size (Aggrey et al. 2011). 

Exelys
®
 and Biothelys

®
 

Exelys
®
 and Biothelys

®
 are two thermal hydrolysis processes combined with anaerobic 

digestion, which have been developed by Veolia Water. The first one works in 
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continuous mode, whereas the second one operates in batch mode (Hii et al. 2014). The 

thermal hydrolysis phase in Biothelys
®
 treatment is carried out at 165 ºC and 9 bar for 

approximately 30 min. Moreover, the continuous thermal hydrolysis in Exelys
®
 is 

performed at the same operating conditions as Biothelys
®
, working 24 hours a day with 

feed and removal levels that are adjustable in real time. Both techniques offer enhanced 

performance over conventional digestion of sludge by producing no odours, 25-35% 

less dry solids, 30-50% more biogas and a pasteurised digestate, for safe reuse (Veolia 

2018). 

Reaction mechanisms 

The solubilisation of organic compounds by thermal hydrolysis occurs by the 

breakdown of bonds of macromolecules, which results in the formation of lower 

molecular weight compounds that are more soluble. It is known that hydrolysis 

reactions occur when the organic compounds react with water (Hii et al. 2014). 

These reactions are characterized by the division of the molecule of water, giving way 

to the formation of the hydroxyl (OH
-
) and hydronium (H3O

+
) ions (Equation 1). 

2H2O →  H3O+ + OH−    (1) 

The formed ions react with the organic compounds, producing the rupture of their bonds 

and giving origin to other compounds of lower complexity and size (Equation 2) (Hii et 

al. 2014).  

RX +  H3O+ + OH− →  ROH + HX + H2O   (2) 

Where: X represents a leaving group (an atom much more electronegative than carbon) 

Afterwards, the hydrolysis reactions continue to develop until the energy necessary to 

break the next molecular bond is larger than that available in the reaction medium, thus 

the hydrolysis of that compound is finished. As it is required enough energy to break the 

bonds of the compounds, the degree of hydrolysis of molecules and its rate depends 

mainly on the temperature of the process (Li and Noike 1992). 

2.3.5.2. Wet oxidation 

Wet oxidation is a technique that has been widely used in the treatment of effluents, 

especially those of industrial character, in which there are present large concentrations 
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of biorefractary organic matter (Mishra et al. 1995). Nevertheless, this process has been 

adapted for the treatment of sewage sludge whose concentration is too high to be treated 

by a biological process, or as a less contaminant alternative to the incineration (Mucha 

and Zarzycki 2008). Wet oxidation has as target to improve the settleability and 

dewaterability from sludge, making easier its subsequent management in the WWTPs 

(Khan et al. 1999). 

The organic compounds present in the sludge are oxidised in aqueous phase by the 

injection of an oxidant, oxygen or air, in a reactor designed to operate at high 

temperatures and pressures. The oxidation reactions that occur in the process are 

generally exothermic. This fact contributes to that the reactions provide part or all the 

heat necessary to self-sustain the high temperatures of the process (Debellefontaine and 

Foussard 2000). Typical operating conditions include temperatures at 125-320 ºC, 

pressures of 0.5-20 MPa and residence times between 15 and 120 min (Luan et al. 

2017). However, wet oxidation has been classified in two categories in function to the 

operating conditions used. On the one hand, subcritical wet oxidation is called when the 

process is operated below the critical point of water (374 ºC temperature and 220 bar 

pressure). On the other hand, supercritical wet oxidation refers to the use of operating 

conditions above critical point of water (Yousefifar et al. 2017). 

Initially, wet oxidation causes the lysis of cells walls of the microorganisms present in 

the sludge, leading to the releasing of the intracellular material. Higher temperatures and 

longer retention times increase the cell rupture. Furthermore, some insoluble proteins 

are broken down into their more soluble constituent-amino acids. Likewise, partial or 

complete solubilisation of non-microbial organic matter also occurs during the process 

(Genç et al. 2002). The basic principle of the process is to enhance the contact between 

oxidant and aqueous medium where the organic matter is present. High temperature 

conditions lead to solubilisation of pollutants by effect of hydrolysis reactions, leaving 

these ready for their subsequent oxidation. The liquid phase is maintained by a high 

pressure which also increases the concentration of dissolved oxygen, thus favouring the 

oxidation rate (Debellefontaine and Foussard 2000). The reaction products are inorganic 

salts, carbon dioxide and water when the oxidation is complete, or simple biodegradable 

(organic acids of low molecular weight) and non-biodegradable compounds when it is 

partial. In addition, wet oxidation does not produce emissions of pollutants, such as 

NOx, SO2, HCl, dioxins, furans, fly ash, etc (Luck 1999). 
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The use of catalyst in the wet oxidation of different effluents has been addressed in 

several studies. The main objective of adding catalyst is to reduce the high 

temperatures, pressures and reaction times necessary to achieve the complete oxidation 

of organic compounds (Bhargava et al. 2006). Although catalytic wet oxidation 

provides lower energy requirements and much higher oxidation efficiencies, it must be 

taken into account the cost that would suppose the implementation of a subsequent 

operation to recover the catalyst, as well as the regeneration and replacement of this. 

Furthermore, for the case of the sludge, wet oxidation is applied commonly as a 

pretreatment technique instead of being used for its complete oxidation (Abe et al. 

2011). Therefore, the use of catalyst in the wet oxidation of sludge has not been studied 

in much detail in research works (Bernardi et al. 2010). 

Commercial wet oxidation processes 

Zimpro process 

The Zimpro process, developed in the 1930s by Mr. F.J. Zimmermann, was the first 

commercial wet oxidation process. However, it was not until the late 1950s that the 

installation of the first units was carried out (Kolaczkowski et al. 1999). Several plants 

were built in the early 1960s for the treatment of municipal sludge in order to improve 

its dewaterability and remove matter organic, with different results achieved in basis to 

changes in the operating conditions (Debellefontaine and Foussard 2000). Temperatures 

between 210-240 ºC are used for sludge conditioning, whilst for sludge destruction, 

temperatures of 250-270 ºC and pressures of 85-120 bar are applied, being fed air as 

oxidant (Hii et al. 2014). The Zimpro reactor is a co-current bubble column, with or 

without internal baffling depending on the desired mixing conditions. By 1996, 

approximately 200 commercial units had been installed, over half for sludge treatment 

(Kolaczkowski et al. 1999).  

Athos process 

The Athos process is one of the main wet oxidation technologies to treat sewage sludge. 

This technology, commercialised by Veolia (France), is able to reduce up to 98% of 

sludge volume and remove more than 85% of COD (Aggrey et al. 2011).The process 

operates at temperatures between 250-300 ºC, using air or pure oxygen as oxidant, and 

copper salts as catalyst. This treatment is usually used as a final sludge destruction 

process, in which mineral products, clean gas emissions and biodegradable liquids are 
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produced. In addition, the reaction is exothermic and becomes energetically self-

sufficient after start-up (Hii et al. 2014). 

Wetox process  

The main feature of this process is the design of the reactor which is a horizontal 

autoclave, comprising four to six compartments that essentially act as a series of 

continuous stirred tank reactors. The Wetox reactor typically operates at temperatures 

between 210 and 250 ºC, with the temperature successively increasing in each 

compartment due to the heat of oxidation of the waste. The operating pressure is about 

40 bar and the retention time goes from 30 to 60 min (Kolaczkowski et al. 1999). 

Recently, the Wetox process has been modified to be much more affordable. The 

variant has been developed in Victoria University of Wellington, New Zealand. The aim 

of this process is to produce useful chemical by-products and recover valuable minerals 

and metals from sludge. Sludge is pumped to a pre-treatment tank where the catalyst 

and some chemicals are added. Afterwards, the mixture is pumped into a reaction 

chamber with air under pressure, where the reaction is carried out. Heat is given off by 

the process, which means that the reaction is self-sustaining. The steam containing 

carboxylic acid is condensed and recovered. Further, the steam can also be used to 

generate electrical power through a steam turbine. Heat from the condensed steam is 

returned to pre-treat the incoming sludge. Periodically, the reactor is drained and 

unreacted materials and catalyst are separated, the latter being recycled back into the 

process. Likewise, nutrients, predominantly mineral phosphates, and metals are 

separated and recovered. The process is effective to reduce up to 90% of sludge volume 

(Wetox 2018). 

Loprox process 

The Loprox process (low pressure wet oxidation), patented by Bayer AG and licensed 

to Bertrams AG, has as main aim the biodegradability improvement of wastewaters and 

sludge, leaving the degradation of contaminants to a downstream biological treatment 

unit. The process works preferably under acidic conditions, at pressures and 

temperatures lower than 35 bar and 230 ºC, respectively, and residence times of 

between 1 to 3 hours (Debellefontaine and Foussard 2000). The oxidation reaction is 

catalyzed by the addition of Fe
2+

 ions and organic quinone forming substances 

(Kolaczkowski et al. 1999).  
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VerTech process  

The VerTech process uses a vertical sub-surface reactor, comprising two concentric 

tubes (downcomer and upcomer), which descend in a shaft to a depth of 1200 to 1500 

m. This design has as advantage the use of gravity to produce the high pressures 

required for the reaction. The depth of the shaft leads to a pressure at the bottom of the 

reactor of approximately 85 to 110 bar, whilst the temperature is about 280 ºC 

(Kolaczkowski et al. 1999). The first commercial VerTech wet oxidation plant began 

operation in 1994 in Apeldoorn, the Nederlands, to treat 460 thousand tons per annum 

of sewage sludge. Moreover, serious problems of scaling and sedimentation of solids 

during operation have been reported (Debellefontaine and Foussard 2000). 

Kenox process 

The Kenox process was developed in the 1980s by the Kenox Corporation of Canada. 

This technology is used to treat municipal and industrial waste water, as well as sewage 

sludge. The reactor is formed by two concentric shells where influent (acidified at pH 

around 4) and air flowing down through the inner cylinder. Subsequently, those flow 

upward through the space between the inner and outer cylinders. The static mixer can be 

impregnated onto the surface with heterogeneous catalysts in order to improve the 

oxidation degree of pollutants. The typical operating conditions are temperatures of 

200-240 ºC, pressures of 40-50 bar and treatment time of about 40 min (Kolaczkowski 

et al. 1999). 

Osaka Gas process 

The Osaka Gas process has been tested to treat industrial wastewater, sewage sludge 

and, domestic and pharmaceutical wastes. The reaction is carried out adding a catalyst 

based on a mixture of precious and base metals on titania or titania–zirconia carriers 

(honeycomb or spheres) (Luck 1999). The operating conditions are established 

according to the composition of the waste and the required removal performance 

(Kolaczkowski et al. 1999). 

Reaction mechanism 

The removal of organic compounds by wet oxidation is known to be by means of free 

radical chain reactions. Free radicals in the absence of initiators are commonly formed 

by the reaction of oxygen with the weakest bonds of carbon and hydrogen of the 
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oxidised organic compounds as shown in Equations 3 and 4 (R represents the functional 

organic group) (Collyer 1995). 

RH +  O2  →  R• + HO2
•     (3) 

RH +  HO2
•  →  R• + H2O2    (4) 

H2O2 +  M →  R• + 2OH•    (5) 

ROO• +  RH → R• + ROOH     (6) 

By effect of the temperature, the hydrogen peroxide obtained decomposes rapidly to 

hydroxyl radicals (Equation 5). The Equation 6 corresponds to a propagation step 

leading to organic hydroperoxides and, more generally, to oxidized species 

(Debellefontaine and Foussard 2000). The organic hydroperoxides formed are relatively 

unstable and decompose to form subsequent intermediates with lower carbon numbers. 

These reactions continue rapidly until the formation of carbon dioxide and low 

molecular weight acids, which require more severe conditions to be oxidised (Collyer 

1995). Moreover, the general form of the main developed reactions during wet 

oxidation is collected in Equations 7-11 (Kolaczkowski et al. 1999). 

Organic matter + O2  →  CO2 + H2O + RCOOH   (7) 

Sulphur compounds + O2  →  SO4
2−

   (8) 

Halogens compounds + O2  →  Cl− or F− or Br−  +  CO2 + RCOOH (9) 

Phosphorous compounds + O2  →  PO4
3−

   (10) 

Nitrogenuos compounds + O2  →  CO2 + H2O + NH3 (and/or  N2, NO3
2−)    (11) 
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3.1. SLUDGE SAMPLES 

The thermal hydrolysis and wet oxidation experiments were performed with thickened 

activated sludge obtained from a municipal WWTP of the region (Asturias-Spain). The 

sludge was extracted of a unit of thickening by flotation and stored at 4 ºC until its 

subsequent use. As a rule, the sludge was replaced every two weeks in order to avoid 

any effect in the results by deterioration of this. The general characteristics of the sludge 

samples used in the experiments are summarized in Table 3.1.   

Table 3.1. General characteristics of the activated sludge samples used in the 

experiments. 

Parameter Range 

TSS (g/L) 21.5-32 

VSS (g/L) 15.5-27 

TCOD (mg O2/L) 26000-37000 

SCOD (mg O2/L) 200-1000 

Soluble TOC (mg C/L) 400 

SVI (mL/g) 31-47 

CST (s) 205 

pH 6.5-6.9 

TSS (total suspended solids), VSS (volatile SS), TCOD (total chemical oxygen demand), SCOD (soluble COD), TOC (total organic 

carbon), SVI (sludge volume index) and CST (capillary suction time). 

3.2. EXPERIMENTAL SETUP 

The experimental setup for thermal hydrolysis and wet oxidation experiments was 

equipped by a stirred cylindrical reactor of 1 litre of capacity. A constant flow of 

nitrogen (thermal hydrolysis) or oxygen (wet oxidation), previously conditioned in a 

humidifier until a near level to the saturation point, was fed since the beginning of the 

experiment. The main components of the equipment are:   

3.2.1. Reactor (PARR series 4520)  

It is a cylindrical tank built in stainless steel (SS316) and of 1 litre of capacity, which is 

equipped with a two six-blade agitators. The geometric characteristics of the reactor are 

specified in the Figure 3.1. 
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Figure 3.1. Dimensions of the Reactor PARR used in the experiments. 

The reactor is wrapped in a heating jacket in order to carry out the reaction at the 

temperature established. In the Figure 3.2 is shown a scheme of the reactor as well as its 

main components.  

 

Figure 3.2. Schematic diagram of the reactor and its components. 

3.2.2. Humidifier 

It is formed by a tank of 2 litres of capacity. Oxygen or nitrogen was bubbled inside to 

ensure that those were with moisture content close to the saturation point before being 

introduced into the reactor. Temperatures and pressures conditions in both humidifier 

Reactor PARR series 4520 

 

- Diameter of the tank: 0.10 m 

- Height of the tank: 0.14 m 

- Bubbling orifice surface: 7·10
-7

 m
2
 

- Diameter of the stirrer: 0.06 m 

- Width of the blades: 0.01 m 

- Length of the blades: 0.02 m 

- Distance between the propellers: 0.05 m 

 

(1) Heating jacket. 

(2) Mechanical agitation by 

means of a magnetic rotor 

equipped with two propellers 

(each having six blades).  

(3) Temperature control 

through a thermocouple 

connected to a PID controller. 

(4) Pressure gauge. 

(5) Oxygen inlet. 

(6) Gas outlet. 

(7) Sampling device. 
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and reactor were set to carry out the reaction. In order to avoid leak of water from the 

humidifier to the reactor, the former was filled up to 70% of its capacity approximately, 

and its temperature was established 5 ºC lower than that of the reactor. In addition, a 

non-return valve is disposed between the humidifier and the reactor. 

3.2.3. Control system 

It consists of a P.I.D. controller through which the temperature of both the humidifier 

and the reactor, as well as the flow rate of oxygen or nitrogen fed in the reactor was 

controlled. The flow rate controller acts directly on an electrovalve (BROOKS mass 

flow controller 5850), which can measure flow rates from 2 mL/min to 2000 mL/min. 

The pressure in the reactor was regulated by means of a pressure gauge installed in it, as 

well as a back pressure valve located in the gases outlet. The stirring speed was 

established through the magnetic stirrer installed in the reactor. It was handled from the 

P.I.D. controller. 

The experimental device is equipped with two rupture discs (PARR Inconel rupture 

disc). A disc is installed in the reactor and the other in the humidifier, both with rupture 

pressures of 115 atm at 473 K. The maximum temperature supported by the equipment 

is 623 K.   

3.3. EXPERIMENTAL PROCEDURE 

Initially, the operating conditions to carry out the reaction were established (pressure, 

temperature, oxygen or nitrogen flow rate and stirring speed). The amount of raw sludge 

or sludge fraction to be fed in the reactor was chosen in basis to the specifications of the 

operating manual. Basically, the volume of fed sample at the used working conditions 

was between 500-700 mL. 

Once the reactor has been charged with the sample, the temperature and the oxygen 

(wet oxidation) or nitrogen (thermal hydrolysis) flow rate were set through the P.I.D. 

controller. The pressure was adjusted manually by means of the backpressure valve and 

controlled in basis to the value registered in the pressure gauge. The stirring speed and 

the gas flow rate were maintained at 500 rpm and 1.2 L/min, respectively, for all the 

experiments. 
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Eight samples were taken at different times of reaction. The first sample was taken 

when the temperature reached 100 ºC, in order to determine whether any change 

occurred during the heating period. The following samples were withdrawn during the 

next 2 h, after reaching the operating conditions. The volume of extracted sample was 

around 30-35 mL, which once collected was cooled by cold water and subjected to 

analysis.  

During the sludge fractions experiments, the first tests were performed with the raw 

sludge and the naked cells to avoid any change in their structure that might take place 

during storage, since this could affect the results. In the Figure 3.3, it is showed a image 

of the experimental setup used. A scheme of the experimental setup can also be seen in 

the Figure 1 of the articles II and VI located on the sections 4.2 and 4.4, respectively. 

 

Figure 3.3. Experimental setup used in the thermal hydrolysis and wet oxidation 

experiments. 

3.4. EXTRACTION METHOD OF EPS 

The extraction method applied is mainly based on the one proposed by Li and Yang, 

2007. A volume of 450 mL of sludge was collected in a centrifuge bottle of 500 mL and 

subjected to centrifugation at 4000 g (4 ºC, 5 min), employing a Kubota 6500 

centrifuge. The supernatant obtained, corresponding to the SMP fraction, was removed 

and stored, whilst the pellet deposited at the bottom of the bottle was re-suspended with 

distilled water until its initial volume. Then, the sample was centrifuged again (6000 g, 

4 ºC and 15 min) and the resulting supernatant, which corresponds to LB-EPS, was also 
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extracted and stored. Finally, the pellet was again re-suspended to its original volume 

with distilled water at 65 ºC and placed in a thermostatically controlled water bath at the 

same temperature, for 30 min. Afterwards, the sample was centrifuged for the third time 

(8000 g, 4 ºC and 15 min).  

65 ºC

Raw 
sludge

Centrifugation:
4000 g, 4 ºC and 5 min

SMP 
fraction

Resuspension of pellet 
to initial volume 

Pellet

Centrifugation:
6000 g, 4 ºC and 15 min

LB-EPS 
fraction

Pellet

Resuspension of pellet 
to initial volume 

Distilled 
water

Distilled water 
at 65 ºC

Centrifugation:
8000 g, 4 ºC and 15 min

TB-EPS 
fraction

Pellet

Resuspension of pellet 
to initial volume 

Distilled 
waterNaked 

cells

Heating at 65 ºC 
for 30 min

 

Figure 3.4. Procedure used for EPS extractions from activated sludge. 
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The supernatant, corresponding to TB-EPS, was removed and stored, while the residue, 

that is to say, the “naked cells”, was also re-suspended and stored at 4 ºC. A flow chart 

of this method is shown in the Figure 3.4. In order to remove any material in 

suspension, SMP, LB-EPS and TB-EPS were filtered through a gravimetric filter paper 

after extraction, and then centrifuged at 12000 g, 4 ºC and 15 min. Finally, these 

samples were stored at -20 ºC until being used in WO experiments. 

3.5. ANALYTICAL METHODS 

The analytical methods used to characterize both initial and treated samples by either 

thermal hydrolysis or wet oxidation are summarized in Table 3.2 As a general 

procedure, the samples once collected were analysed during the following 24 hours, 

these being conserved at 4 ºC during that period.  

Table 3.2. Analytical methods used in the experiments. 

Parameter Analytical method/Equipment 

Attenuated Total Reflection-Fourier 

Transform Infrared (ATR-FTIR) 
Varian 670-IR spectrometer 

Capillary suction time (CST) OFITE Capillary Suction Timer (294-50) 

Carbohydrates 

Dubois method, spectrophotometric (at 

492 nm), glucose as standard. Helios γ 

spectrophotometer (Thermo scientific) 

Chemical oxygen demand: total 

(TCOD), soluble (SCOD) and solid 

(CODS) 

Spectrophotometric (at 600 nm), 

dichromate method (APHA, 1998). 

DR2500 spectrophotometer (Hach 

Company, USA) 

Colour number (CN) 

Spectrophotometric (at 436, 525 and 620 

nm) ISO 7887:2011. T80 UV/VIS 

spectrophotometer (PG Instruments Ltd) 

DNA 

Diphenylamine method, 

spectrophotometric (at 600 nm), DNA calf 

thymus as standard. Helios γ 

spectrophotometer (Thermo scientific) 

pH 
Selective electrode (JENWAY 3510 pH 

Meter) 

Polymers size distribution 

High performance liquid chromatography 

(Agilent 1200, Agilent Technologies Inc., 

California, USA) 
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Parameter Analytical method/Equipment 

Proteins and humic acids 

Modified Lowry method, 

spectrophotometric (at 580 nm), BSA and 

humic acids as standard, respectively. 

Helios γ spectrophotometer (Thermo 

scientific) 

Readily biodegradable COD (RBCOD) Respirometric method, oxygen uptake rate 

Rheological tests Rotational rheometer Haake MARS II 

Sludge volume index (SVI) APHA, 1998 

Soluble total organic carbon (TOC) TOC analyzer (Shimadzu TOC-VCSH) 

Suspended solids: total (TSS), volatile 

VSS) and fixed (FSS) 
Gravimetric (APHA, 1998) 

Uronic acids 

Blumenkrantz and Asboe-Hansen method, 

spectrophotometric (at 520 nm), 

glucuronic acid as standard. Helios γ 

spectrophotometer (Thermo scientific) 

UV-VIS scans 

Spectrophotometric (from 190 to 900 nm). 

T80 UV/VIS spectrophotometer (PG 

Instruments Ltd) 

3.5.1. Carbohydrates (Dubois method)  

Carbohydrates were measured according to the following procedure. To 1 mL of sample 

was firstly added 0.5 mL of a phenol solution (5%) and then, 2.5 mL of concentrated 

H2SO4. The mixture was shaken in a vortex mixer and left to rest for 30 min. Finally, 

the absorbance was measured at a wavelength of 492 nm. To perform the curve of 

calibration, a stock solution of glucose at a concentration of 0.1 g/L was prepared. From 

this, standard solutions at a concentration among 0-90 µg/L were made. The standard 

solutions were analysed in the same way as the samples. 

3.5.2. Proteins and humic acids (Modified Lowry method)  

Proteins and humic acids were determined by measuring the absorbance in presence 

(total abs) and absence (blind abs) of CuSO4. The solutions used to carry out the 

analysis were prepared as follow. Solution A was made by dissolving 40 g of Na2CO3 

and 8 g of NaOH in 2 litres of distilled water. Solution B1 was prepared by adding 1 g 

of CuSO4*5 H2O in 100 mL of distilled water. Solution B2 was made by dissolving 

2.68 g of potassium sodium tartrate tetrahydrate in 100 ml of distilled water. The 

solutions were conserved at 4 ºC to avoid any deterioration. 
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In the moment of analysing the samples, the following solutions were prepared from A, 

B1 and B2 solutions. Solution C1 was made by mixing A, B1 and B2 in proportions of 

50:0.5:0.5 (volume). Solution C2 was prepared as C1 but instead of adding B1 was used 

distilled water. Each sample must be analysed with both, C1 and C2 solutions. 

Afterwards, to 1 mL of sample was added 5 mL of C1 (total abs) or C2 (blind abs) and 

left in darkness for 15 min. Then, 0.3 mL of Folin-ciocalteu’s phenol reagent 2N diluted 

at 50% was added and once more the mixture was left in darkness for 30 min. 

Eventually, the absorbance at 580 nm was measured. The interferences between 

proteins and humic acids in the samples were corrected by using Equations 12-13. The 

curves of calibration for proteins (solution C1) and humic acids (solution C2) were 

performed with BSA and humic acid standards, respectively, preparing standard 

solutions at concentrations among 0-450 µg/L. 

Proteins abs = 1.25 (total abs – blind abs)   (12) 

Humic acids abs = blind abs – 0.2 proteins abs  (13) 

3.5.3. Uronic acids (Blumenkrantz and Asboe-Hansen method)  

Uronic acids are widely determined as representative of mucopolysaccharide acids in 

biological substances. To perform the analysis, a 0.15% solution of meta-

hydroxydiphenyl in 0.5% NaOH, as well as a 0.0125 M solution of tetraborate in 

concentrated sulfuric acid, were prepared. To 0.4 mL of sample containing from 1 to 40 

µg uronic acids, 2.4 mL of sulfuric acid/tetraborate solution was added. The tubes were 

refrigerated in crushed ice. The mixture was shaken in a vortex mixer and the tubes 

heated in a water bath at 100 ºC for 5 min. After cooling in a water-ice bath, 40 µL of 

the m-hydroxydiphenyl solution was added. Subsequently, the tubes were shaken and 

sonicated in order to eliminate any bubble. After 5 min, the absorbance at 520 nm was 

measured. As carbohydrates produce a pinkish chromogen with sulfuric acid/tetraborate 

at 100 ºC, a blank sample was run without addition of the reagent, which was replaced 

by 40 µL of 0.5% NaOH. A stock solution of glucuronic acid at a concentration 0.1 

µg/µL was prepared to perform a curve of calibration. From the stock solution, standard 

solutions were made at concentrations among 0-0.1 µg/µl.  
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3.5.4. DNA (Diphenylamine method)  

Firstly, a solution of acetaldehyde at a concentration of 16 mg/mL was prepared and 

stored at 4 ºC. Subsequently, diphenylamine reagent was prepared by dissolving 1.5 g of 

diphenylamine in 100 mL of acetic acid and adding 1.5 mL of concentrated H2SO4. The 

reagent was stored at 4 ºC in the darkness to avoid any deterioration. At the time of the 

analysis, a new solution was made by mixing 0.1 mL of aqueous acetaldehyde (16 

mg/mL) for each 20 mL of diphenylamine reagent. 

The analysis was performed with the samples containing DNA, which were diluted with 

0.5 N HClO4 up to reach a final concentration between 0.02 and 0.25 µg/mL. 

Subsequently, 1 mL of the diluted samples was mixed with 2 mL of the diphenylamine 

solution containing acetaldehyde. The colour was developed by heating the mixture at 

30 ºC during 16-20 hours. Once this period has elapsed, the absorbance was measured at 

a wavelength of 600 nm. 

In order to prepare a curve of calibration, a stock solution was made by dissolving DNA 

(Calf-thymus) at about 0.4 mg/mL in 5 mM NaOH. From this, working standards at 

concentrations between 0-0.25 µg/mL were prepared (every 3 weeks) by mixing the 

stock solution with 0.5 N HClO4 and heating at 70 ºC for 15 min. Both, stock solution 

and working standards were stored at 4 ºC. 

3.5.5. Total Organic Carbon (TOC) 

TOC in liquid samples was measured by using a TOC-VCSH from Shimadzu (Figure 

3.5). TOC is determined as the difference between total carbon (TC) and inorganic 

carbon (IC). During TC analysis, the sample is burned in a reactor filled with a catalyst 

of Pt supported on alumina spheres at 953 K. The TC of the sample is oxidised up to 

form CO2 and analysed by a non-dispersive infrared detector (NDIR). This latter 

provides a peak whose area is proportional to the amount of carbon present in the 

sample.  

On the other hand, air is bubbled through the sample in presence of orthophosphoric 

acid (25% w/v) during IC analysis. Carbonates and bicarbonates (IC) contained in the 

samples are decomposed up to form CO2, this latter being also analysed by the NDIR. 

Calibration curves were performed from standard solutions prepared with acid 

potassium phthalate and a mixture of carbonates and bicarbonates, which were 
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dissolved in ultrapure water (resistivity 18.2 MΩ·cm at 298 K). The samples before 

being injected were filtered through a PTFE syringe filter of 0.45 mm of pore size. The 

standard deviation of the equipment was around 1%. 

 

Figure 3.5. TOC analyzer Shimadzu TOC-VCSH used in the TOC determination. 

3.5.6. Readily biodegradable chemical oxygen demand (RBCOD) 

The method is based on determining the effect of introducing a liquid sample on the 

oxygen uptake rate (OUR) of an activated sludge. The analysis of RBCOD was carried 

out in a 250 mL jacketed vessel, which was maintained at 20 ºC by means of a 

thermostatically controlled water bath. The experimental setup used in the analysis is 

showed in Figure 3.6. Below it is described step by step the procedure followed to 

perform the analysis.   

 

Figure 3.6. Experimental setup used to analyse RBCOD of samples. 
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1. The ratio of initial substrate concentration to initial biomass concentration 

(So/Xo) was established in 0.05-0.10 g COD g VSS
-1

. Low values of So/Xo are 

suitable to avoid long time of analysis. 

2. An activated sludge with a concentration of volatile suspended solids among 3.5 

and 5.5 g/L was aerated until to achieve endogenous conditions. Then, 170 mL 

of this was charged in the reactor and 5 drops of nitrification inhibitor were 

added. The system was stirred to 250 rpm and the temperature was adjusted at 

20 ºC. 

3. The aeration was carried out in feeding cycles (1 min feeding and 6 min turned 

off), which were controlled by using a Cebek I-111 cyclic timer. An YSI 

Professional Optical Dissolved Oxygen instrument was employed to measure 

and to store the data of the variation in the oxygen concentration with the time. 

This was located on an opposite position to the air diffuser in order to avoid 

direct contact with air bubbles. 

4. The sample was centrifuged (10000g, 10 min) and filtered (0.45 µm PVDF 

filters) in order to remove any colloidal organic material present. Then, its pH 

was adjusted to a value between 6.5 and 7.5. Afterwards, 50 mL of the sample, 

which was previously diluted until to achieve the ratio So/Xo established, was 

injected in the reactor.  

5. The OUR measurements were maintained until the sludge reached the 

endogenous conditions again. A final sample of the reactor was extracted to be 

analysed its soluble COD. The final sample must be centrifuged and filtered 

before being analysed as it was done with the initial sample.  

6. The OUR was estimated by calculating the slope of the oxygen drop for each 

measurement cycle. Finally, the RBCOD of the sample was estimated from 

Equation 14 (Orhon and Çokgör 1997), being necessary to subtract the 

endogenous cumulative oxygen uptake of the total OUR. 

RBCOD =
1

(1−YH)
∫ OUR ∂t

t1

t0
    (14) 

Where YH is the heterotrophic yield coefficient 

As YH depends of the sludge characteristics, it was necessary to carry out a previous 

test using sodium acetate as an organic standard. The value of YH was calculated from 

Equation 15, obtaining a value of 0.74 mg COD mg COD
-1

.  
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YH = 1 −
∫ OUR

COD degradation
    (15) 

3.5.7. Size exclusion chromatographic analysis  

The size distribution of both EPS and sludge biopolymers solubilised by hydrothermal 

treatments were determined by high performance liquid chromatography analysis 

(Agilent 1200, Agilent Technologies Inc., California, USA). A Yarra SEC-2000 column 

300 x 7.8 mm, with a total column volume of 11.8 mL (estimated with a NaNO3 

solution), was used. The detection of soluble biopolymers was carried out with a diode 

array UV detector at 210, 260 and 280 nm, and at room temperature. 20 µl of sample 

previously filtered through 0.45 µm PVDF filters (Millipore) were injected, with a 

mobile phase flow of 1 mL/min. The mobile phase consisted of a buffer solution of 9 

mM NaCl, 0.9 mM Na2HPO4 and 0.005% NaN3, with an ionic strength of 0.02. The pH 

of this solution was adjusted at 7.0 ± 0.1 with phosphoric acid. The column was 

calibrated with a Protein Standard Mix 15-600 kDa supplied by Sigma-Aldrich (69385), 

which was composed by four proteins: Ribonuclease A (13.7 kDa), Albumin (44.3 

kDa), γ-Globulin (150 kDa) and Thyroglobulin (670 kDa), as well as by a low 

molecular weight marker, ρ-aminobenzoic acid (0.14 kDa). The coefficient of 

determination obtained for the calibration curve was R
2
=0.93. The samples with a high 

concentration of soluble biopolymers were diluted with the mobile phase before being 

injected. The presence of hydrophobic interactions between the column packing 

material and sludge biopolymers were determined by using a mobile phase of 5% (v/v) 

of methanol, 9 mM NaCl, 0.9 mM Na2HPO4 and 0.005% NaN3, with a pH adjusted at 

7.0 ± 0.1. 
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In this chapter, the results obtained during the development of this thesis are presented 

through of five sections. Seven research articles already published were distributed in 

the first four sections, corresponding to the hydrothermal treatments of sludge. The fifth 

section collects the study of the effect of wet oxidation on physicochemical 

characteristics and composition of different landfill leachates. The identification of the 

organic compounds present in the leachates was performed during a research stay in a 

foreign group. This last work is also presented following the structure of a research 

article. A brief description of the content of each section as well as the article references 

that compose it is presented below. 

4.1. Study of the formation of valuable compounds from sludge by means of 

hydrothermal treatments. 

A bibliographic analysis of the works carried out employing hydrothermal techniques to 

treat sewage sludge is presented, this being focused on the data collection concerning 

the formation of compounds of interest. 

I. Suárez-Iglesias, O., Urrea, J.L., Oulego, P., Collado, S. and Díaz, M. (2017) 

Valuable compounds from sewage sludge by thermal hydrolysis and wet 

oxidation. A review. Science of the Total Environment 584–585, 921-934. 

4.2. Effect of operating conditions of hydrothermal treatments on sludge 

properties. 

The effect of the operating variables, temperature and pressure, during thermal 

hydrolysis and wet oxidation of sludge was studied. The evolution in the sludge 

characteristics such as, settleability, solubilisation and mineralisation, as well as the 

changes in the viscosity and the flow behaviour were analysed. Some equations to 

describe the influence of TSS of the sludge on the rheological parameters of the 

Herschel-Bulkley model used during thermal hydrolysis were established. In addition, a 

reaction mechanism was proposed for the wet oxidation of sludge and its kinetics 

constants were calculated. 

II. Urrea, J.L., Collado, S., Laca, A. and Díaz, M. (2015) Rheological behaviour of 

activated sludge treated by thermal hydrolysis. Journal of Water Process 

Engineering 5(0), 153-159. 
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III. Urrea, J.L., Collado, S., Laca, A. and Díaz, M. (2014) Wet oxidation of 

activated sludge: Transformations and mechanisms. Journal of Environmental 

Management 146(0), 251-259. 

4.3. Comparison between thermal hydrolysis and wet oxidation of sludge. 

The effect of thermal hydrolysis and wet oxidation on COD, TOC, SVI, colour and pH 

parameters of sludge was compared and analysed. Likewise, the differences on the 

composition and the size distribution of the solubilised biopolymers were determined.  

IV. Urrea, J.L., García, M., Collado, S., Oulego, P. and Díaz, M. (2018) Sludge 

hydrothermal treatments. Oxidising atmosphere effects on biopolymers and 

physical properties. Journal of Environmental Management 206, 284-290. 

4.4. Effect of wet oxidation on structural fractions from sludge. 

The sludge was separated into its structural components corresponding to: SMP, LB-

EPS, TB-EPS and naked cells, and each fraction was subjected separately to treatment 

by wet oxidation. A wide variety of properties were analysed, such as solubilisation, 

oxidability, mineralisation degree, mean oxidation number of organic carbon, 

composition and size distribution de biopolymers, colour, UV-Vis spectrum and 

biodegradability. Then, the results were compared with those obtained from the raw 

sludge. Furthermore, the effect of solubilised biopolymers on settleability and 

dewaterability of sludge during wet oxidation was explained. Eventually, a kinetic 

model that includes the effects of oxygen concentration and temperature of the process, 

as well as the rates of formation and reaction of the main solubilised biopolymers was 

proposed and validated.  

V. Urrea, J.L., Collado, S., Oulego, P. and Díaz, M. (2017b) Wet oxidation of the 

structural sludge fractions. Journal of Cleaner Production 168(Supplement C), 

1163-1170. 

VI. Urrea, J.L., Collado, S., Oulego, P. and Díaz, M. (2016) Effect of wet oxidation 

on the fingerprints of polymeric substances from an activated sludge. Water 

Research 105, 282-290. 

VII. Urrea, J.L., Collado, S., Oulego, P. and Díaz, M. (2017a) Formation and 

Degradation of Soluble Biopolymers during Wet Oxidation of Sludge. ACS 

Sustainable Chemistry & Engineering 5(4), 3011-3018. 
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4.5. Effect of wet oxidation on physicochemical characteristics and composition of 

different landfill leachates. 

Physicochemical characteristics and composition of three samples of landfill leachates 

(young, old and biologically stabilised ones), as well as the changes occurred during the 

wet oxidation of these, were analysed and compared. Liquid Chromatography mass 

spectrometry (LC-MS) was used to identify organic compounds present in the leachates, 

whilst physicochemical characteristics of those were analysed by COD, TOC, mean 

oxidation number of organic carbon, colour, specified ultraviolet absorption, pH and 

elemental analysis.  

VIII. Wet oxidation effects on LC-MS fingerprints for different landfill leachates. 
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I. Valuable compounds from sewage sludge by thermal hydrolysis and wet 

oxidation. A review. 
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WET OXIDATION EFFECTS ON LC-MS FINGERPRINTS FOR DIFFERENT 

LANDFILL LEACHATES 

ABSTRACT  

Wet oxidation is an effective technique to degrade recalcitrant organic compounds from 

different effluents. In this work, the effect of wet oxidation on the composition of 

different leachates (young, old and biologically stabilised) was analysed by Liquid 

Chromatography Mass Spectrometry (LC-MS). The mean oxidation number of organic 

carbon (MOC) for old leachate (0.36) was about half of that corresponding for young 

(0.61) and stabilised leachates (0.59), indicating that the former presented compounds 

with lower oxidation state. Further, a higher presence of substances with aromatic 

characteristics was present in stabilised leachate, whilst old and young leachates had the 

highest amount of ions detected. Most of the ions detected in old leachate were also 

observed in young leachate, although with some differences in their abundance. Ions 

observed in the commercial humic acid, corresponding to [M H]¯ 112.9, 153.0, 214.9, 

209.0 and 209.1 were also present in each leachate. The LC-MS/MS analysis led to the 

identification of some features in regards to the structure of the ions, being observed 

functional groups characteristic of alcohols, acids and phenolic compounds. Likewise, 

the theoretical molecular formula of some ions was established. During wet oxidation at 

200 ºC and 50 bar, similar yields of COD removal for each leachate were observed, 

especially in the first minutes of reaction. TOC decreased 37, 43 and 47%, for and old, 

young and stabilised leachates, respectively, when the treatment was concluded (280 

min). The changes in MOC suggested that the reactions of mineralisation and partial 

oxidation that occurred during the treatment were balanced. Finally, wet oxidation 

caused an important decrease in the chromatogram area for almost all ions, achieving 

reductions between 40 and 80%. 
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1. Introduction  

Despite the evolution of landfill technology to eliminate or minimize potential adverse 

impacts of the waste on the surrounding environment, generation of contaminated 

leachate remains as an inevitable consequence of the practice of waste disposal in 

landfills (Banar et al. 2006). Leachates are liquids resulting from the release of water in 

the decomposition of municipal solid wastes and the percolation of rainwater into the 

landfill. They have high concentration of dissolved biodegradable and non-

biodegradable compounds, mainly of humic and fulvic nature (Ramírez-Sosa et al. 

2013). Likewise, numerous hazardous compounds as aromatics, halogenated 

compounds, phenols, pesticides, heavy metals and ammonium have also been identified 

in these (Naveen et al. 2017). 

The characteristics of landfill leachate are affected by many factors, such as age, 

precipitation, weather variation, and waste types and composition. In particular, 

leachates vary greatly depending on the age of the landfill (Wei et al. 2010). In addition, 

large variations in leachate quality exist for different landfills, but also at different 

locations within the same landfill (Banar et al. 2006). 

It is evident that the presence of a large variety of pollutants in leachates makes their 

management complicated, being necessary the application of various treatment 

processes to achieve appropriate characteristics of discharge (Turki et al. 2013). 

Conventional treatment technologies, including physical/chemical and biological 

processes, are not able to yield a final treated leachate with enough quality to be 

discharged into natural water bodies (Rocha et al. 2013). However, amongst the various 

types of physical-chemical treatments, advanced oxidation processes has recently been 

reported as one of the most effective methods to degrade a variety of refractory 

compounds in landfill leachate (Wei et al. 2010). 

Wet oxidation is an advanced oxidation process that has provided good results to 

remove organic compounds from a large variety of effluents, such as sewage sludge 

(Urrea et al. 2017), wastewaters from petrochemical companies (Lin et al. 1996), coke 

wastewaters (Oulego et al. 2014), dye wastewaters (Fu and Kyzas 2014) and leachates 

(Oulego et al. 2015), amongst others. Typical operating conditions include temperatures 

of 100-350 ºC, pressures of 5-200 bar and residence time of 1 hour (Kurniawan et al. 

2006).  
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Currently, there are some studies in which the effect of wet oxidation on leachate 

characteristics has been addressed. Nevertheless, most of these works have been mainly 

focused on the removal of COD (Rivas et al. 2005), ammonia nitrogen (Karimi et al. 

2013) or the improvement of biodegradability (Garg and Mishra 2010), without paying 

special attention to the specific compounds formed during the process, as previous step 

in order to get a deeper characterization of the final effluent. 

In this context, to the best of our knowledge, there are no studies analysing the effect of 

wet oxidation on composition of leachates by using high specificity techniques, such as 

gas chromatography mass spectrometry (GC-MS) or liquid chromatography mass 

spectrometry (LC-MS). These techniques have already been used in several works to 

identify and quantify organic compounds from raw leachates, being GC-MS the most 

commonly employed, since it has various libraries with a large amount of reference 

spectra, whilst LC-MS by being a more recent technique, it still has a lack of spectra. 

In this way, Ribeiro et al. 2002 proposed an analytical methodology to determinate the 

presence of chlorophenols and phenols from leachates by using solid-phase 

microextraction combined with GC–MS. The method was evaluated and optimised to 

identify 13 chlorophenols from leachates with detection limits from 0.005 to 2.5 µg/L. 

Paxéus 2000 identified more than 200 individual organic compounds in leachates 

obtained from three municipal landfills, employing GC-MS. In a similar way, Eggen et 

al. 2010 detected the presence of some emerging pollutants in leachates by GC-MS and 

of ionic perfluorinated substances and telomers by LC-MS. Likewise, Öman and 

Junestedt 2008 used both techniques to analyse organic and metal-organic compounds 

present in leachates.  

In addition, there are a few works in which was employed GC-MS to evaluate the 

capacity of advanced oxidation processes to remove organic compounds from leachates. 

For instance, Ramírez-Sosa et al. 2013 determined that the total corrected area from the 

GC-MS chromatogram of a raw leachate decreased more than 97% after a Fenton–

Adsorption treatment was carried out. Rocha et al. 2013 reported that a solar photo-

Fenton process applied to a leachate was effective to remove 65% of the identified 

compounds, whilst the signal decreased between 37 and 56% in 12% of those, and the 

concentration increased for the other ones. Turki et al. 2013 carried out a series of three 

treatments on leachates, corresponding to coagulation-flocculation, Fenton and 
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adsorption. They analysed the degradation of organic compounds after each step 

treatment by GC-MS and observed that a large number of compounds were still present 

in the leachates treated by the coagulation-flocculation and Fenton processes. However, 

when the adsorption process was included in the treatment, the total corrected area of 

the effluent decreased 99.9% compared to the total area of the raw leachate. 

On the basis of the above mentioned, the aim of this study was to identify organic 

compounds present in three samples of landfill leachates (young, old and biologically 

stabilised ones) by using LC-MS, as well as, to compare and establish differences in 

their composition and physicochemical characteristics according to their fingerprints 

during their treatment by wet oxidation. 

2. Material and methods 

2.1 Leachate samples 

To perform the experiments, three leachate samples were collected from a municipal 

landfill located in Asturias-Spain. The samples corresponding to young, old and 

biological stabilised leachates, the latter obtained from a membrane bioreactor after 

ultrafiltration process, were stored at 4 ºC until being used in either characterisation 

analyses or wet oxidation experiments. The main characteristics of the leachates are 

summarized in the Table 1. 

Table1. Physicochemical characteristics of leachate samples. 

Sample Young leachate Old leachate Stabilised leachate 

COD (mg O2/L) 3821 2383 1085 

TOC (mg C/L) 1693 982 477 

MOC 0.61 0.36 0.59 

CN (cm
-1

) 0.88 0.73 0.55 

SUVA (L mg C
-1

 m
-1

) 1.90 1.67 2.54 

pH 8.92 8.63 7.26 

E
le

m
en

ta
l 

a
n

a
ly

si
s 

w
t%

 %C 76.9 71.9 57.4 

%H 11.6 13.0 8.5 

%N 8.5 8.9 29.5 

%S 3.0 6.2 4.7 
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2.2 Experimental setup 

Wet oxidation treatment was carried out in a PARR series 4520 reactor of one litre of 

capacity, equipped with a propeller stirrer which was maintained at 500 rpm throughout 

the experiments. Approximately, 600 mL of the corresponding leachate were charged 

into reactor and then, oxygen, previously conditioned in a humidifier tank, was fed 

since the beginning of the reaction to a flow rate of 1200 mL/min. The operating 

conditions established for the experiments were 200 ºC, 50 bar and 280 min of reaction, 

considering the time at which the reactor reached the reaction conditions (95 min) as the 

zero-time. The first sample was withdrawn when a temperature of 100 ºC was reached, 

in order to detect any change on leachate properties during the heating period. The 

experiments were performed by duplicate and the values obtained of standard deviation 

for the same samples were lower than 6%.  

2.3 Analytical Methods  

The following analysis to characterise initial and treated samples were carried out. 

Chemical oxygen demand (COD) and pH were performed according to Standard 

Methods (APHA 1998). Total organic carbon (TOC) analysis was measured by means 

of a TOC analyzer (Shimadzu TOC-VCSH, Japan). UV-VIS spectrum was determined 

with a T80 UV/VIS spectrophotometer (PG Instruments Ltd). Elemental analysis of 

carbon, nitrogen, sulfur and hydrogen was carried out with an Elementar Vario EL 

analyser. Specified ultraviolet absorption (SUVA) was calculated by dividing the 

absorbance at 254 nm by the TOC concentration. The colour was quantified by means 

of the Colour Number (CN), which is defined according to equation (1) (Tizaoui et al. 

2007). 

CN =
SAC436

2 +SAC525
2 +SAC620

2

SAC436+SAC525+SAC620
     (1) 

Where SAC is the spectral absorption coefficient at a specific wavelength. 

The mean oxidation number of organic carbon (MOC) was calculated on the basis of 

equation (2) (Vogel et al. 2000). 

MOC = 4 − 1.5
COD

TOC
       (2) 
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Where MOC takes values from −4 (i.e. for methane) to +4 (i.e. for carbon dioxide) and 

COD and TOC values are expressed in mg O2/L and mg C/L, respectively. 

2.4 Extraction and purification of samples 

The extraction and purification of organic compounds from leachates and humic acid 

standard were carried out by solid-phase extraction (SPE), since this method offers a 

better efficiency and selectivity than the traditional liquid–liquid extraction Ask Reitzel 

and Ledin 2002. The extraction was carried out using SPE columns (ISOLUTE C18, 

200 mg, 3 mL) and a SPE Vacuum Manifold of 24-Ports. Firstly, the SPE columns, 

located on the SPE Vacuum Manifold, were conditioned by passing 1 mL of methanol 

and 1 mL of 1% formic acid solution. Secondly, 0.5 mL of sample were added to an 

SPE column, being retained in the packing both compounds of interest and impurities. 

Thirdly, the impurities were removed from the packing by washing it with 1 mL of 1% 

formic acid solution. Fourthly, the interest compounds were recovered by adding 1 mL 

of methanol to the SPE column. 

2.5 LC-MS analysis  

LC-MS analysis of the samples extracted and purified was performed trough a Q-Tof 

Premier mass spectrometer (Waters Corporation, Micromass MS Technologies, 

Manchester, UK) coupled to an Alliance 2695 HPLC system (Waters Corporation, 

Milford, MA, USA). The Q-Tof Premier is equipped with a lockspray source where an 

internal reference compound (Leucine-Enkephalin) was introduced simultaneously with 

the analyte for more accurate mass measurements. Compounds were separated on an 

Atlantis T3 C18 column (Waters Corporation, Milford, USA, 100 mm x 2.1 mm; 3 µm 

particle size), using 0.1% formic acid solution (solvent A) and 0.1% formic acid in 

acetonitrile (solvent B). Column temperature was maintained at 40 ºC. A stepwise 

gradient from 10% to 90% solvent B was applied at a flow rate of 0.3 mL/min for 18 

min. Electrospray mass spectra data were recorded on a negative ionisation mode (loss 

of a proton [M-H]¯) for a mass range m/z 100 to m/z 1000. Capillary voltage and cone 

voltage were set at 3 kV and 30 V respectively. Collision induced fragmentation of the 

analytes was achieved using 12 eV to 20 eV energy with argon as the collision gas. 
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3. Results and discussion 

3.1 Characteristics and composition of initial leachate samples 

The physicochemical characteristics of the leachates used in this study were included in 

Table 1. The more remarkable difference observed amongst the samples was the content 

of organic matter. COD for young leachate was around 1.6 and 3.5 times higher than 

that for old and stabilised leachates. However, it was noted that the COD values for 

young and old leachates were relatively lower than those commonly reported in the 

literature. This fact can be due to a dilution process by effect of the rainy weather of the 

zone where the landfill is located. Further, some rainfalls were registered the previous 

weeks in which the samples were taken, achieving values of accumulated precipitation 

of 71.5 L/m
2
 (Aemet-España 2018). 

On the other hand, the MOC for old leachate (0.36) was about a half of that 

corresponding for young and stabilised leachates (0.61 and 0.59, respectively), which 

indicated that the former presented a higher presence of organic substances with a lower 

oxidation state. Regarding to colour, young leachate showed a more intense brown 

colour than the other leachates samples, as was demonstrated by its highest CN. This 

result was expected, since a higher amount of organic substances (see TOC values) was 

present in that sample. Nevertheless, considering the CN as function of the organic 

carbon content, stabilised leachate had the most intense colour per unit of carbon, with 

1.6 L g C
-1

 cm
-1

, whereas it was 0.74 and 0.52 L g C
-1

 cm
-1

 for old and young leachates, 

respectively. In order to establish differences amongst the leachates samples according 

to their aromaticity, the SUVA was determined. This parameter provides a quantitative 

measurement of the amount of unsaturated bonds or aromaticity of the dissolved 

organic matter and has also been correlated relatively well with the content of humic 

acids in raw water (White et al. 1997). The SUVA analysis showed a higher presence of 

substances with aromatic characteristics in the stabilised leachate (SUVA 2.54 L mg C
-1

 

m
-1

). This finding makes sense, since the substances with aromatic rings present a 

higher complexity in its structure, and thus a higher refractoriness to be degraded by a 

biological treatment. Consequently, the biological treatment which this leachate was 

subjected previously probably removed aliphatic compounds, not having effect on those 

with aromatic characteristics. Moreover, the SUVA for the old leachate (1.67 L mg C
-1

 

m
-1

) was a bit lower than that for young leachate (1.90 L mg C
-1

 m
-1

). This result was 
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probably caused by changes in the structure of organic compounds present in old 

leachates, which have occurred over the years. 

In regard to elemental analysis, it was observed that stabilised leachate had a lower 

percentage of carbon and hydrogen, and a higher content of nitrogen than young and old 

leachates, which showed a similar elemental composition each other. Although 

stabilised leachate was treated by means of a pressurised biological nitrification–

denitrification process, the high proportion of nitrogen in its composition suggests that 

the conversion of ammonium to nitrogen gas in the process was limited. The atomic 

ratios of H/C for young, old and stabilised leachates were of 1.8, 2.2 and 1.8, 

respectively. These ratios were higher than those reported by Kang et al. 2002 (1.54 and 

1.88 for young and old leachates, respectively). However, differences between leachates 

generated in different landfills are expected, since the characteristics of these are 

affected by many factors, especially waste types and compositions. 

The LC-MS chromatograms of the leachate samples and the humic acid standard are 

shown in the Figure 1. The highest presence of ions was observed for old and young 

leachates. Furthermore, a larger amount of peaks eluted after 6 min for each leachate 

sample, indicating thus that hydrophobic characteristics were predominant in the 

extracted fraction of these leachates. Likewise, it was observed that there was a quite 

good correspondence in terms of composition between the fractions of old and young 

leachates. That is to say, a high proportion of the ions detected were present in both 

samples, although with some variation in their abundance. It is worth noting that the 

[M-H]¯ ions observed in the humic acid standard corresponding to m/z 112.9, 153.0, 

214.9, 209.0 and 209.1 were present in each leachate. This finding demonstrates that 

humic acids are a common component of different types of leachate and also that they 

persist over the years and the action of microorganisms.  

On the other hand, the most prominent peak for all leachate samples corresponded to [M 

H]¯ ion at m/z 209.0, which eluted at 9.0 min. Other important [M H]¯ ions in basis to 

their peak area were at m/z 186.0, 170.9, 185.0, 214.9, 199.0 and 417.0 for times of 2.1, 

3.8, 6.5, 7.5, 8.7 and 13.4 min, respectively, which were present mainly in young and 

old leachates. At short elution times, trifluoroacetic acid (TFA) ([M H]¯ ion at m/z 

112.9) and methylphenol ([M H]¯ ion at m/z 107.0) were identified in each leachate 

sample, although the latter had a very low abundance.  
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Figure 1. LC-MS chromatograms of leachates. (a) Young, (b), old, (c) stabilised and (d) 

humic acid standard.   

The methylphenol, also known as cresol, is a toluene derivative which has applications 

as disinfectant and also is used for the production of pesticides, plastics amongst others. 

(a) 

(b) 

(c) 

(d) 
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Time (min) 
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Therefore, its presence in the leachate samples probably comes from packages that 

contained this kind of products. In contrast, TFA is a compound that is widely 

employed in organic chemistry for transformation of different compounds, and this is 

not present as such in the composition of manufactured products. Consequently, TFA 

was likely formed by the degradation of complex organic molecules containing 

trifluoromethyl groups.  

The identification of the compounds present in the leachates in basis to their ions 

represented a challenging task, since it is expect to find any kind of substances in this 

effluent. In addition, databases of reference standards for LC-MS technique are scarce, 

and unfortunately, GC-MS libraries are not applicable to LC-MS analysis. In order to 

obtain more information about molecular structure of the leachate ions, LC-MS/MS 

analyses were performed and the results were collected in the Table 2.  

Table 2. Common ions detected for young and old leachate samples. 

TR (min)  [M-H]¯ MS/MS 
1.2 186 122 

3.8 171 107 

6.6 185 121 

7.0 257 183 

7.8 207 143, 115 

8.2 477 433, 415, 331, 313 

8.4 271 183 

8.7 199 183 

9.1 209 153 

9.7 285 183 

9.8 481 463, 437, 419, 379, 361, 335, 289, 235, 173 

10.2 463 405, 361, 317, 299, 162 

10.3 299 183 

10.6 463 419, 401, 375, 357, 329, 163 

11.1 345 329, 301, 285, 257, 206 

11.4 463 445, 419, 401, 375, 357, 329, 297, 163 

11.6 313 183 

11.8 209 164 

12.1 237 193, 149, 134 

12.9 486 424, 412, 398, 355, 339, 301, 299 

13.4 417 399, 373, 355, 327, 311, 301, 299 

13.7 417 399, 373, 355, 327, 311, 301, 299 

14.5 456 412, 381, 339, 299, 111 

14.6 373 329, 311 

14.9 498 398, 301, 197 

15.1 285 270, 214, 201 

For [M H]¯ ions at m/z 207, 345 and 417 (7.8, 11.1 and 13.4 min, respectively) was 

observed a neutral loss of 28 Da corresponding to CO, which is characteristic of 
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phenolic groups. [M H]¯ ion at m/z 237 (12.1 min) had two decarboxylations, being 

CO2 a common loss for compounds with acid characteristics. Furthermore, [M H]¯ ions 

at m/z 237 and 417 (9.8 and 13.4 min) had three and two dehydrations, respectively, 

which indicated that these ions presented functional groups characteristic of alcohol 

compounds. On the other hand, [M H]¯ ions at m/z 477, 463 and 373 (8.2, 10.2 and 14.6 

min, respectively) showed decarboxylation and dehydration losses, whilst [M H]¯ ion at 

m/z 463 (10.6 min) had those same losses as well as CO. In the case of [M H]¯ ion at 

m/z 456 (14.5 min), its loss of CH2CO suggested that this ion could belong to benzylic 

esters family. Finally, with the purpose of improving the identification of the extracted 

compounds from the leachates, the accurate mass of the main ions was determined and 

the theoretical molecular formula more probable for some of them was established from 

the equipment software (Table 3).  

Table 3. Theoretical chemical formula determined for some ions of leachate samples. 

TR (min) [M-H]¯ Theoretical chemical formula 

0.9 112.9836 C2 O2 F3 

2.153 
186.0208 C10 H4 N O3 

156.9946 C9 H O3 

3.971 107.0484 C7 H7 O 

6.814 185.0261 C6 H7 N3 O2 S 

6.994 
289.1272 C12 H16 N4 O F3 

172.0381 C8 H5 N F3 

7.124 393.1919 C21 H29 O7 

7.166 

393.1932 C19 H26 N4 O4 F 

171.0656 C8 H11 O4 

127.0746 C7 H11 O2 

7.787 632.0396 C34 H13 O12 F 

9.392 209.0927 C10 H13 N2 O3 

10.599 463.2684 C21 H38 N3 O7 F 

11.866 209.1516 C11 H19 N3 O 

12.467 

237.0743 C10 H12 O3 F3 

193.0845 C7 H10 N3 F3 

149.0944 C8 H11 N3 

12.658 
357.1873 C11 H27 N5 O8 

285.1525 C9 H23 N3 O7 

12.704 221.1502 C9 H21 N2 O4 

13.267 
417.2266 C24 H33 O6 

373.2381 C23 H33 O4 

13.359 417.2238 C19 H33 N2 O8 

14.93 
359.1863 C21 H27 O5 

283.1697 C19 H23 O2 

14.965 

456.2426 C19 H38 N O11 

412.2534 C18 H38 N O9 

301.2000 C16 H29 O5 

15.126 285.1655 C10 H25 N2 O7 
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3.2 Oxidation and mineralisation reactions during wet oxidation of leachates  

The effect of wet oxidation on the COD for the different leachate samples is shown in 

Figure 2a. As can be seen, the COD of each leachate remained almost constant when 

100 ºC were reached in the reaction (35 min), being only observed a reduction of 1-3%. 

However, COD decreased considerably (between 19-22%) after 95 min, when the 

operating conditions were achieved (200 ºC and 50 bar). This same behaviour has been 

observed during the treatment by wet oxidation of other types of effluents (Urrea et al. 

2018), in which the attack of free radicals formed in the medium was not effective until 

temperatures higher than 100 ºC were achieved. Furthermore, it is worth noting that 

neither the leachate type nor the initial COD concentration seemed affect the oxidation 

degree of the treatment, being obtained similar yields of COD degradations for each 

leachate, especially in the first minutes of reaction. These facts can be explained taken 

into account the following reasoning. First of all, the presence of an important amount 

of biorefractary compounds is a common characteristic in young, old and biologically 

stabilised leachates. A fraction of these compounds are mainly formed by humic acids, 

which present a lower resistance to be degraded by advanced oxidation processes than 

other substances as fulvic acids (Oulego et al. 2016). Therefore, humic acids were 

probably the main species oxidised during the first minutes of wet oxidation, which also 

suggests a similar distribution of those substances in the composition of each leachate 

according to the percentage of COD removed. Moreover, the oxidation of organic 

compounds by wet oxidation is known to be developed through free radical chain 

reactions. In the initial stage, reactive molecules are formed and, in turn, react with 

organic compounds present in the samples, forming more reactive molecules, and thus 

propagating the chain reaction. Consequently, higher COD concentrations mean that 

there are more molecules to react and that is because a larger organic load was degraded 

in leachates with higher COD, although similar COD percentages were achieved in 

these.  

After 95 min of wet oxidation, some differences in function of the leachate type were 

noted in the way COD decreased. Firstly, young leachate had the highest oxidation rate, 

although the COD level quickly stabilised from 115 min, being observed a slight 

reduction since that time and achieving a COD removal of 43% at the end of the 

treatment (375 min). Secondly, old leachate presented a continued COD decline, 

reaching a COD removal of 42% after 375 min of wet oxidation. Thirdly, COD of 
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stabilised leachate also showed a constant decrease, but with higher degradation 

percentages than the other samples, obtaining a 48% COD removal when the treatment 

was concluded.  

 

Figure 2. Evolution of properties of ( ) young, ( ) old and ( ) stabilised leachates 

during wet oxidation. (a) COD/COD0, (b) TOC/TOC0, (c) MOC, (d) Colour, (e) pH and 

(f) SUVA. 

On the other hand, the changes observed on the TOC (Figure 2b) showed that the 

mineralisation of organic matter was more important for young leachate than for the rest 
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of leachates during the first 155 min of wet oxidation. However, stabilised leachate 

reached the largest mineralisation degree at the end of the reaction (47% TOC 

removed). The TOC removal for young and old leachates once the treatment was 

concluded was of 43 and 37%, respectively. In addition, it was noted that the evolution 

of TOC for each leachate followed the same behaviour observed on their COD, thus 

indicating that the free radicals continuously produced both the partial oxidation and the 

mineralisation of organic matter.  

The relationships between the reactions of partial oxidation and complete mineralisation 

developed during wet oxidation, can easily be established in basis to the changes 

experienced by the MOC for each leachate (Figure 2c). Therefore, when MOC 

decreased, the mineralisation (including the effect of the formation of CO2 produced by 

decarboxylation reactions) was more important than the partial oxidation and vice versa. 

As it can be observed, the variation on the MOC for each leachate was not too high 

during the treatment, suggesting that both reactions were balanced. A small decline in 

the MOC was noted for young leachate at short times of treatment (95 min), probably 

by effect of decarboxylation of a higher amount of humic acids. After the operating 

conditions were reached, the MOC showed a slight increase for each leachate, 

indicating that the partial oxidation had more relevance from that treatment time. At the 

end of wet oxidation, the oxidation state of young and stabilised leachate was similar to 

that of their initial samples, whilst old leachate had a small increase in its oxidation 

state.    

3.3 Effect of wet oxidation on colour, pH and aromaticity 

The effect of wet oxidation on the colour of the leachate samples was quantified by the 

colour number (CN). Despite a low treatment temperature (100 ºC) was not effective to 

degrade organic matter from leachates (only 1-3% COD removal), a slight reduction of 

the CN was observed under this condition for each sample, that being a bit more 

important on young leachate (Figure 2d). An explanation for this result could be the loss 

of either a functional group or a molecular fragment of some compounds by effect of 

thermal hydrolysis reactions, giving rise to other molecules of lower colour. Once the 

operating conditions were reached, the colour removal was more evident, obtaining an 

overall decrease in CN of 60, 37 and 43% for young, old and stabilised leachate, 

respectively. After 95 min of treatment, the colour of the samples changed from a dark 
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brown for initial samples to a very pale brown. It is worth noting that CN for young 

leachate showed a more significant decline than the rest of leachates at this reaction 

time, coinciding with the decrease in its MOC. Therefore, this finding seems to indicate 

that the higher mineralisation degree achieved by the substances that compose this 

sample had a notorious effect on the reduction of its colour, especially at short reaction 

times. With the advance of the treatment, the CN of all samples decreased up to reach a 

minimum value and then increased. During this stage, the colour changed from a pale 

brown to a pale yellow in the final effluents. 

Regarding to the changes on pH (Figure 2e), it was observed that wet oxidation caused 

an increase on this parameter for each leachate, even when 100 ºC were initially reached 

in the reaction. The variation of the pH was more important for stabilised leachate, 

showing in turn a more continuous rise than for the rest of the samples. This result was 

probably due to a lower alkalinity of this leachate by effect of biological treatment 

applied previously, such as was reported by Oulego et al. 2015. Eventually, all leachates 

achieved a pH of 10.7 ± 0.1 when wet oxidation was concluded.  

On the other hand, the changes caused by wet oxidation on SUVA of each leachate are 

shown in Figure 2f. The hydrothermal treatment at 100 ºC (35 min) caused a minimum 

increase in SUVA for all leachates. However, this result was not significant, because the 

mineralisation and the variation on absorbance at 254 were very small under these 

conditions. When the operating conditions were achieved, the SUVA of stabilised 

leachate decreased. In contrast, SUVA of old and young leachates increased, being this 

behaviour more marked for the latter. This change on SUVA for stabilised leachate 

indicated that wet oxidation caused a remarkable reduction in the amount of unsaturated 

carbon–carbon bonds in its composition. Although unsaturated carbon–carbon bonds 

were also reduced in young and old leachates (their absorbance at 254 decreased), the 

increase in their SUVA suggests that for these samples, the attack of hydroxyl radicals 

had a higher affinity on saturated compounds than on aromatic compounds, especially 

for young leachate. In fact, hydroxyl radicals are known to react with organic 

compounds by addition to a double bond or by abstraction of hydrogen atoms from 

aliphatic organic molecules (Dwyer et al. 2008).  

After 95 min of treatment, the SUVA of all leachates showed a slight decline and 

subsequently achieved a stable value. Finally, wet oxidation caused a reduction of the 
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aromaticity in old and stabilised leachates (SUVA decrease from 1.67 and 2.54 to 1.45 

and 2.04 L mg C
-1

 m
-1

, respectively), whilst the aromatic character prevailed on the 

composition of young leachate effluent (SUVA changed from 1.90 to 2.18 L mg C
-1

 m
-

1
). Wang et al. 2017 reported a decline in SUVA from 2.67 to 1.44 L mg C

-1
 m

-1
 after 

applying a combined process of O3/H2O2 to a leachate concentrated by nanofiltration. 

However, the mineralisation achieved by that treatment (around 15% TOC removal) 

was considerably lower than that obtained in this work, although the COD removals 

(around 50%) were similar. Those results suggest that in the oxidation mechanisms 

involved during O3/H2O2 process, the partial oxidation of organic matter prevailed to its 

complete oxidation, whilst in wet oxidation both reactions were equally significant.  

3.4 Analysis of wet oxidation of leachates by LC-MS 

The evolution of the area of the peaks for the main ions during wet oxidation of leachate 

samples is showed in Figure 3. In order to avoid an overestimation on the calculated 

area by presence of other ions in the same peak, the signal of each ion was separated of 

the other ones before its area was estimated. As it can be seen, the treatment by wet 

oxidation caused a decrease in the area of almost all ions for each leachate, with the 

exception of the [M H]¯ ions at m/z 112.9, 158.9 and 160.8 (0.8, 0.8 and 1.2 min, 

respectively), in which the area showed an increase, this last fact being more marked for 

the second one. In fact, [M H]¯ ion at m/z 158.9 initially presented a very low area (60 ± 

22) and then increased dramatically (812 ± 74) after operating conditions were 

achieved. At this point, it is worth noting that those ions were present at short elution 

times, which indicated that wet oxidation produced compounds with hydrophilic 

characteristics. 

On the other hand, [M H]¯ ion at m/z 112.9, which was identified as TFA, showed an 

increase and subsequently declined in its concentration at the end of the reaction, 

achieving similar areas to the initial ones, although the reaction time in which this 

happened was different in function of the type of leachate. TFA is the simplest 

perfluorinated carboxylic acid, and thus its formation during wet oxidation of leachates 

makes sense since is well-known that low molecular weight carboxylic acids are 

produced by this treatment. Furthermore, considering that leachates present a great 

variety of substances in their composition, TFA could have been formed from complex 

molecules containing fluorine atoms. As the degradation of low molecular weight 
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carboxylic acids by means of wet oxidation requires severe treatment conditions, the 

area decline of TFA during the treatment suggests that it could have reacted in some 

way with other compounds.  

Despite 100 ºC did not produce significant treatment effects on leachates in terms of 

oxidation, marked changes on the area of the ions were observed under this condition. 

For instance, the area of [M H]¯ ions at m/z 186 and 171 (2.2 and 3.9 min) decreased 

around 42 ± 5% for old leachate and 24 ± 4% for young leachate. Furthermore, [M H]¯ 

ions at m/z 214.9 and 209.1 (7.8 and 9.0 min) that had the highest area in initial leachate 

samples, completely disappeared from that treatment time. Likewise, it was observed in 

both young and old leachates the formation of two new [M H]¯ ions at m/z 221.1 and 

236.1 that eluted at the same time (12.6 min), and which in turn, showed a fast area 

decrease with the advance of the reaction. The similar theoretical formula calculated for 

[M H]¯ ions at m/z 209.1 (C10H13N2O3) and 236.1 (C11H14N3O3) seemed to indicate that 

the second one had been formed from the first one. However, that hypothesis was 

discarded as [M H]¯ ion at m/z 236.1 was not detected in stabilised leachate samples 

after wet oxidation.  

Finally, the area of the ions was reduced between 40 and 80% after 375 min of wet 

oxidation, which indicates that this treatment caused an important effect on the 

composition of the different leachate samples. In addition, the abundance of the [M H]¯ 

ions corresponding to humic acid (m/z 112.9, 153.0, 214.9, 209.0 and 209.1) decreased 

in all leachate samples during the treatment. This result is consistent with those reported 

by other works, in which was determined that wet oxidation was effective to degrade 

humic substances of different samples, such as biological sludge and leachates (Oulego 

et al. 2016, Urrea et al. 2017).  
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Figure 3. Evolution of the area of the main ions of leachates during wet oxidation. (a) 

Young, (b) old and (c) stabilised leachates. Formed ions (dotted lines and square 

symbol) and ions increasing (dashed lines and triangular symbol). [M H]¯ ( ) 112.9 

(0.9 min), ( ) 158.9 (0.9 min), ( ) 160.8 (1.2 min), ( )186 (2.2 min), ( ) 171 (3.9 

min), ( ) 185 (6.6 min), ( ) 206.9 (7.3 min), ( ) 219.9 (7.3 min), ( ) 206.9 (7.8 min), 

( ) 219.9 (7.8 min), ( ) 199 (8.7 min), ( ) 477 (9.2 min), ( ) 221.1 (12.6 min), ( ) 

236 (12.6 min), ( ) 417.1 (13.4 min), ( ) 417.1 (13.7 min) and ( ) 456.1 (14.4 min).  
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4. Conclusions 

The highest presence of ions detected by LC-MS was observed in old and young 

leachates. In addition, a great proportion of those ions were present in both samples, 

although with some variation in their abundance, thus indicating that old and young 

leachates presented quite similarity in their composition. While old leachate had the 

lowest oxidation state for organic substances, stabilised leachate presented the highest 

aromaticity degree. 

The ions observed for humic acid standard were present in each leachate sample, 

revealing that these substances are a common component of leachates of different age 

and are resistant to biological degradation. Nevertheless, the abundance of those ions 

decreased in all leachate samples during wet oxidation, demonstrating that this 

treatment was effective to degrade persistent compounds from leachates. 

Wet oxidation caused a substantial improvement on the leachates characteristics, 

achieving a mineralisation around 50% of organic matter, a decolourisation of those 

from a dark brown colour to a pale yellow colour and a decrease in the aromaticity for 

old and stabilised leachates. Furthermore, the total area of the ions in the chromatogram 

was reduced between 40 and 80%, whilst some ions of hydrophilic characteristics 

(molecules more oxidised) increased their concentration. 
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 Hydrothermal technologies represent an interesting alternative for improving the 

dewaterability characteristics of the sludge, thus making its subsequent 

management easier. The hydrothermal treatments destroyed the floc structure of 

the sludge releasing bound water and producing a high solubilisation degree of 

extracellular and cellular components. 

 Thermal hydrolysis and wet oxidation showed a high efficiency to reduce the 

volume of activated sludge. However, the use of an oxidising atmosphere 

offered a more complete solution of treatment, providing better results of 

solubilisation, settleability and mineralisation of the sludge than an inert one. 

 The temperature has proved to be the most influential parameter for both thermal 

hydrolysis and wet oxidation, causing the improvement of the rate of 

solubilisation reactions with its increase. Therefore, less reaction time was 

necessary to achieve the same results obtained at lower temperatures. Moreover, 

the changes in pressure did not produce significant effects for thermal 

hydrolysis, whilst those increased slightly the rates of oxidation during wet 

oxidation. 

 The free radicals initially formed by wet oxidation favoured a higher 

solubilisation of the sludge instead of its mineralising. Likewise, these radicals 

showed particularly high affinity to cause the cellular lysis at the beginning of 

the reaction, rather than the complete hydrolysis of the cellular components such 

as cellular wall and membrane. 

 Short treatment times of the sludge by wet oxidation caused a marked worsening 

of some important properties, such as settleability and dewaterability. These 

results were attributed to the increased of electrostatic repulsion forces between 

the solid particles due to the solubilisation of polymers, as well as to the increase 

of the bound water content in such solids. Nevertheless, once a high degree of 

solubilisation and oxidation was reached, the characteristics of settleability and 

dewaterability were largely improved. 

 Although wet oxidation caused a higher degree of solids solubilisation than 

thermal hydrolysis, the yield of solubilisation of the main component of the 

sludge, the protein, was similar between both techniques. This result was a 
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factor of the degradation of proteins caused by free radicals formed under an 

oxidising atmosphere. 

 The presence of oxygen during the hydrothermal treatment of sludge favoured a 

higher solubilisation of low and medium size polymers, as well as a higher 

hydrophilic character in the composition of the effluent. In addition, an oxidising 

atmosphere caused the degradation of each solubilised biopolymers from sludge, 

whilst an inert one only caused the degradation of proteins, demonstrating thus 

that proteins were more sensitive a thermal decomposition. 

 The decrease in the concentration of organic solids by either thermal hydrolysis 

or wet oxidation affected the interaction between the particles of the sludge, 

generating a positive effect on the rheological characteristics of the effluent. A 

reduction in the apparent viscosity of up to two orders of magnitude was 

achieved, as well as the transformation of the flow behaviour from a Bingham 

plastic for the initial sludge to a Newtonian flow at the end of the treatment. 

 The modelling of the rheological parameters (Herschel–Bulkley model) from 

sludge during thermal hydrolysis showed an exponential growth of the yield 

stress (τ0) with an increase in the concentration of total suspended solids, while 

the consistency (K) and the flow behaviour index (n) were fitted to a polynomial 

function of third and second order respectively. 

 A kinetic model that accurately described the reactions that occur during the wet 

oxidation of the sludge in basis to COD evolution has been proposed, achieving 

a good fit with the experimental data. The model implies an initial solubilisation 

of the solid COD, followed by the oxidation of the solubilised COD, finally 

generating a refractory COD.  

 According to the fingerprints for initial EPS fractions, it was identified that LB-

EPS gathers characteristics of the other EPS fractions in terms of molecular size 

distribution. This behaviour was attributed to the exchange of polymers that 

occurs between LB-EPS and the others EPS fractions, due to its intermediate 

location in the arrangement of the floc.  

 Considering the fingerprint peaks present only in the size exclusion stretch, SMP 

was composed of 14, 13 and 73% polymers of low (>35 kDa), medium (35-150 
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kDa) and high (>150 kDa) molecular weight, respectively. Likewise, the content 

of these polymers in LB-EPS and TB-EPS was 44, 10, 46% and 83, 15, 2%, 

respectively. 

 The analysis of the structural components of the sludge during wet oxidation 

revealed that the inner fractions of the microbial aggregates are more amenable 

to oxidation than the outer ones. Therefore, the fractions were more refractory to 

oxidation following this order: SMP > LB-EPS > TB-EPS > naked cells. This 

behaviour was attributed to two factors: the screening effect of the oxidative 

environment in the WWTP on SMP and LB-EPS fractions and the role of the 

LB-EPS as a physical barrier against the attack of the free radicals in the 

medium, protecting the more internal biopolymers and promoting their stability 

against oxidation. 

 Wet oxidation caused the degradation of larger molecules in the sludge fractions 

by effect of reactions of thermal hydrolysis and oxidation, leading to a final 

effluent with a content of almost 90% of low molecular weight solubilised 

substances (<35 kDa). In addition, an increase in the proportion of readily 

biodegradable material was observed for all of the fractions at the end of the 

treatment. 

 Wet oxidation of sludge involves an initial fast solubilisation of biopolymers, 

mainly proteins, followed by their gradual oxidation. Furthermore, the 

modification of proteins by hydroxylation of phenylalanine generated polymers 

with a higher absorbance capacity in the UV zone. 

 A new kinetic model for sludge solubilisation by wet oxidation has been 

proposed and proved. The model includes the effects of oxygen concentration 

and temperature on volatile suspended solids solubilisation rates and on the 

formation and reaction rates of the main solubilised biopolymers. 

 The high degree of solubilisation of biopolymers obtained (231, 147, 83, 9 and 5 

mg per gram of initial volatile suspended solids, for proteins, humic acids, 

carbohydrates, uronic acids and DNA, respectively), suggested the possibility of 

applying wet oxidation in order to recover products of potentially high added 

value, thus also improving the economic appeal of the process. 
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 Wet oxidation caused a substantial improvement on the leachates characteristics, 

achieving a mineralisation around 50% of organic matter, a decolourisation of 

those from a dark brown colour to a pale yellow colour and a decrease in the 

aromaticity for old and stabilised leachates. Furthermore, the total area of the 

ions in the chromatogram was reduced between 40 and 80%, whilst some ions of 

hydrophilic characteristics (molecules more oxidised) increased their 

concentration. 
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 Las tecnologías hidrotérmicas representan una alternativa interesante para 

mejorar las características de deshidratabilidad del lodo, y por lo tanto, facilitar 

su posterior gestión. Los tratamientos hidrotérmicos destruyeron la estructura 

flocular del lodo, liberando el agua fuertemente retenida y produciendo un alto 

grado de solubilización de los componentes celulares y extracelulares. 

 La hidrolisis térmica y la oxidación húmeda mostraron una alta eficiencia para 

reducir el volumen del lodo activo. No obstante, el uso de una atmósfera 

oxidante supuso una solución de tratamiento más completa, aportando mejores 

resultados en términos de solubilización, sedimentabilidad y mineralización del 

lodo con respecto a una atmósfera inerte. 

 El parámetro operacional más influyente en la hidrólisis térmica y la oxidación 

húmeda del lodo fue la temperatura, la cual causó una mejora en las velocidades 

de las reacciones de solubilización con su incremento. Por consiguiente, fueron 

necesarios menores tiempos de reacción para alcanzar los mismos resultados 

obtenidos a más bajas temperaturas. Además, los cambios en la presión no 

produjeron efectos significantes para la hidrólisis térmica, mientras que éstos 

causaron un suave incremento en las velocidades de oxidación durante la 

oxidación húmeda. 

 Los radicales libres formados inicialmente durante la oxidación húmeda, 

favorecieron una mayor solubilización del lodo en lugar de su mineralización. 

Asimismo, estos radicales mostraron particularmente mayor afinidad para causar 

solo una lisis celular al comienzo de la reacción, en lugar de producir la 

hidrólisis completa de las células.    

 El empleo de oxidación húmeda durante cortos tiempos de reacción causó un 

marcado empeoramiento de algunas propiedades importantes del lodo, tales 

como la sedimentabilidad y la deshidratabilidad. Estos resultados fueron 

asociados al incremento de las fuerzas de repulsión electroestática entre las 

partículas sólidas por efecto de la solubilización de polímeros, así como al 

incremento del agua fuertemente retenida en los sólidos. Sin embargo, una vez 

que un alto grado de solubilización y oxidación fueron alcanzados, las 

características de sedimentabilidad y deshidratabilidad mejoraron 

considerablemente. 



 

CHAPTER 5  

152 

 

 Aunque la oxidación húmeda causó un mayor grado de solubilización de sólidos 

que la hidrólisis térmica, el rendimiento de solubilización del principal 

componente del lodo, la proteína, fue similar entre ambas técnicas. Este 

resultado fue debido al ataque de los radicales libres formados bajo una 

atmósfera oxidante, lo cual causó una degradación más significativa de las 

proteínas, que la generada por descomposición térmica durante la hidrólisis 

térmica.  

 La presencia de oxígeno durante el tratamiento hidrotérmico del lodo favoreció 

una mayor solubilización de polímeros de bajo y mediano peso molecular, al 

igual que un mayor carácter hidrofílico en la composición del efluente. 

Adicionalmente, una atmósfera oxidante causó la degradación de cada uno de 

los biopolímeros solubilizados del lodo, mientras que una atmósfera inerte solo 

causó la degradación de las proteínas, demostrando así que las proteínas fueron 

los biopolímeros más sensibles a la descomposición térmica. 

 La reducción en la concentración de sólidos orgánicos por hidrólisis térmica u 

oxidación húmeda afectó a la interacción entre las partículas del lodo, generando 

un efecto positivo en las características reológicas del efluente. Se alcanzó una 

reducción en la viscosidad aparente del lodo de hasta dos órdenes de magnitud, 

al igual que un cambio en el comportamiento del flujo, pasando desde un 

plástico de Bingham del lodo inicial a un fluido newtoniano al final del 

tratamiento. 

 El modelado de los parámetros reológicos (modelo de Herschel–Bulkley) del 

lodo durante la hidrólisis térmica, mostró un crecimiento exponencial del límite 

de esfuerzo (τ0) con el incremento en la concentración de los sólidos 

suspendidos totales. En cambio, la consistencia (K) y el índice de 

comportamiento del flujo (n) fueron ajustados a una función polinómica de 

tercer y segundo orden, respectivamente. 

 Se propuso un modelo cinético que describió con precisión las reacciones que 

ocurren durante la oxidación húmeda del lodo, en base a la evolución de la 

DQO, siendo obtenido además un buen ajuste con respecto a los datos 

experimentales. El modelo implica la solubilización inicial de la DQO de la 
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fracción sólida, seguida por la oxidación de la DQO solubilizada y, finalmente, 

la producción de una DQO refractaria. 

 En base a las huellas dactilares de las fracciones iniciales de SPE (sustancias 

poliméricas extracelulares), se identificó que SPE-DL (SPE débilmente ligadas) 

reúnen características de las otras fracciones de SPE, en términos de la 

distribución del tamaño molecular. Este comportamiento fue atribuido al 

intercambio de polímeros que ocurre entre SPE-DL y las otras fracciones de 

SPE, debido a su localización intermedia en la distribución del flóculo. 

 Considerando los picos de las huellas dactilares presentes solo en la zona de 

exclusión por tamaño, PMS (productos microbianos solubles) estuvieron 

compuestos por 14, 13 y 73% de polímeros de bajo (<35 kDa), mediano (35-150 

kDa) y alto (>150 kDa) peso molecular, respectivamente. Asimismo, el 

contenido de este tipo de polímeros en SPE-DL y SPE-FL (SPE fuertemente 

ligadas) fue de 44, 10, 46% y 83, 15, 2%, respectivamente. 

 El análisis de los componentes estructurales del lodo durante la oxidación 

húmeda, reveló que las fracciones más internas de los agregados microbianos 

son más sensibles a la oxidación que las dispuestas en la zona exterior. Por lo 

tanto, las fracciones fueron más refractarias a la oxidación en este orden. PMS > 

SPE-DL > SPE-FL > células. Este comportamiento fue atribuido a dos factores. 

En primer lugar, el efecto de cribado del ambiente oxidativo en la EDAR sobre 

las fracciones de PMS y SPE-DL. En segundo lugar, el papel de barrera física de 

SPE-DL contra el ataque de los radicales libres presentes en el medio, 

protegiendo los biopolímeros más internos y promoviendo su estabilidad en 

contra de la oxidación. 

 La oxidación húmeda causó la degradación de las moléculas de mayor tamaño 

en las fracciones del lodo, por efecto de las reacciones de hidrólisis térmica y 

oxidación, produciendo un efluente final con un contenido cercano al 90% de 

sustancias solubilizadas de bajo peso molecular (<35 kDa). Además, se observó 

un incremento en la proporción del material rápidamente biodegradable para 

todas las fracciones al finalizar el tratamiento. 
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 La oxidación húmeda del lodo implica una rápida solubilización de los 

biopolímeros, principalmente proteínas, seguida por su oxidación gradual. 

Además, la modificación de las proteínas por efecto de la hidroxilación de la 

fenilalanina generó polímeros con una capacidad mayor de absorbancia en la 

zona UV. 

 Se propuso y probó un nuevo modelo cinético para la solubilización del lodo 

durante la oxidación húmeda. El modelo incluye los efectos de la concentración 

de oxígeno y de la temperatura sobre las velocidades de solubilización de los 

sólidos suspendidos volátiles, y sobre las velocidades de formación y reacción 

de los principales biopolímeros solubilizados. 

 El alto grado de solubilización de biopolímeros obtenido (231, 147, 83, 9 y 5 mg 

por gramo inicial de sólidos suspendidos volátiles, para proteínas, ácidos 

húmicos, carbohidratos, ácidos urónicos y ADN, respectivamente), sugirió la 

posibilidad de aplicar la oxidación húmeda para la recuperación de productos 

con potencial valor añadido, contribuyendo así a mejorar el potencial económico 

del proceso.  

 El tratamiento por oxidación húmeda causó una mejora importante de las 

características de los lixiviados. La mineralización de materia orgánica 

alcanzada fue cercana al 50 %, mientras que el color se redujo, cambiando desde 

un marrón oscuro a un amarillo claro. Además, la aromaticidad decreció en 

lixiviados maduros y en lixiviados estabilizados biológicamente. Finalmente, el 

área total de los iones en el cromatograma se redujo entre 40 y 80%, mientras 

que la concentración de algunos iones de características más hidrofílicas 

incrementó. 
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7.1 SUPPORTING INFORMATION 

Article. 

I. Valuable compounds from sewage sludge by thermal hydrolysis and wet 

oxidation. A review. 

 

Table of contents 

1. Compounds generated during thermal hydrolysis of sewage sludge. Conditions 

and relevant results published (Table S1). 

2. Compounds generated during wet oxidation of sewage sludge. Conditions and 

relevant results published (Table S2). 

3. Results of the application of TH and WO to the same sludge in the same 

experimental device (Table S3).  

4. Effect of the level of the oxygen fed into the reactor on the products obtained 

during hydrothermal treatment of sewage sludge (Table S4). 
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Article. 

IV. Sludge hydrothermal treatments. Oxidising atmosphere effects on 

biopolymers and physical properties. 

 

Table of contents 

1. UV-VIS absorption spectrum of supernatants during wet oxidation or thermal 

hydrolysis of sludge. 
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1. UV-VIS absorption spectrum of supernatants during wet oxidation or 

thermal hydrolysis of sludge.  

 

Figure S1. Evolution of UV-VIS spectrum of supernatants from sludge during wet 

oxidation (a) or thermal hydrolysis (b) at 160 ºC and 40 bar. Time sampling:  

initial, 45 min,  67 min,  77 min,  87 min,  97 min,  117 

min,  147 min,  187 min. 
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Article. 

V. Wet oxidation of the structural sludge fractions. 

 

Table of contents 

1. Experimental procedure for EPS extractions and the analysis of readily 

biodegradable COD (RBCOD). 

2. UV-VIS absorption spectra of supernatants during wet oxidation treatment of 

sludge components and raw sludge. 
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1. Experimental procedure for EPS extractions and the analysis of readily 

biodegradable COD (RBCOD). 

EPS extractions 

A thermal extraction was employed to separate the EPS fractions from sludge. Briefly, 

450 mL of sludge was centrifuged at 4000 g (4 ºC, 5 min) and the supernatant, 

corresponding to SMP fraction, was extracted and stored. Subsequently, the pellet was 

re-suspended in distilled water to its initial volume and subjected to centrifugation 

(6000g, 4 ºC, 15 min), and then, the supernatant, corresponding to LB-EPS fraction, 

was collected and stored. Next, the pellet was again re-suspended to its initial volume, 

this time with distilled water at 65 ºC and was placed in a thermostatically controlled 

water bath (at 65 ºC) for 30 min. Afterwards, the sample was centrifuged at 8000g (4 

ºC, 15 min) and the supernatant, containing the TB-EPS fraction, was separated and 

stored. Finally, the pellet composed by “naked cells” was once more re-suspended and 

stored.   

Analysis of readily biodegradable COD (RBCOD) 

The method is based on determining the effect of introducing a liquid sample on the 

oxygen uptake rate (OUR) of an activated sludge. The analysis of RBCOD was carried 

out in a 250 mL jacketed vessel, which was maintained at 20 ºC by means of a 

thermostatically controlled water bath. The experimental protocol consisted in charging 

170 mL of activated sludge previously aerated until to achieve endogenous conditions. 

The system was stirred to 250 rpm and five drops of nitrification inhibitor were added. 

The aeration was carried out in feeding cycles (1 minute feeding and 6 minutes turned 

off). An YSI Professional Optical Dissolved Oxygen instrument was employed to 

measure the variation in the oxygen concentration with the time. Subsequently, 50 mL 

of sample, which was previously centrifuged (10000g, 10 min) and filtered (0.45 µm 
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PVDF filters) was added. The ratio of initial substrate concentration to initial biomass 

concentration (So/Xo) was established in 0.05-0.10 g COD g VSS
-1

. The OUR 

measurements were maintained until the sludge reached the endogenous conditions 

again. The RBCOD of the sample was estimated from Equation S1 (Orhon and Çokgör 

1997), being necessary to subtract the endogenous cumulative oxygen uptake of the 

total OUR. 

RBCOD =
1

(1−YH)
∫ OUR ∂t

t1

t0
        (S1) 

Where YH is the heterotrophic yield coefficient 

As YH depends of the sludge characteristics, it was necessary to carry out a previous test 

using sodium acetate as an organic standard. The value of YH was calculated from 

Equation S2, obtaining a value of 0.74 mg COD mg COD
-1

.  

YH = 1 −
∫ OUR

COD degradation
        (S2) 

Reference:  

Orhon, D. and Çokgör, E.U. (1997) COD Fractionation in Wastewater 

Characterization—The State of the Art. Journal of Chemical Technology & 

Biotechnology 68(3), 283-293. 
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2. UV-VIS absorption spectra of supernatants during wet oxidation treatment of 

sludge components and raw sludge. 
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Figure S1. Evolution of UV-VIS spectra of supernatants during wet oxidation treatment 

at 190 ºC and 65 bar. (a) SMP fraction, (b) LB-EPS fraction, (c) TB-EPS fraction, (d) 

naked cells fraction, (e) raw sludge.  initial, 40 min,  90 min,  100 

min,  110 min,  120 min,  140 min,  170 min,  210 min. 
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Article. 

VI. Effect of wet oxidation on the fingerprints of polymeric substances from 

an activated sludge. 

 

Table of contents 

1. ATR-FTIR measurements of the initial and final fractions of SMP, LB-EPS and 

TB-EPS (Figures S1 to S4). 

2. Analysis of hydrophobic interactions during SEC analysis of samples (Figure 

S5). 

3. Effect of the EPS hydrophilicity/hydrophobicity on the MOC (Table S1). 
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1. ATR-FTIR measurements of the initial and final fractions of SMP, LB-EPS 

and TB-EPS. 

ATR-FTIR measurements were carried out to both initial fractions and final ones (after 

treatment). The main results obtained related to the initial fractions are explained as 

follows (see Figure S1): 

 The FTIR spectra for initial SMP and LB-EPS samples are quite similar, which is 

in accordance with the similar compositions in biopolymers observed for both 

fractions. 

 An intense broad band was observed at 3300 cm
-1 

(amide A) in SMP and LB-EPS 

fractions, which is characteristic of N-H stretching vibration in proteins.  

 A weak band has been detected for 2900 cm
-1

 in the LB-EPS fraction, confirming 

that carbohydrates are present in a low concentration. This band was no detected in 

SMP, since its concentration is lower than that achieved for LB-EPS fraction, as 

expected considering the data from Table 1. 

 In the case of TB-EPS, the characteristic bands for proteins at 3300 and at 3100 

cm
-1

 were overlapped with those from carbohydrates at 3350 and 2900 cm
-1

, 

making difficult to obtain conclusions from these bands. 

 Both SMP and LB-EPS showed amide I band at 1637 cm
-1

, which corresponded to 

proteins. This band is due to 80% C-O stretching, 10% C-N stretching, and 10% 

N-H bending vibrations). Nevertheless, this band was not reported in the case of 

TB-EPS. On the contrary, TB-EPS showed band at 1577 cm
-1

, characteristic of 

amide II ( 60% N-H bending vibration and 40% C-N stretching). 

 SMP, LB-EPS and TB-EPS showed a band at 1400 cm
-1

, this being more intense 

for TB-EPS, which is characteristic of carbohydrates (C-H and OH deformation 
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vibrations). This band is overlapped with that from proteins, specifically, amide III 

(between 1400 and 1200 cm
-1

), thus, being difficult to obtain valuable information.  

 A strong band was observed at 1090 cm
-1

 for both SMP and LB-EPS, whereas, this 

band was shifted to lower wavenumbers for TB-EPS (1042 cm
-1

), all of them are 

characteristic of carbohydrates (C-O stretching vibration).  

 

Figure S1. FTIR spectra of the initial fractions of SMP (), LB-EPS () and TB-EPS (). 

The differences between the SMP, LB-EPS and TB-EPS fractions before (initial) and 

after WO treatment (final) were also studied. Regarding SMP (see Figure S2), both the 

initial and final fractions showed an Amide A broad band at 3278 and 3327 cm
-1

, 

respectively. This can be explained considering that this vibration is exclusively 

localised on the NH group and is therefore in proteins insensitive to the conformation of 

the polypeptide backbone. Its frequency depends on the strength of the hydrogen bond. 

The initial SMP fraction showed a band at 1637 cm
-1

 which is characteristic of amide I 
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vibration of proteins. This band can be assigned to the presence of proteins in which the 

secondary structure is -sheet. However, such band was not detected after WO 

treatment. This can be due to the denaturation of the proteins by the oxidation treatment. 

Besides, it should be noted that the amide I vibration is hardly affected by the nature of 

the side chain. After oxidation, a band of amide II vibration of proteins at 1558 cm
-1

 

was distinguished. This band can also be related to the flexibility of the proteins and the 

effect is more marked for smaller molecules. This is due to the oxidation provoked the 

breakage of proteins into peptides. The initial and final SMP fractions also showed a 

band at 1400 cm
-1

, which is characteristic of carbohydrates. However, this band is 

overlapped with that from proteins, specifically, amide III (between 1400 and 1200 cm
-

1
), thus, indicating the existence of both type of compounds.  

 

Figure S2. FTIR spectra of the initial () and final () fractions of SMP. 

A strong band was observed at 1090 cm
-1

 both in the initial and final SMP fractions, 
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identified a band at 890 cm
-1

, which is characteristic of carbohydrates (C-H 

deformation), however it is overlapped with that from proteins, specifically, symmetric 

C-N-C stretching. Consequently, it is difficult to obtain significant information.  

Related to LB-EPS, the spectra obtained and the bands identified were very similar to 

those obtained for SMP (see Figure S3). This is due to the composition of both fractions 

SMP and LB-EPS is almost the same. The only difference observed is the existence of a 

weak band, in the final LB-EPS spectrum, at 1194 cm
-1

, which is also characteristic of 

amide III. Such mode is the combination of the NH bending and the CN stretching 

vibration with small contributions from the CO in plane bending and the CC stretching 

vibration. In proteins, the composition of this mode is very complex, since it depends on 

side chain structure and since NH bending contributes to several modes in the 1400 to 

1200 cm
−1

 region. Therefore, this can be the reason why this band was not detected on 

SMP. 

 

Figure S3. FTIR spectra of the initial () and final () fractions of LB-EPS. 

5001000150020002500300035004000

%
 T

ra
n

sm
it

ta
n

ce
 (

a
.u

.)
 

Wavenumber (cm-1) 

3273 

3273 

1637 

1570 
1412 

1400 

1090 

1100 

890 

1194 

890 



 

APPENDIX 

225 

 

Considering TB-EPS, the initial fraction showed a broad band at 3300 cm
-1

 (amide A), 

whereas, in the final fraction, both bands amide A and B was identified at 3300 and 

3100 cm
-1

, respectively (see Figure S4). The amide A band is usually part of a Fermi 

resonance doublet with the second component absorbing weakly between 3100 and 

3030 cm
−1

 (amide B). In polypeptide chains, the NH stretching vibration is resonant 

with an overtone of the amide II vibration, in β-sheets with an amide II combination 

mode. Besides, in the initial fraction a weak band at 2900 cm
-1

 was observed. This band 

is typical in carbohydrates. Taking into account the complexity of this fraction is 

complicated to achieve more significant conclusions. The initial TB-EPS fraction did 

not showed the characteristic band of amide I vibration of proteins at 1650 cm
-1

, 

however such band was identified in the final fraction. The absence of it in the initial 

fraction can be due to the polymeric matrix and the fact that the band can be included 

into the band centered at 1600 cm
-1

. Both initial and final fractions exhibited a band of 

amide II vibration of proteins at 1560 cm
-1

, although it was more intense in the final 

one. As it was previously commented, this band can be related to the flexibility of the 

proteins, such effect being more marked for smaller molecules. Therefore, this result is 

reasonable since oxidation produces the breakage of the proteins. The initial TB-EPS 

fraction showed a medium and a weak band at 1400 and 1350 cm
-1

 which can be due 

to amide III vibration of proteins. It is noteworthy that these bands are overlapped with 

those from carbohydrates (C-H and OH deformation vibrations). After the oxidation, 

two more weak bands positioned at 1440 and 1301 cm
-1

 were identified (together with 

the bands at 1400 and 1350 cm
-1

) in the final fraction. Both bands can also be due to 

carbohydrates or proteins. Since the oxidation treatment degraded these compounds, 

this can facilitate the identification of more characteristic bands. In the initial TB-EPS 

fraction was also identified a band which corresponded to carbohydrates, exactly at 
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1040 cm
-1

 that can be assigned to C-O stretching vibration.  This band was also found at 

the same wavenumber in the final fraction, however, its intensity was lower. This is 

because of the oxidation treatment degraded the carbohydrates present in such fraction. 

 

Figure S4. FTIR spectra of the initial () and final () fractions of TB-EPS. 

 

References:  

Barth, A. (2007) Infrared spectroscopy of proteins. Biochimica et Biophysica Acta 

(BBA) - Bioenergetics 1767(9), 1073-1101. 

Socrates, G. (2001) Infrared and Raman Characteristic Group Frequencies. Tables and 

Charts. 3rd edition. John Wiley & Sons, LDT. New York. 

  

0

50

100

150

200

5001000150020002500300035004000

%
 T

ra
n

sm
it

ta
n

ce
 (

a
.u

.)
 

Wavenumber (cm-1) 

3300 

3300 

3100 

2900 

1650 

1560 

1560 

1400 

1350 

1400 

1350 
1301 

1440 

1040 

1040 



 

APPENDIX 

227 

 

2. Analysis of hydrophobic interactions during SEC analysis of samples 

SEC analysis was repeated in order to check the presence of hydrophobic interactions 

between EPS polymers and the column filling material, on this occasion using a mobile 

phase containing 5% of methanol. When the initial EPS fractions were analysed, the 

fingerprints maintained the same amount of peaks and their shapes did not change much 

with respect to the fingerprints obtained without methanol (results not shown). 

However, the samples collected during WO presented a different behaviour. Firstly, a 

slight delay in elution time was identified on peaks inside column volume, in particular 

on the first two and four groups of molecules for EPS and naked cell fractions, 

respectively. By contrast, the peaks outside of column volume were slightly displaced to 

lower elution times without these having achieved the size exclusion zone. The figure 

below (Figure S5) shows a typical result of the mobile phase polarity effect on 

fingerprints after WO. 

Similar results were found by Simon et al. 2009 when they analysed the effect of mobile 

phase polarity on fingerprints of EPS. In their work, it can be observed that an important 

displacement of hydrophobic peaks was not reached until 30% of acetonitrile in the 

mobile phase was used. For the peaks which showed an increase in the elution time, 

they considered that this occurred due to an increase of electrostatic interactions. 

Based on these results, it can be considered that peaks appearing at times longer than the 

total volume of the column were affected by the higher polarity of mobile phase, which 

revealed the presence of polymers with hydrophobic characteristics in these peaks.  
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Figure S5. Polarity effect of mobile phase on fingerprints of activated sludge fractions. 

Result for naked cell after 210 min of WO at 190 ºC and 65 bar.  Mobile phase 

buffer,  mobile phase buffer with 5% methanol,  total column volume. UV 

absorbance at 260 nm. 

3. Effect of the EPS hydrophilicity/hydrophobicity on the MOC 

According to the results of the fingerprints of initial EPS fractions, it can be observed 

that the composition of EPS had a more hydrophobic character when its position was 

closer to the cells, contrary to what happened with the MOC, which decreased. This fact 

suggests that the more hydrophobic EPS, the lower MOC, which makes sense and can 

be demonstrated theoretically through some simple calculations.  

It is generally accepted that the higher the number of oxygen atoms in the composition 

of a molecule, the higher its solubility in polar solvents (acids R-COOH are more 

hydrophilic than alcohols R-OH; alcohols R-OH are more hydrophilic than alkenes R-H 

and so on). At the same, the higher the oxygen content in the compound, the lower the 

COD, by definition of this parameter. Considering two compounds with the same 

number of carbon atoms, that is, the same TOC, it can be easily deduced that the higher 

the number of oxygen atoms, the lower the COD and the higher the hydrophobicity. If 
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COD decreases while the TOC remains constant, then the MOC increases (see formula). 

So, a high hydrophobicity can be related to low MOC and viceversa. 

MOC = 4 − 1.5
COD

TOC
 

For example, if two substances as butanol and butanediol ,which have the same amount 

of C, but different number of OH groups, are considered, it can be easily verified that 

more hydrophobic compound (butanol), has a lower MOC. This is due to the presence 

of an additional molecule of oxygen in the structure of butanediol, which has a direct 

impact on its COD, decreasing it (see the Table S1). 

Table S1. MOC number of butanol and butanediol. 

Butanol Butanediol 

C4H10O C4H10O2 

COD = 2091 g O2/L COD = 1930 g O2/L 

TOC = 522.8 g C/L TOC = 526.4 g C/L 

MOC = -2 MOC= -1.5 
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VII. Formation and degradation of soluble biopolymers during wet oxidation 

of sludge. 

 

Table of contents 

1. Evolution of soluble TOC from sludge fractions during WO at 190ºC and 65 atm 

(Figure S1). 

2. Evolution of volatile suspended solids in naked cells fraction and raw sludge 

sample during WO at 190 ºC and 65 atm (Figure S2). 

3. Evolution of biopolymers solubilised in the raw sludge compared to the sum of 

all sludge fractions during WO at 190 ºC and 65 atm (Figure S3). 
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1. Evolution of soluble TOC from sludge fractions during WO at 190 ºC and 65 

atm. 

 

Figure S1. Evolution of soluble TOC from sludge fractions during WO at 190 ºC and 

65 atm. (a)  SMP,  LB-EPS and  TB-EPS, (b)  naked cells and  raw sludge 

(results of naked cells and raw sludge after reaching operating conditions). 
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2. Evolution of volatile suspended solids in naked cells fraction and raw sludge 

sample during WO at 190 ºC and 65 atm. 

 

Figure S2. Evolution of volatile suspended solids from (a) naked cells and (b) raw 

sludge during WO at 190 ºC and 65 atm. Experimental data (symbols) and kinetic 

model (red line) according to equation 1. 

The following fitting parameters were obtained when the kinetic model for the VSS 

solubilisation (equation 1) was fitted to experimental data of either naked cells or raw 

sludge: 1.87 *10
8
 L mg O2

-1
 min

-1
, 56 kJ/mol and 0.999 for 𝑘0𝑉𝑆𝑆

, 𝐸𝑎𝑉𝑆𝑆 and R
2
, 

respectively. 

The value obtained for the activation energy of both naked cells and raw sludge is 56 

kJ/mol which is in quite good agreement with values previously published by other 

(a) 

(b) 
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authors, who report activation energies for sludge solubilisation ranging from 25 to 80 

kJ/mol (Menoni and Bertanza, (2016), Prince-Pike et al. (2015) and Urrea et al. (2014).   

References:  

Menoni, L.; Bertanza, G. Wet Oxidation of sewage sludge: a mathematical model for 
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Prince-Pike, A.; Wilson, D. I.; Baroutian, S.; Andrews, J.; Gapes, D. J. A kinetic model 

of municipal sludge degradation during non-catalytic wet oxidation. Water Res. 2015, 

87, 225-236. 

Urrea, J. L.; Collado, S.; Laca, A.; Díaz, M. Wet oxidation of activated sludge: 

Transformations and mechanisms. J. Environ. Manage. 2014, 146, (0), 251-259. 
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3. Evolution of biopolymers solubilised in the raw sludge compared to the sum of 

all sludge fractions during WO at 190 ºC and 65 atm. 

 

Figure S3. Evolution of biopolymers solubilised in the raw sludge (blue line) compared 

to the sum of all sludge fractions (black line) during WO at 190 ºC and 65 atm. (a) 

Proteins, (b) humic acids, (c) carbohydrates, (d) uronic acids and (e) DNA. (The data 

presented were obtained from equations 1 and 2). 
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