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RESUMEN (en español) 

La gestión y el tratamiento de efluentes industriales con alto contenido en materia 

orgánica es uno de los principales retos a los que se enfrenta la sociedad actual. 

Generalmente, su tratamiento se realiza mediante métodos biológicos aerobios o 

anaerobios que incluyen la eliminación de nutrientes. Sin embargo, con frecuencia nos 

encontramos con residuos que contienen contaminantes con estructuras fenólicas 

complejas, lo que les confiere un fuerte carácter refractario que dificulta su tratamiento 

por vía biológica y obliga a incorporar alternativas que permitan eliminar la materia 

orgánica recalcitrante.  

En el presente trabajo de tesis se abordó el estudio de las poblaciones bacterianas 

involucradas en procesos biológicos que tratan residuos que contienen contaminantes 

fenólicos. Así, se llevó a cabo un estudio metagenómico de los microorganismos 

presentes en un proceso de biometanización de lodos de depuradora, analizando los 

cambios tras los procesos de digestión anaerobia, centrifugación y decantación. Los 

resultados obtenidos permitieron caracterizar microbiológicamente las fracciones 

resultantes en función del tratamiento de separación, y conocer la abundancia relativa de 

las comunidades microbianas.   

Cuando la biometanización de lodos se realiza en un centro integral de residuos, es 

frecuente que el licor resultante sea tratado conjuntamente con los lixiviados del 

vertedero mediante un proceso biológico de nitrificación-desnitrificación. De esta 

manera, también se ha analizado metagenómicamente las poblaciones presentes en el 

efluente de entrada y en las distintas etapas del proceso, observándose una composición 

muy homogénea entre las distintas corrientes debido a la elevada tasa de recirculación 

existente entre los distintos tanques biológicos.  

Por otra parte, se ha evaluado el uso de diferentes tratamientos fisicoquímicos y 

biológicos con el fin de complementar los procesos de tratamiento habituales o 

revalorizar los residuos considerados. Así, se ensayaron métodos de oxidación húmeda, 

hidrólisis, ultrasonidos y ozonización para el tratamiento del licor de biometanización. 

Se analizó la evolución de la demanda química (DQO) y biológica (DBO5) de oxígeno, 

la biodegradabilidad, el color, el pH y estado medio de oxidación del carbono (AOSC) 

del efluente. En base a los resultados obtenidos se propusieron modelos cinéticos y se 

analizó la influencia de diferentes parámetros operacionales. Todas las técnicas 

ensayadas mejoraron considerablemente la biodegradabilidad del efluente, siendo la 



                                                                

 
 

 

ozonización y la oxidación húmeda los más eficaces en la reducción de DQO. También, 

se ensayó el uso de diferentes técnicas de hidrólisis para el tratamiento de residuos de 

verduras, siendo el tratamiento térmico-enzimático la opción más eficaz para obtener 

azúcares reductores, aumentando su potencial para ser utilizados como sustratos en 

procesos fermentativos.   

Finalmente, como alternativa a los tratamientos biológicos con bacterias, se estudió el 

empleo del hongo Phanerochaete chrysosporium para tratar dos residuos agropecuarios 

(purines y alperujo), dos efluentes biológicamente pretratados (licor de biometanización 

y permeado de lixiviado) y un residuo de la industria papelera (licor negro). En este 

último caso se empleó también el hongo Aspergillus uvarum. La efectividad en los 

tratamientos fue evaluada mediante la determinación de la concentración de DQO, 

DBO5, carbohidratos y compuestos fenólicos, así como, la evolución del color y la 

actividad enzimática. En todos los casos, se logró reducir el contenido de materia 

orgánica, resultando clave el control del pH y siendo necesario en algunos casos 

suplementar con carbono y/o nitrógeno para maximizar la eficacia. Los resultados 

obtenidos en estos experimentos ponen de manifiesto el potencial de los hongos para la 

eliminación de color, compuestos fenólicos y materia orgánica recalcitrante, si bien, las 

condiciones operativas deben optimizarse para cada caso particular.  
 

 
RESUMEN (en Inglés) 

 

 

The management and treatment of industrial effluents with high organic matter content 

is one of the main difficult tasks that society has to face. Generally, their treatment is 

carried out by aerobic or anaerobic biological processes, which include the removal of 

nutrients. However, theses effluents frequently contain pollutants with complex 

phenolic structures, which give them a strong refractory character that complicates the 

biological treatment and makes necessary to incorporate alternatives that allow the 

removal of recalcitrant organic matter.  

In this PhD thesis it was studied the bacterial populations involved in biological 

processes treating wastes that contain phenolic pollutants. Thus, a metagenomic study 

of the microorganisms present in a sewage sludge biomethanization process was carried 

out, analysing the changes after the processes of anaerobic digestion, centrifugation, and 

decantation. Results obtained allowed the microbial characterization of the fractions 

obtained in relation with the separation treatment used, and to determine the relative 

abundance of the microbial communities.  

When sludge biomethanization takes place in an integrated waste management facility, 

the resulting liquor is often treated together with the leachate collected from the landfill 

by biological nitrification-denitrification processes. Therefore, populations present in 

the incoming effluent and throughout the biological process have also been 

metagenomically analysed, obtaining a very similar composition in the different streams 

sampled due to the high rate of recirculation between the different biological tanks.  

Besides, the use of different physico-chemical and biological treatments has been 

evaluated to complement the usual treatment processes or to revalorise the considered 

industrial wastes. Thus, wet air oxidation, hydrolysis, ultrasound, and ozonisation 

methods were tested for the treatment of the biomethanization liquor. The evolution of 

chemical (COD) and biological (BOD5) oxygen demand, biodegradability, colour, pH, 



                                                                

 
 

 

and average oxidation state of carbon atoms (AOSC) of the effluent were analysed. 

Taking into account the results obtained, kinetic models were proposed, and the 

influence of different operational parameters was analysed. All the tested techniques 

significantly improved the biodegradability of the effluent, and ozonation and wet air 

oxidation were the most effective methods for COD reduction. In addition, the use of 

different hydrolysis techniques for the treatment of vegetable wastes was also tested. 

The thermal-enzymatic treatment was the most effective method to obtain reducing 

sugars, increasing the waste potential to be used as substrate in fermentative processes.  

Finally, as an alternative to bacterial biological treatments, the use of the fungus 

Phanerochaete chrysosporium was studied to treat two agricultural and livestock wastes 

(slurry and olive processing waste), two biologically pre-treated effluents 

(biomethanization liquor and leachate permeate) and a waste from the paper industry 

(black liquor). In the last case, the use of the fungus Aspergillus uvarum was also tested. 

The effectiveness of the treatments was evaluated by analysing the concentration of 

COD, BOD5, carbohydrates and phenolic compounds, as well as the evolution of colour 

and enzymatic activity. In all cases, the organic matter content was reduced. The pH 

control turned out to be key and, in some cases, the supplementation with external 

carbon and/or nitrogen sources was necessary to maximize the degradation efficiency. 

The results obtained in these experiments show the potential of fungi for the removal of 

colour, phenolic compounds, and recalcitrant organic matter, even if the operating 

conditions must be optimized for each particular case. 
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RESUMEN 

La gestión y el tratamiento de efluentes industriales con alto contenido en 

materia orgánica es uno de los principales retos a los que se enfrenta la sociedad actual. 

Generalmente, su tratamiento se realiza mediante métodos biológicos aerobios o 

anaerobios que incluyen la eliminación de nutrientes. Sin embargo, con frecuencia nos 

encontramos con residuos que contienen contaminantes con estructuras fenólicas 

complejas, lo que les confiere un fuerte carácter refractario que dificulta su tratamiento 

por vía biológica y obliga a incorporar alternativas que permitan eliminar la materia 

orgánica recalcitrante.  

En el presente trabajo de tesis se abordó el estudio de las poblaciones bacterianas 

involucradas en procesos biológicos que tratan residuos que contienen contaminantes 

fenólicos. Así, se llevó a cabo un estudio metagenómico de los microorganismos 

presentes en un proceso de biometanización de lodos de depuradora, analizando los 

cambios tras los procesos de digestión anaerobia, centrifugación y decantación. Los 

resultados obtenidos permitieron caracterizar microbiológicamente las fracciones 

resultantes en función del tratamiento de separación, y conocer la abundancia relativa de 

las comunidades microbianas.   

Cuando la biometanización de lodos se realiza en un centro integral de residuos, 

es frecuente que el licor resultante sea tratado conjuntamente con los lixiviados del 

vertedero mediante un proceso biológico de nitrificación-desnitrificación. De esta 

manera, también se ha analizado metagenómicamente las poblaciones presentes en el 

efluente de entrada y en las distintas etapas del proceso, observándose una composición 

muy homogénea entre las distintas corrientes debido a la elevada tasa de recirculación 

existente entre los distintos tanques biológicos.  

Por otra parte, se ha evaluado el uso de diferentes tratamientos fisicoquímicos y 

biológicos con el fin de complementar los procesos de tratamiento habituales o 

revalorizar los residuos considerados. Así, se ensayaron métodos de oxidación húmeda, 

hidrólisis, ultrasonidos y ozonización para el tratamiento del licor de biometanización. 

Se analizó la evolución de la demanda química (DQO) y biológica (DBO5) de oxígeno, 

la biodegradabilidad, el color, el pH y estado medio de oxidación del carbono (AOSC) 

del efluente. En base a los resultados obtenidos se propusieron modelos cinéticos y se 



Resumen 
 

VI 

analizó la influencia de diferentes parámetros operacionales. Todas las técnicas 

ensayadas mejoraron considerablemente la biodegradabilidad del efluente, siendo la 

ozonización y la oxidación húmeda los más eficaces en la reducción de DQO. También, 

se ensayó el uso de diferentes técnicas de hidrólisis para el tratamiento de residuos de 

verduras, siendo el tratamiento térmico-enzimático la opción más eficaz para obtener 

azúcares reductores, aumentando su potencial para ser utilizados como sustratos en 

procesos fermentativos.   

Finalmente, como alternativa a los tratamientos biológicos con bacterias, se 

estudió el empleo del hongo Phanerochaete chrysosporium para tratar dos residuos 

agropecuarios (purines y alperujo), dos efluentes biológicamente pretratados (licor de 

biometanización y permeado de lixiviado) y un residuo de la industria papelera (licor 

negro). En este último caso se empleó también el hongo Aspergillus uvarum. La 

efectividad en los tratamientos fue evaluada mediante la determinación de la 

concentración de DQO, DBO5, carbohidratos y compuestos fenólicos, así como, la 

evolución del color y la actividad enzimática. En todos los casos, se logró reducir el 

contenido de materia orgánica, resultando clave el control del pH y siendo necesario en 

algunos casos suplementar con carbono y/o nitrógeno para maximizar la eficacia. Los 

resultados obtenidos en estos experimentos ponen de manifiesto el potencial de los 

hongos para la eliminación de color, compuestos fenólicos y materia orgánica 

recalcitrante, si bien, las condiciones operativas deben optimizarse para cada caso 

particular.  
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ABSTRACT 

The management and treatment of industrial effluents with high organic matter 

content is one of the main difficult tasks that society has to face. Generally, their 

treatment is carried out by aerobic or anaerobic biological processes, which include the 

removal of nutrients. However, theses effluents frequently contain pollutants with 

complex phenolic structures, which give them a strong refractory character that 

complicates the biological treatment and makes necessary to incorporate alternatives 

that allow the removal of recalcitrant organic matter.  

In this PhD thesis it was studied the bacterial populations involved in biological 

processes treating wastes that contain phenolic pollutants. Thus, a metagenomic study 

of the microorganisms present in a sewage sludge biomethanization process was carried 

out, analysing the changes after the processes of anaerobic digestion, centrifugation, and 

decantation. Results obtained allowed the microbial characterization of the fractions 

obtained in relation with the separation treatment used, and to determine the relative 

abundance of the microbial communities.  

When sludge biomethanization takes place in an integrated waste management 

facility, the resulting liquor is often treated together with the leachate collected from the 

landfill by biological nitrification-denitrification processes. Therefore, populations 

present in the incoming effluent and throughout the biological process have also been 

metagenomically analysed, obtaining a very similar composition in the different streams 

sampled due to the high rate of recirculation between the different biological tanks.  

Besides, the use of different physico-chemical and biological treatments has 

been evaluated to complement the usual treatment processes or to revalorise the 

considered industrial wastes. Thus, wet air oxidation, hydrolysis, ultrasound, and 

ozonisation methods were tested for the treatment of the biomethanization liquor. The 

evolution of chemical (COD) and biological (BOD5) oxygen demand, biodegradability, 

colour, pH, and average oxidation state of carbon atoms (AOSC) of the effluent were 

analysed. Taking into account the results obtained, kinetic models were proposed, and 

the influence of different operational parameters was analysed. All the tested techniques 

significantly improved the biodegradability of the effluent, and ozonation and wet air 

oxidation were the most effective methods for COD reduction. In addition, the use of 
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different hydrolysis techniques for the treatment of vegetable wastes was also tested. 

The thermal-enzymatic treatment was the most effective method to obtain reducing 

sugars, increasing the waste potential to be used as substrate in fermentative processes.  

Finally, as an alternative to bacterial biological treatments, the use of the fungus 

Phanerochaete chrysosporium was studied to treat two agricultural and livestock wastes 

(slurry and olive processing waste), two biologically pre-treated effluents 

(biomethanization liquor and leachate permeate) and a waste from the paper industry 

(black liquor). In the last case, the use of the fungus Aspergillus uvarum was also tested. 

The effectiveness of the treatments was evaluated by analysing the concentration of 

COD, BOD5, carbohydrates and phenolic compounds, as well as the evolution of colour 

and enzymatic activity. In all cases, the organic matter content was reduced. The pH 

control turned out to be key and, in some cases, the supplementation with external 

carbon and/or nitrogen sources was necessary to maximize the degradation efficiency. 

The results obtained in these experiments show the potential of fungi for the removal of 

colour, phenolic compounds, and recalcitrant organic matter, even if the operating 

conditions must be optimized for each particular case.  
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1.1. CONSIDERACIONES PREVIAS 

El aumento de la población mundial, el creciente desarrollo industrial y los 

modelos actuales de producción y consumo, provocan que la generación residuos, sobre 

todo de aquellos con una elevada carga orgánica, sea cada vez mayor. La gestión de 

estos residuos es uno de los retos más complejos a los que la sociedad actual debe 

enfrentarse. Una gestión inadecuada podría implicar serios daños ambientales como la 

contaminación del suelo y de las aguas subterráneas, así como potenciar el efecto 

invernadero, afectando al cambio climático y a la salud humana. Por lo tanto, desarrollar 

procesos de prevención y tratamiento adecuados es fundamental para garantizar un 

modelo socioeconómico basado en el desarrollo sostenible. 

La tendencia actual para la gestión de estos residuos apuesta por la economía 

circular, aplicando técnicas que minimicen el impacto ambiental de los residuos, al mismo 

tiempo que permitan su revalorización al obtener subproductos de valor añadido. En este 

sentido, los lodos de depuradora procedentes tanto de las plantas de tratamiento de 

aguas residuales urbanas como de lixiviados de vertedero son tratados generalmente 

mediante procesos de digestión anaerobia, obteniendo biogás que puede usarse para la 

obtención de energía eléctrica y térmica. Recientemente, esta técnica también se aplica 

para los residuos con alto contenido orgánico procedentes de la actividad agraria y del 

desperdicio alimentario, tanto del entorno doméstico como de la producción primaria o 

la industria agroalimentaria, ya que contienen compuestos potencialmente útiles que 

pueden revalorizarse y emplearse posteriormente en la agricultura, en la industria 

farmacéutica, cosmética o química. 

Sin embargo, a pesar de que la digestión anaerobia es una vía de tratamiento 

prometedora para estos residuos, su efectividad se ve reducida cuando el residuo o 

efluente industrial a tratar tiene una elevada carga en compuesto fenólicos complejos, lo 

que dificulta su tratamiento por los métodos biológicos convencionales. Estas 

macromoléculas se caracterizan por ser altamente recalcitrantes, tener un elevado color 

y una compleja estructura química. Suponen la fracción mayoritaria de la materia 

orgánica presente en aguas residuales como lixiviados de vertedero o efluentes de la 

industria papelera. También representan un porcentaje importante en los residuos 

lignocelulósicos, siendo necesario su pretratamiento de los residuos para su correcta 

gestión.  
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Por consiguiente, es sumamente importante la evaluación de nuevas técnicas de 

tratamiento que permitan el procesado de este tipo de residuos. En los últimos años, las 

investigaciones se han centrado en el estudio de diferentes tratamientos fisicoquímicos o 

biológicos que permitan el procesado de estos efluentes, reduciendo su impacto en el 

medio ambiente o mejorando sus características para incorporarse en un tratamiento 

posterior.  

Las técnicas de oxidación avanzada como la oxidación húmeda o la ozonización 

han mostrado resultados satisfactorios en la eliminación de materia orgánica altamente 

recalcitrante. Sin embargo, el empleo de estos métodos está vinculado a altos costes 

operacionales debido a su las elevadas presiones y temperaturas necesarias para llevar a 

cabo el proceso de tratamiento. Por lo tanto, es evidente la necesidad de buscar 

alternativas que permitan reducir los compuestos recalcitrantes sin suponer elevados 

costes de realización. En este sentido, los métodos de degradación biológica mediante 

hongos se muestran como una tecnología atractiva de tratamiento. A diferencia de las 

bacterias, estos microorganismos son capaces de romper la materia orgánica 

recalcitrante en compuestos más simples gracias a la síntesis de enzimas extracelulares.  

Así pues, resulta un tema de fundamental importancia la caracterización 

microbiológica de las corrientes generadas durante el tratamiento de estos residuos, y 

estudio de la influencia de los procesos operacionales en la distribución de los 

microorganismos. Además, como se ha comentado anteriormente, la investigación de 

técnicas alternativas de tratamiento que reduzcan la materia recalcitrante o permitan 

incrementar la revalorización de los residuos es esencial.  

En este trabajo se realiza un estudio de estos aspectos en diferentes residuos 

agroalimentarios y efluentes industriales, con la finalidad de desarrollar tratamientos 

adecuados que permitan minimizar el impacto de los residuos, ampliar las aplicaciones 

biotecnológicas de los hongos en el tratamiento de residuos con alto contenido orgánico 

conocer la influencia de los parámetros operacionales en la eficacia de los tratamientos 

con el fin de seleccionar las condiciones operativas más optimas.  

1.2. OBJETIVOS DE LA TESIS DOCTORAL  

Esta Tesis se enmarca en el contexto general del tratamiento de residuos con alto 

contenido en estructuras fenólicas complejas. El objetivo principal de este trabajo es 
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evaluar diferentes técnicas fisicoquímicas o biológicas para el tratamiento de estos 

residuos, con el fin de optimizar los procesos de revalorización o tratamiento habituales. 

Para ello se estudiaron diversos aspectos como: la microbiología presente en el proceso 

de tratamiento, el efecto del tratamiento en la demanda química (DQO) y biológica 

(DBO) de oxígeno, la variación del color o la concentración de carbohidratos y 

compuestos fenólicos.  

Así, los objetivos específicos de la Tesis Doctoral se desarrollan según los 

siguientes puntos:  

• Caracterizar microbiológicamente las distintas corrientes generadas 

durante el proceso de digestión anaerobia de lodos de depurada y evaluar 

el efecto de los parámetros operacionales en la distribución de los 

microorganismos.  

• Evaluar diversas alternativas de tratamiento fisicoquímicas para el licor 

de biometanización resultante del proceso de digestión anaerobia de 

lodos.  

• Estudiar del empleo del hongo P. chrysosporium para el tratamiento 

biológico del licor de biometanización 

• Determinar la población bacteriana de un proceso de nitrificación-

desnitrificación de lixiviados de vertedero y determinar el efecto de los 

parámetros operacionales sobre la distribución de las comunidades 

bacterianas y la efectividad del proceso.  

• Evaluar el uso del hongo P. chrysosporium para el tratamiento del 

permeado procedente de una planta de tratamiento biológico de 

lixiviados con tecnología BIOMEMBRAT.  

• Investigar diferentes métodos de hidrólisis como pretratamiento de 

residuos agroalimentarios para potenciar la obtención de productos de 

valor añadido. 

• Estudiar el uso del hongo P. chrysosporium para el tratamiento de 

residuos agroalimentarios y ganaderos. 

• Evaluar el uso de los hongos para el tratamiento de residuos altamente 

recalcitrantes procedentes de la industria papelera. 
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1.3. ESTRUCTURA DE LA TESIS DOCTORAL 

Para la consecución de los objetivos descritos anteriormente se han desarrollado 

varios trabajos de investigación, autónomos entre sí, pero todos relacionados 

estructuralmente, cuyo conjunto ha conformado esta memoria.  

Algunos de estos trabajos han sido aceptados para su publicación en revistas 

científicas incluidas en Science Citation Index Expanded. Por tanto, esta Tesis Doctoral 

se presenta como un compendio de publicaciones enmarcadas en la línea de 

investigación correspondiente al tratamiento, tanto fisicoquímico como biológico, de 

residuos con un elevado contenido en materia orgánica, principalmente de estructuras 

fenólicas complejas altamente recalcitrantes. Cada una de las publicaciones se ha divido 

a su vez en diferentes apartados, siguiendo la estructura tradicional de introducción, 

material y métodos, resultados y discusión, y conclusiones. La referencia completa de la 

revista o editorial en la que los trabajos han sido publicados, se encuentra detallada al 

inicio de cada investigación.  

La estructura de esta memoria está dividida en 7 capítulos.  

El Capítulo 1 corresponde con la introducción de la Tesis Doctoral. En este 

primer apartado, se exponen los principales motivos que han impulsado la realización 

de este trabajo, y se definen los objetivos concretos de la investigación. Además, se 

incluye una explicación de cómo se ha estructurado la tesis doctoral y estructurada la 

memoria.  

El Capítulo 2, consiste en un desarrollo teórico sobre la obtención de los 

residuos empleados en este trabajo, sus características y volumen, así como una visión 

general de los procesos de tratamientos posibles para cada uno de ellos. El objetivo 

fundamental de este capítulo es plantear y fundamentar teóricamente la investigación, 

centrando el campo de estudio en unos residuos concretos.  

El Capítulo 3, describe los materiales y los métodos experimentales empleados 

de forma general en el desarrollo de la investigación, así como los métodos analíticos 

utilizados para la determinación de los parámetros evaluados. Esta información también 

se muestra en la sección “Materials and Methods” de cada una de las investigaciones, 
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donde puede consultarse la metodología específica que se ha empleado en cada uno de 

los estudios.  

El Capítulo 4, muestra los resultados obtenidos en la investigación. Este 

capítulo está dividido a su vez en 4 subapartados, atendiendo a la naturaleza del residuo 

evaluado. Así, podremos encontrar el apartado 4.1 que hace referencia a los 

tratamientos post-anaerobiosis, donde los ensayos fueron realizados con el licor de 

biometanización como material de partida. El apartado 4.2, recoge las investigaciones 

relacionadas con el permeado procedente del tratamiento biológico de lixiviados. Los 

estudios relativos al tratamiento de los residuos agroalimentarios y ganaderos se 

encuentran detallados en el apartado 4.3. Finalmente, el apartado 4.4 recoge las 

investigaciones relativas al tratamiento del licor negro procedente de la industria 

papelera.  Al inicio de cada subapartado se encuentra una breve descripción de la cada 

uno de los trabajos incluidos.  

El Capítulo 5, expone las principales conclusiones obtenidas en la Tesis 

doctoral. 

Se incluye también un apartado de Anexos que muestra la información 

suplementaria a los resultados expuestos en el capítulo 4. Finalmente, esta Tesis 

contiene una última sección donde se recoge los diferentes medios de difusión de los 

resultados obtenidos, incluyendo comunicaciones en congresos (póster u oral) y 

publicaciones en revistas. 

Las referencias bibliográficas que se ha consultado durante el desarrollo de esta 

Tesis se muestran al final de cada uno de los capítulos, salvo en el caso del Capítulo 4, 

donde la bibliografía empleada se detalla para cada investigación en concreto, al final de 

cada subapartado.  
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2.1. RESIDUOS PROCEDENTES DE LA DIGESTIÓN ANAEROBIA DE LODOS 

El aumento de la población y el rápido desarrollo industrial tiene como 

consecuencia directa un incremento en el volumen de las aguas residuales urbanas 

procedentes tanto del ámbito doméstico como de las actividades agrícolas e industriales 

desarrolladas en áreas urbanas. Estas aguas residuales junto con las aguas procedentes 

de la escorrentía pluvial pueden contener elementos contaminantes que dañen 

seriamente el medio ambiente. Tal y como se establece en la legislación vigente, 

concretamente en la Directiva 91/271/EEC (modificada por la Directiva 98/15/CE), 

estas aguas residuales necesitan tratarse mediante procesos fisicoquímicos y biológicos, 

con el fin de minimizar la concentración de los compuestos contaminantes hasta límites 

aceptables que permitan su vertido.  

Las estaciones de depuración de aguas residuales urbanas (EDAR) son las 

responsables del tratamiento de este tipo de efluentes. Durante el proceso, además del 

efluente depurado, se obtienen lodos como consecuencia de los procesos de 

sedimentación a lo largo de los tratamientos primarios y secundarios de las aguas 

residuales. Estos lodos de depuradora, con más de un 95% de humedad, poseen una alta 

carga orgánica y microbiológica, así como los metales pesados, entre ellos cadmio (Cd), 

cromo (Cr), cobre (Cu), mercurio (Hg), níquel (Ni), plomo (Pb) y zinc (Zn) [1,2]. 

Generalmente, los lodos resultantes se someten a diferentes tratamientos de compostaje, 

estabilización aerobia o digestión anaerobia para disminuir su carga contaminante y 

asegurar su aplicación ambiental de forma segura.  

Según el Instituto Nacional de Estadística de España (INE), a nivel nacional y 

desde 2018, en torno al 86% de los lodos tratados se aplican en el sector agrícola, 

incluyendo la jardinería y la silvicultura, mientras que sólo el 8% y el 6% se destinan a 

vertedero o aprovechamiento energético, respectivamente. Resulta interesante destacar 

que, tal y como se refleja en la Figura 2.1, estos porcentajes se invierten en el caso 

particular del Principado de Asturias, donde el 41% de los lodos generados en 

depuradoras se deriva a procesos de aprovechamiento energético, un 55% tiene como 

destino final el vertedero y solamente un 4% se emplea en el sector agrícola.  
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Esta diferencia tan marcada en cuanto al aprovechamiento de los lodos de 

depuradora está directamente relacionada con el hecho de que, a finales del año 2013, la 

Compañía para la Gestión de los Residuos Sólidos en Asturias (COGERSA) puso en 

marcha, una planta de digestión anaerobia por vía húmeda para el tratamiento de lodos 

procedentes de la depuración de las aguas residuales urbanas, que ha permitido la 

revalorización de estos residuos. Actualmente, esta planta de tratamiento tiende a 

incorporar también la fracción orgánica de los residuos municipales (FORM).  

El proceso de digestión anaeróbica (DA), también denominado biometanización, 

es un proceso bioquímico por el cual un conjunto heterogéneo de microorganismos 

degrada la materia orgánica en ausencia de oxígeno, generando como productos finales: 

biogás y digestato [3,4].  

El biogás es un gas renovable, formado principalmente por metano (CH4) y 

dióxido de carbono (CO2), mezclado en menor proporción con otros gases como 

hidrógeno (H2), sulfuro de hidrógeno (H2S) o vapor de agua. Este subproducto puede 

Figura 2. 1. Destino de los lodos generados por comunidades y ciudades autónomas en 

España durante 2018. (Fuente: INE) 
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emplearse en distintos sectores como combustible o en procesos de generación de 

energía eléctrica, desplazando a las materias primas de origen fósil [5].   

Las actuales estrategias en política ambiental impulsan la generación de este tipo 

de biocombustible. En concreto, la Directiva (UE) 2018/2001, relativa al fomento del 

uso de energía procedente de fuentes renovables, eleva el objetivo obligatorio de 

energía procedente de fuentes renovables hasta un 32% en el consumo final bruto de 

energía y hasta un 14% en el consumo final de energía para todos los tipos de 

transporte, para el año 2030. El desarrollo de estas políticas junto con el aumento 

constante de la demanda energética y el agotamiento de las reservas de combustibles 

fósiles hace que el biogás se convierta en un producto de alto valor añadido.  

Por ello, la aplicación de la digestión anaerobia para el tratamiento de lodos de 

depuradora ha suscitado un gran interés, ya que permite el tratamiento y la valorización 

simultanea de este tipo de residuos. En los últimos años, esta técnica también se ha 

considerado una tecnología atractiva para el procesamiento de otro tipo de residuos 

producidos en los entornos urbanos, industriales o agrícolas, que al igual que los lodos 

de depuradora, poseen una elevada concentración de materia orgánica [6,7].  

Estos residuos pueden tratarse o bien de forma independiente, o mezclados, lo 

que se conoce como procesos de co-digestión anaerobia [8]. Estos tratamientos tienen 

varias ventajas, ya que al tratar conjuntamente diferentes residuos se pueden obtener 

mayores eficacias en cuanto a la obtención de biogás, al combinar la composición 

química de las materias primas, reducir los gastos derivados de su gestión, y compensar 

la temporalidad de algunos residuos [9].  

Como se ha mencionado anteriormente, además de biogás, el proceso de 

biometanización también genera un digestato. Este residuo semilíquido, parcialmente 

estabilizado, que tiene una elevada concentración de materia orgánica y minerales. 

Destaca por su concentración en nitrógeno, potasio y fósforo, por lo que puede 

emplearse como fertilizante orgánico para mejorar la calidad del suelo agrícola. Su 

aplicación agrícola está permitida siempre y cuando cumpla con los parámetros 

establecidos en la legislación vigente, principalmente los regulados por la Directiva 

Europea 91/676/CEE [10].  
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Sin embargo, hay que tener en cuenta que este efluente final es complejo, y 

puede contener una concentración variable de compuestos tóxicos o microorganismos 

patógenos que no permitan su aplicación directa [11]. Además, algunas características 

del digestato, como el olor, la viscosidad, el alto contenido en ácidos grasos volátiles o 

su elevada carga orgánica recalcitrante pueden ser perjudiciales para el medio ambiente 

[12]. Por tanto, en la mayoría de los casos es preciso aplicar métodos de 

almacenamiento y pretratamiento adecuados que eviten serios daños medioambientales 

por una gestión inadecuada del digestato. Esta necesidad de tratamiento ha sido uno de 

los aspectos que se ha considerado en esta Tesis Doctoral y que impulsado las 

investigaciones llevadas a cabo en el Capítulo 5.1.  

2.1.1. Proceso biológico de digestión anaerobia 

La digestión anaerobia es un proceso complejo que implica la actuación de 

diversos grupos de microorganismos para la degradación de los diferentes sustratos.  

La composición de la población bacteriana en cada etapa del proceso de 

biometanización va a estar condicionada en gran medida por los parámetros 

operacionales del proceso (pH, temperatura, agitación, etc.) y por la composición 

química del residuo de partida [13]. La presencia de compuestos contaminantes puede 

inhibir o ralentizar el desarrollo de los microorganismos. Además, una elevada 

concentración de estructuras fenólicas complejas como lignina o ácidos húmicos puede 

dificultar el proceso, ya que la rotura de esos compuestos durante la fase inicial de 

hidrólisis es mucho más compleja. Varios autores han reportado mejoras en el proceso 

de biometanización y por consiguiente, un incremento en la cantidad de metano 

obtenido, sometiendo el residuo inicial a diferentes pretratamientos mecánicos, térmicos 

o con ultrasonidos [14–17].  

Por otro lado, el contenido en sólidos del residuo va a determinar que el 

tratamiento de biometanización se desarrolle por vía húmeda o seca. En este contexto, 

se denominan procesos de anaerobia por vía húmeda, aquellos en lo que el residuo 

inicial contiene un porcentaje de materia seca por debajo del 15%, mientras que, por vía 

seca el contenido está entre el 15% y el 40% [18].  
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Figura 2. 2. Etapas del proceso de digestión anaerobia y microorganismos implicados. 

Adaptada de Moraes et al. [15] 

 

A pesar de la complejidad del proceso de biometanización, atendiendo al 

sustrato degradado, se puede hablar de cuatro etapas principales [19] (ver Figura 2.2): 

A) Hidrólisis:  

Esta primera etapa, consiste en la transformación de los compuestos orgánicos 

complejos (proteínas, lípidos, polisacáridos, etc.) en compuestos de bajo peso molecular 

que los microorganismos pueden asimilar y utilizar como fuente de energía y nutrición. 

Esta biodegradación se lleva a cabo por las bacterias hidrolíticas, que segregan 

diferentes enzimas extracelulares como celulasas, lipasas, amilasas y proteasas, entre 
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otras [20]. La velocidad de descomposición durante la etapa de hidrólisis depende en 

gran medida de la naturaleza del sustrato. La mayoría de los microorganismos 

responsables de este proceso pertenecen a los géneros Clostridium, Bacillus, y 

Staphylococcus [21]. 

B) Acidogénesis:  

Durante esta fase los compuestos orgánicos simples solubilizados en la etapa 

hidrolítica anterior son absorbidos por las bacterias acidogénicas, produciendo 

principalmente ácidos grasos volátiles (AGV), alcoholes, ácido acético (CH3-COOH), 

hidrógeno (H2) y dióxido de carbono (CO2) [22]. Se ha relacionado este proceso de 

biodegradación con la presencia de microorganismos pertenecientes a los géneros 

Lactobacillus, Escherichia, Pseudomonas, Streptococcus, y Desulfobacter [21].  

C) Acetogénesis:  

Esta etapa ocurre de forma simultánea a la acidogénesis. En este caso, las 

bacterias acetogénicas son las encargadas de convertir los ácidos grasos volátiles en 

ácido acético, el dióxido de carbono y el hidrógeno [23].  Entre las bacterias implicadas 

en este proceso de han descrito microorganismos pertenecientes a los géneros 

Acetobacterium, Acetoanaerobium, Acetogenium, Butyribacterium, Clostridium, 

Eubacterium y Pelobacter [24].  

D) Metanogénesis:  

Es la última fase del proceso biológico de digestión anaerobia y consiste en la 

producción de metano y dióxido de carbono a partir de los productos intermedios 

procedentes de la acidogénesis y la acetogénesis. En este proceso han identificado 

microorganismos pertenecientes a los géneros Methanosaeta, Methanosarcina 

Methanobacterium, y Methanospirillum [25,26].  

2.1.2. Tratamientos habituales de los efluentes de digestión anaerobia 

Como se ha mencionado anteriormente, tras el proceso de digestión anaerobia se 

obtienen como productos finales, biogás y digestato. En general, ambos subproductos 

necesitan un postratamiento antes de ser utilizados. En la Figura 2.3, se muestran 
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algunos de los tratamientos habituales a los que se somete tanto el biogás como el 

digestato para su acondicionamiento.  

Tanto la calidad del biogás como su valor económico final son factores variables 

en función de la pureza del biocombustible. Su composición final depende en gran 

medida de la materia prima empleada en el proceso de digestión anaerobia y de las 

condiciones operacionales del tratamiento. Además de CH4 y CO2, el biogás puede 

contener trazas de amoniaco (NH3), sulfuro de hidrógeno (H2S), haluros, siloxanos y 

mercaptanos.  

La presencia de estos compuestos puede generar problemas de ensuciamiento, 

corrosión y erosión cuando el biogás se utiliza en sistemas térmicos o catalíticos [27]. 

Además, el H2S presente en el biogás se oxida a dióxido de azufre (SO2) al quemarse, 

uno de los principales contaminantes atmosféricos. Por ello, la purificación y mejora del 

biogás ha sido un tema de investigación destacado en los últimos años [28].  

Para la mejora del biogás se han investigado diferentes técnicas, todas ellas 

enfocadas principalmente a reducir la humedad y la concentración de H2S y CO2 en el 

biocombustible. Generalmente, los tratamientos aplicados se basan en el uso de técnicas 

de absorción mediante diferentes disolventes, que por contacto en contracorriente con el 

gas, logran la eliminación de H2S y CO2 [29–31]. También se ha reportado el uso 

técnicas de adsorción usando carbón activo o zeolitas [32,33] o métodos de separación 

por membranas [34–36].  

Además de estos métodos fisicoquímicos, también se han descrito métodos 

biológicos, o combinaciones entre ambos, que logran una mejora satisfactoria. Estas 

tecnologías implican el uso de diferentes biofiltros, y la acción, en su mayoría, de las 

bacterias sulfuro-oxidantes [37–40]. Las investigaciones más recientes se han centrado 

de la aplicación de procesos de criogenización, logrando la separación de los gases en 

función de su temperatura de condensación y sublimación [41,42].  

En cuanto al digestato, su tratamiento y gestión es más complicado. Como se 

indicó anteriormente, aunque puede aplicarse directamente como fertilizante, en la 

mayoria de los casos es nesario un postratamiento que acondione el digestato y evite 

 



2. Consideraciones teóricas   

18 

daños medioambientales como la contaminación y eutrofización de las aguas cercanas 

[43]. Generalmente este proceso sólo se lleva a cabo cuando el digestato obtenido 

proviene de un proceso de biometanización por vía seca ya que se obtiene un producto 

final con un contenido de materia orgánica entre el 30% y 40%, permitiendo su 

aplicación directa. 

 

 Figura 2. 3. Posibles tratamientos de los subproductos de la digestión anaerobia. 

 

Cuando la digestión anaerobia se lleva a cabo por vía húmeda, la opción habitual 

es separar el digestato en fase líquida y sólida mediante procesos de filtración o 

centrifugación. Peng and Pivato [43], reportaron que tras un proceso de centrifugación 

la fracción sólida del digestato acumuló entre el 55% - 65% del fósforo, mientras que 

entre el 70% y el 80% del total del nitrógeno en forma de amonio se encontró en el 
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digestato líquido. La concentración de compuestos contaminantes y metales pesados en 

ambas fracciones dependerá en gran medida del residuo de partida.  

La elección de emplear unas técnicas u otras de postratamiento se basa 

fundamentalmente en el destino final del efluente tratado. De forma general, se 

pretender abordar dos objetivos: el acondicionamiento del digestato para ser empleado 

como un biofertilizante o la eliminacion de los compuestos tóxicos y de la materia 

orgánica recalcitrante para permitir un vertido seguro. En la literatura podemos 

encontrar multiples trabajos de investigacíon relacionados con los métodos de 

tratamiento empleados tanto para la fracción sólida como líquida del digestato [44]. 

En relación a la fase sólida, destacan los procesos de secado que permiten 

concentrar su contenido en nutrientes y además facilitan su gestión al reducir su 

volumen. Dado que este proceso requiere una gran cantidad de energía, muchas 

investigaciones se han centrado en el aprovechamiento de la energía excedente del 

proceso de biometanización. Un vez seco, el digestato puede ser pelletizado y utilizado 

como fertilizante orgánico o biocombustible en procesos de combustión.  

Por otro lado, se han evaluado técnicas de pirólisis que permiten la  obtención de 

biochar, que a su vez puede emplearse como superficie de fijación para los 

microorganismos durante el proceso de biometanización [11]. Tambien se ha estudiado 

el empleo de otras técnicas como el uso de microondas, hidrólisis y ultrasonidos, que 

principalmente rompen la materia orgánica compleja, favoreciendo su solubilización en 

procesos posteriores [44]. En cuanto a métodos biológicos, destaca su tratamiento en 

plantas de compostaje debido a la gran cantidad de nutrientes y componentes orgánicos 

presentes en el digestato sólido. Sin embargo, el compost resultante puede contener 

metales pesados lo que supone un riesgo ambiental [45]. Otros procesos incluyen las 

hidrólisis enzimáticas empleando generalmente hongos capaces de sintetizar enzimas 

que rompan los compuestos complejos (lignina, celulosas, polisacáridos) en productos 

más biodegradables.  

La gestión y el tratamiento de la fracción líquida del digestato es mucho más 

complicado, por lo que este efluente ha sido objeto de estudio en esta Tesis Doctoral. 

Generalmente, una porción de la fracción líquida del digestato se recircula al proceso de 

digestión anaerobia. Sin embargo, una gran parte necesita ser almacenada y tratada.  
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Los tratamientos más habituales incluyen la tecnología de membranas, la 

evaporación, los procesos térmicos, generalmente de hidrólisis, y los tratamientos 

biológicos. En cuanto a las técnicas de filtración por membranas, la mayoria de los 

estudios se han centrado en uso de métodos de ósmosis inversa y ultrafiltracion, que 

permiten la concentración de los nutrientes. Sin embargo, estos métodos permiten 

trabajar con pequeños volúmenes de efluente y requieren una gran energia, lo que 

encarece el proceso. Otro de los problemas es que el efluente obtenido sigue teniendo 

altas concentraciones de amonio [46].  

Los métodos de evaporación han suscitado un creciente interés, sobre todo para 

su aplicación en aquellas plantas de biometanización donde hay exceso de energia o 

calor. Dentro de ellos, el empleo de evaporadores al vacio se ha considerado como una 

de las técnicas más prometedoras al permitir el tratamiento de grandes volúmenes de 

digestato sin necesidad de temperaturas muy elevadas (85ºC - 90ºC) [47].  

Otra opción para la recuperación de los nutrientes son las técnicas de desorción y 

precipitación que permiten obtener fertilizantes líquidos y sólidos (estruvita). Las 

técnicas de desorción se aplican cuando los digestatos contienen altas concentraciones 

de amoniaco. Como producto final se obtiene sulfato de amonio, utilizado como 

fertilizante principalmente en suelos alcalinos o neutros. La precipitación de estruvita es 

una tecnología que se utiliza principalmente para la recuperación de fósforo. Este 

compuesto es un fertilizante de liberación lenta con un contenido relativamente bajo de 

contaminantes que puede reemplazar a otros fertilizantes producidos a partir de roca 

fosfórica [48]. Otras tecnologías empleadas se fundamentan en procesos de oxidación 

que convierten el amonio y el nitrógeno orgánico en nitrógeno gaseoso o nitrato. Entre 

estas técnicas destacan la ozonización y la oxidación química, que usan oxidantes 

fuertes como el ozono y el peróxido de hidrógeno para aumentar la biodegradabilidad 

de la materia orgánica. Estos métodos permiten reducir el volumen de lodos y controlan 

las emisiones de olores.  

El empleo métodos biologicos está muy limitado debido a las elevadas 

concentraciónes de nitrógeno en el efluente, por lo que la literatura al respecto es escasa 

[43,45]. Un tratamiento posible es su incorporación a un proceso de nitrificación-

denitrificación, por ejemplo, al mezclarse con lixiviados de vertedero. Sin embargo, 

puede dar lugar a un efluente con niveles de DQO y nitrógeno, superiores a los 
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parámetros de diseño de la planta de tratamiento, incrementando los costes o 

disminuyendo la efectividad del proceso. En este sentido, la oxidación anaeróbica de 

amonio mediante procesos Anammox, es otra alternativa [49]. Otra opción puede ser el 

tratamiento biológico mediante hongos debido a su capacidad de sintetizar enzimas 

extracelulares que pueden degradar la materia orgánica recalcitrante del efluente [50–

52]. Mientras que el uso de estos microorganismos como pretratamiento en el proceso 

de biometanización, o como tratamiento de la fracción sólida ha sido evaluado, su 

aplicación para el digestato líquido apenas ha sido estudiada [53].  

2.2. RESIDUOS PROCEDENTES DEL TRATAMIENTO BIOLÓGICO DE 

LIXIVIADOS 

El modelo actual de producción y consumo provoca que la generación de 

residuos a nivel mundial sea muy elevada. Según el INE, en España, a lo largo del año 

2018 se generaron aproximadamente 22,7 millones de toneladas de residuos urbanos, lo 

que corresponde a unos 486 kilos de residuos urbanos por habitante. Esto supone un 

incremento del 3,5% en comparación con los residuos generados en el año 2016 (ver 

Figura 2.4) [54].  

Figura 2. 4. Residuos generados en España durante el año 2016 [47]. 
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El dato más preocupante es que la mayoría de estos residuos (54%) se 

depositaron en vertedero, mientras que sólo un 34% se derivó a procesos de reciclaje. El 

12% restante fue tratado en plantas incineradoras para su eliminación. El depósito de 

residuos urbanos en vertederos es una práctica sencilla y económica, pero supone una 

amenaza importante para el medio ambiente debido a los lixiviados que forman en este 

tipo de estructuras.  

Los lixiviados son efluentes líquidos que se originan a partir de las filtraciones 

del agua a través de los depósitos de desechos. La composición específica de los 

lixiviados va a depender del tipo de residuos, de las condiciones climáticas y de la edad 

e  hidrogeología del vertedero [51]. Los lixiviados obtenidos a partir de un vertedero de 

corta edad se caracterizan comúnmente por una alta demanda bioquímica de oxígeno 

(DBO) y demanda química de oxígeno (DQO), por lo que su tratamiento es más 

sencillo. Sin embargo, en los lixiviados maduros, la fracción orgánica dominante está 

compuesta principalmente por los compuestos altamente recalcitrantes [55]. Estos 

efluentes se caracterizan generalmente por altas concentraciones de materia orgánica, 

amonio y sales metálicas y cloradas potencialmente tóxicas [56]. 

Por tanto, es necesario llevar a cabo una gestión adecuada de estos efluentes y un 

tratamiento óptimo que permita eliminar los compuestos contaminantes y refractarios. 

Si los lixiviados de los vertederos no tratados se infiltran o se descargan en el suelo o las 

aguas subterráneas se causarán dañaos inconmensurables al entorno ecológico y a la 

salud humana. Varios artículos científicos se han centrado en recopilar detalladamente 

las técnicas más aplicadas para el tratamiento de lixiviados, siendo algunas de las 

revisiones más actuales las llevadas a cabo por Yu et al. [57], Bandala et al. [58] y Teng 

et al. [59]. En general, las tecnologías para el tratamiento de los lixiviados se pueden 

agrupar en tres categorías: tratamientos físicos, de oxidación avanzada y biológicos. 

Entre los tratamientos físicos, la coagulación y la adsorción son las técnicas más 

utilizadas, reportando ambas buenos resultados en cuanto a la eliminación de DQO, 

turbidez y sólidos en suspensión [60,61].  

Los tratamientos de oxidación avanzada se han considerado tecnologías 

prometedoras al destruir eficazmente las estructuras complejas presentes en los 

lixiviados. Las técnicas más empleadas se basan en procesos de oxidación tipo Fenton, 

oxidaciones con persulfato y oxidaciones electroquímicas [62,63]. El problema de estas 
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técnicas es el alto coste y la necesidad de utilizar un compuesto oxidante, que podría 

afectar a la calidad del agua final [57].  

Entre los tratamientos biológicos, destacan los tratamientos de nitrificación y 

desnitrificación. Estos métodos se han mostrado efectivos para la eliminación del 

nitrógeno y la materia orgánica de los lixiviados, sobre todo de lixiviados jóvenes, 

mostrándose menos efectivos cuando el efluente tratado contiene alta carga de 

compuestos refractarios, debido a que las bacterias no son capaces de degradar estos 

compuestos complejos [59]. Aun así, los tratamientos biológicos mediante bacterias 

nitrificantes y desnitrificantes son ampliamente utilizados. Si bien, en algunos casos, es 

necesario aplicar un tratamiento terciario a los lixiviados obtenidos ya que los niveles de 

DQO en el efluente son superiores al límite permitido para su vertido [56].  

2.2.2. Etapas del proceso de nitrificación y desnitrificación 

Los procesos de nitrificación y desnitrificación biológica son las técnicas más 

estudiado para la eliminación de nitrógeno de diferentes aguas residuales, entre ellas, los 

lixiviados de vertedero. Las plantas de tratamiento biológico de lixiviados combinan 

ambos procesos para alcanzar una degradación óptima de los efluentes [56].  

A) Nitrificación 

Durante esta fase se lleva a cabo la oxidación aeróbica del amoníaco a nitrito y 

luego a nitrato. El proceso lo realizan bacterias quimiolitoautótrofas que obtienen su 

energía a partir de la oxidación de los compuestos nitrogenados. Este proceso ocurre en 

condiciones aerobias ya que se necesita una elevada concentración de oxígeno para la 

oxidación del amoníaco [64]. Por ello, la aireación es fundamental en esta etapa del 

proceso siendo uno de los puntos que encarecen esta técnica. La fase de nitrificación 

tiene lugar en dos pasos (Figura 2.5): primero, las bacterias amonio oxidantes (AOB) 

pertenecientes al género Nitrosomonas, oxidan el amonio presente en los lixiviados a 

nitrito. Después las bacterias nitrito oxidantes (NOB) relativas al género Nitrobacter, se 

encargan de transformar ese nitrito a nitrato [65].  
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Figura 2. 5. Proceso de nitrificación mediante bacterias amonio oxidantes (AOB) y 

bacterias nitrito oxidantes (NOB) 

 

Desde el punto de vista microbiológico, es necesario que las condiciones de 

operación en los reactores sean debidamente controladas ya que un desequilibro en la 

concentración de los microorganismos podría dificultar seriamente el proceso. Por 

ejemplo, una elevada concentración de nitritos favorece el crecimiento y la actividad de 

AOB y disminuye la proliferación y actividad de NOB [66]. Por otro lado, se ha 

informado de que las bacterias del grupo NOB crecen más lentamente que las AOB, por 

lo que controlar el tiempo de retención de lodos en los reactores es un factor importante 

que podría ayudar a disminuir la población de NOB [67]. Algunos estudios también han 

encontrado que AOB tiene una mayor afinidad por el oxígeno que NOB, lo que 

significa que la baja concentración de DO podría inhibir el crecimiento y la actividad de 

NOB [68]. 

B) Desnitrificación 

La siguiente etapa es la desnitrificación, donde el nitrato (formado en la etapa de 

nitrificación) se transforma, en condiciones de anoxia, en nitrito, luego en óxido nitroso, 

óxido nítrico y finalmente en nitrógeno gaseoso [64].  

Figura 2. 6. Proceso de desnitrificación 



2. Consideraciones teóricas 

25 

Los microorganismos desnitrificantes son heterótrofos y, en condiciones 

anóxicas, utilizan nitrato o nitrito como aceptor final de electrones [69]. Dado que se 

necesita materia orgánica (donante de electrones) en este paso, las plantas de 

tratamiento biológico de lixiviados suelen anteponer el proceso de desnitrificación al de 

nitrificación, y existir entre ambos, una gran recirculación del material tratado. Algunos 

de los géneros relacionados con los procesos de desnitrificación son Thiobacillus, 

Paracoccus, Bacillus y Pseudomonas [70].  

2.2.3. Tratamientos terciarios de lixiviados 

Debido a la composición tan compleja de los lixiviados de vertedero, en 

ocasiones es necesario un tratamiento terciario para eliminar la materia orgánica que no 

ha sido degradada durante el tratamiento biológico. Estos tratamientos suelen ser 

necesarios cuando se emplean lixiviados maduros que poseen una elevada 

concentración de estructuras fenólicas complejas altamente refractarias [71].  

En este sentido se han aplicado tanto tratamientos físicos, químicos y biológicos, 

siendo necesario en algunos casos la combinación de varios de ellos. Los procesos de 

adsorción han sido ampliamente utilizados para el tratamiento terciario de lixiviados de 

vertedero, usando principalmente carbón activo [72,73] u adsorbentes magnéticos [74]. 

Sin embargo, estas técnicas requieren de la recuperación de los materiales adsorbentes 

empleados lo que supone un problema.  

Las técnicas de oxidación avanzada como la ozonización, la oxidación 

electroquímica, la oxidación húmeda o los procesos Fenton, han sido ampliamente 

evaluados para el tratamiento de lixiviados [56,75,76], reportando resultados muy 

prometedores en cuanto a la eliminación de compuestos refractarios. El mayor 

inconveniente de estas técnicas es que necesitan una elevada cantidad de energía para su 

tratamiento. Las condiciones operacionales, así como la edad del lixiviado pueden 

influir en la efectividad del proceso. En este sentido, Oulego et al. [77] informaron de 

una menor mineralización y biodegradabilidad final al tratar por oxidación húmeda 

lixiviados maduros. Otros autores como Anglada et al. [78] han informado de que la 

previa acidificación del lixiviado a pH ácidos puede favorecer el proceso de oxidación 

húmeda, ya que reduce el contenido orgánico disuelto y acelera las reacciones de 

oxidación.  
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El empleo de métodos de filtración para el tratamiento de lixiviados, 

generalmente combinados con otros tratamientos fisicoquímicos o biológicos, ha sido 

evaluado por varios autores [79,80]. Esta tecnología se aplica en la planta de tratamiento 

de lixiviados de COGERSA (Asturias), que tras el tratamiento biológico depuración 

biológica a presión mediante nitrificación y desnitrificación acopla a una etapa de 

ultrafiltración (UF) para la separación del efluente tratado (permeado). En ocasiones, las 

concentraciones de algunos de los compuestos contenidos en el permeado son 

superiores a los límites permitidos de vertido, por lo que es necesario aplicar un 

tratamiento adicional. Concretamente COGERSA aplican un tratamiento de adsorción 

con carbón activo. El interés por nuevas técnicas que permitan tratar de forma 

alternativa al permeado ha sido uno de los motivos que ha impulsado las investigaciones 

del capítulo 4.2 de esta Tesis.  

2.3. RESIDUOS AGROPECUARIOS 

En los apartados anteriores se ha informado de cómo el incremento de la 

industrialización y la población global a lo largo de los últimos años ha ocasionado un 

aumento de las aguas residuales urbanas y de los residuos depositados en vertedero. 

Estos hechos, también se ven reflejados en el volumen mundial de residuos 

agropecuarios generados en las actividades agrarias, ganaderas o silvícolas. [81]. Dentro 

de los residuos agroalimentarios destacan los procedentes del desperdicio alimentario 

por malas prácticas de producción y consumo, y los procedentes de los descartes 

generados durante el procesado de los alimentos. En cuanto a los residuos generados 

por las actividades ganaderas, se encuentran los estiércoles y purines, los residuos 

zoosanitarios y los subproductos de origen animal no destinados a consumo humano 

(SANDACH).  

2.3.1 Residuos agroalimentarios 

Según la Organización de las Naciones Unidas para la Alimentación (FAO) [82], 

la cantidad de los alimentos que se desperdician per cápita en Europa y América del 

Norte son de 280 a 300 kg/año, respectivamente.  
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En estos países, más del 40 % de las pérdidas de alimentos se produce en la 

venta minorista y el consumo, mientras que en los países que aún están en vías de 

desarrollo ese porcentaje se corresponde con las etapas de postcosecha y procesamiento. 

Si analizamos los datos que se muestran en la Figura 2.7, vemos que los consumidores 

de los países industrializados desperdician volúmenes muy similares a la producción de 

alimentos neta total del África subsahariana (222 millones de toneladas frente 230 

millones de toneladas, respectivamente). 

Según el Ministerio de Agricultura, Pesca y Alimentación de España (MAPA), 

en nuestro país se tiraron a la basura más de 1.300 millones de kilos de alimentos sin 

consumir durante 2020. Son muchos los datos que nos alertan de la gravedad de la 

situación y de la necesidad de actuar, por ello cada vez cobran más importancia aquellas 

políticas que tratan de disociar el crecimiento económico de la generación de residuos. 

En concreto, en Europa, un estudio reciente ha demostrado que las frutas y hortalizas 

son los grupos de alimentos que presentan mayor cantidad de desperdicio de alimentos 

en general, con cantidades similares generadas en las etapas primarias de producción y 

consumo [83]. 

Figura 2. 7. Pérdidas y desperdicio de alimentos en diferentes países (kg/año) [82] 
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Recientemente se ha aprobado en España el proyecto de Ley de Prevención de 

las Pérdidas y el Desperdicio Alimentario, que tiene como objetivo fomentar el 

aprovechamiento de los residuos agroalimentarios mediante la aplicación de sistemas 

sostenibles y dirigidos hacia una economía circular.  La ley, que consta de 15 artículos 

repartidos en cinco capítulos, donde se pretende establecer un modelo de buenas 

prácticas para evitar el desperdicio de alimentos con actuaciones en toda la cadena 

alimentaria, desde el origen en el propio proceso de cosecha, hasta los hábitos de 

consumo en los hogares y en la restauración. 

Por tanto, la valorización de los residuos agroalimentarios ha captado el interés 

de las investigaciones más recientes, especialmente el aprovechamiento de los residuos de 

frutas y hortalizas debido al elevado volumen de residuos y alto contenido en azúcares 

[84,85].  

Otros residuos agroalimentarios que causan un gran impacto ambiental y que se 

producen en elevadas cantidades en España son los procedentes de la fabricación de aceite 

de oliva como el alperujo. Este subproducto se genera durante el proceso de extracción del 

aceite de oliva mediante el sistema de dos fases [86]. En España, esta tecnología se utiliza 

en aproximadamente el 90% de las almazaras [87]. La aplicación de este sistema de 

extracción genera unos 800 kg de alperujo por tonelada de aceituna procesada, lo que 

representa una producción anual de alrededor de cuatro millones de toneladas para la 

industria aceitera española [86]. El alperujo obtenido es un flujo residual semisólido 

compuesto por agua vegetal y orujo de oliva con alto contenido de humedad (60%) que aún 

contiene una cierta cantidad de aceite [88].  

En vista al volumen de residuos agroalimentarios y la amplias posibilidades de 

emplear estos subproductos como materia prima para la obtención de compuestos de 

interés, no es extraño que la investigación sobre diferentes alternativas de tratamientos y 

valorización sea el objetivo principal de los estudios más recientes [89,90].   

2.3.2. Efluentes ganaderos 

Anteriormente se ha comentado que los residuos generados en el sector de la 

ganadería se pueden clasificar en tres grupos: estiércoles y purines, residuos 

zoosanitarios y subproductos de origen animal no destinados a consumo humano 

(SANDACH). 
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Entre ellos, la producción y la gestión de los purines genera una gran 

preocupación, especialmente los del sector porcino. La producción de purines en España 

se incrementó en 2018, un 32% con respecto a 2017, alcanzando una producción total 

de 163.000 toneladas. Se denomina purín al efluente agrícola resultante de la mezcla de 

estiércol, orina y agua de limpieza, que se caracteriza por su alta concentración de 

nitrógeno, fósforo, color y materia orgánica [91,92]. Normalmente, estas aguas 

residuales se utilizan como biofertilizante, precisamente por su alto contenido en 

nutrientes. Sin embargo, debido a la alta producción de purines, es necesario gestionar y 

almacenar una gran cantidad de estas aguas residuales hasta su tratamiento. Problemas 

ambientales importantes, como la acidificación, la contaminación del suelo, la 

eutrofización del agua, así como la emisión de gases que incrementan el efecto 

invernadero, son el resultado de una mala gestión y vertido de este efluente [93].  

La industria porcina se ha expandido rápidamente en España, alcanzando 

actualmente alrededor del 40% de la producción ganadera final [94]. En consecuencia, 

se ha incrementado el volumen de aguas residuales porcinas y las emisiones de gases de 

efecto invernadero [95]. Esta situación ha propiciado el desarrollo de diferentes 

tecnologías para tratar estas aguas residuales con el fin de evitar riesgos ambientales 

[96]. 

2.3.3. Tratamientos habituales de los residuos agropecuarios 

La necesidad de tratar el exceso de residuos agropecuarios y la posibilidad de 

obtener productos de interés de su revaloración ha desencadenado una multitud de 

estudios dentro de esta línea. En la Figura 2.8 se puede observar algunos de los 

tratamientos habituales para los residuos agroalimentarios, así como los productos de 

valor añadido resultantes del proceso.  

Por ello, varios autores han desarrollado revisiones exhaustivas sobre los 

métodos de tratamiento más aplicados y los compuestos obtenidos [89,90]. Los 

exopolisacáridos presentes en los residuos alimentarios puede ser utilizado por los 

microorganismos que mediante técnicas de fermentación o hidrólisis enzimática son 

capaces de sintetizar biopolímeros con potenciales aplicaciones en las industrias 

química, cosmética, alimentaria y farmacéutica [97]. Algunos de los biopolímeros 
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obtenidos son quitina, goma xantana, colágeno, polihidroxibutiratos (PHB) y 

polihidroxialcanoatos (PHA).  

Figura 2. 8. Tratamientos de los residuos agroalimentarios y productos obtenidos [89].  

 

Por otro lado, los residuos agroalimentarios, pueden convertirse en carbón 

activado mediante una carbonización de la biomasa seguida de un proceso de activación 

que permita obtener un material con alta capacidad de biosorción [98]. Varios autores 

han informado de resultados óptimos para la eliminación de metales pesados como 

arsénico, plomo, mercurio, cadmio, cromo, níquel, cobalto, etc., mediante biosorbentes, 

obtenidos a partir de cáscara de arroz, salvado de trigo, cáscaras de manzana y plátano, 

etc [99,100]. 

Así mismo, se informado de la obtención de biocarbón o “biochar”, tras someter 

los residuos agroalimentarios a procesos de pirólisis empleando temperaturas entre los 

400ºC – 900ºC. Especialmente el biochar se utiliza como un excelente absorbente para 

eliminar compuestos químicos orgánicos e inorgánicos de las aguas residuales [101]. 

Otras tecnologías aplicadas al tratamiento de estos residuos son los procesos 

biológicos tanto anaerobios que permiten la producción de biogás como aerobias, 
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fermentando la biomasa residual para obtener bioetanol, biodiesel o biohidrógeno. Esta 

línea de investigación ha captado el interés de muchos autores debido al agotamiento de 

los combustibles fósiles y a la demanda creciente de energía [102].  

En cuanto a los residuos ganaderos, las técnicas de tratamiento se han centrado 

principalmente en tres objetivos, obtener compost, obtener biofertilizantes y producir 

biocombustibles [48,91,103]. En este sentido se han aplicado técnicas de separación 

como la filtración y la centrifugación para obtener una pasta sólida que pueda someterse 

a procesos de compostaje [104]. Normalmente estos residuos necesitan someterse a 

procesos de higienización para evitar la contaminación por microorganismos patógenos 

[105]. Para la obtención de biofertilizantes, los métodos aplicados se basan en la 

recuperación del nitrógeno, generalmente mediante procesos de concentración térmica 

(evaporación al vacío y secado), técnicas de stripping y absorción u obtención de 

estruvita [106,107].  

2.4. RESIDUOS PROCEDENTES DE LA INDUSTRIA PAPELERA 

Los residuos procedentes de la industria papelera contemplan mayoritariamente 

las aguas residuales procedentes del proceso de fabricación de pulpa de celulosa, en 

concreto el licor negro.  

La industria papelera española es uno de los grandes productores europeos de 

papel y celulosa con 81 plantas de producción distribuidas por toda España. Junto con 

Francia, es el quinto productor europeo de celulosa y el sexto fabricante de papel de la 

Unión Europea después de Alemania, Finlandia, Suecia, Italia y Francia [108]. En la 

Figura 2.9, se muestra el respectivo porcentaje de la producción total de celulosa en los 

distintos miembros de la Confederación Europea en la Industria del Papel (CEPI), 

conformada por 18 paises: Austria, Bélgica, República Checa, Finlandia, Francia, 

Alemania, Hungría, Italia, Países Bajos, Noruega, Polonia, Portugal, Rumania, 

Eslovaquia, Eslovenia, España, Suecia y Reino Unido. 
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Figura 2. 9. Producción total de celulosa en los países miembros CEPI en 2020. 

 

Actualmente el 81% de los residuos de fabricación de la industria papelera se 

valorizan por distintas vías, según la Memoria de Sostenibilidad de la Industria del 

Papel [109].  

La producción de pulpa y papel conlleva un gran consumo de agua, que depende 

de las características de la materia prima y del tipo de papel producido. En 

consecuencia, se producen enormes cantidades de aguas residuales complejas, tóxicas y 

poco biodegradables, que necesitan ser tratadas. Entre estas aguas residuales, el efluente 

de licor negro, generado durante el proceso de fabricación de pasta Kraft, se considera 

la corriente de residuos más problemática [110,111].  

El proceso Kraft es el proceso de fabricación de pasta de celulosa más 

importante en la industria del papel y cartón y el mayor proveedor de lignina. Alrededor 

de 130 millones de toneladas por año de pulpa Kraft se producen en todo el mundo 

[112], lo que supone alrededor del 80% de la pulpa química producida, de los cuales 

entre 50 y 55 millones de toneladas métricas de lignina en forma de licor negro [113]. 
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2.4.1. Proceso de obtención del licor negro 

La Figura 2.10 muestra un esquema general del proceso de producción de pulpa 

y papel mediante proceso Kraft.  

 

 Figura 2. 10. Esquema del proceso Kraft 

 

Durante el proceso de fabricación de pasta Kraft, las astillas de madera se 

digieren a alta temperatura (145ºC – 175ºC) y presión en una solución de hidróxido de 

sodio (NaOH) y sulfuro de sodio (Na2S) denominada “licor blanco”. Esta solución 

disocia las fibras de lignina y celulosa, dando una pulpa sólida y un residuo líquido 

como productos finales (licor negro débil al 10-15%). La pulpa sólida obtenida se lava y 

continúa con el proceso de fabricación, mientras que el licor negro débil, se mezcla con 

el residuo líquido del proceso de lavado de la pulpa para formar el licor negro fuerte 

(75-80%) [114]. Posteriormente, el licor negro fuerte (donde se disuelve la lignina) 

generalmente se quema en la caldera de recuperación, para recuperar el calor y los 

productos químicos. Durante la fase de combustión, los compuestos orgánicos disueltos 

en el licor negro (principalmente lignina) proporcionan calor que se usa para generar 



2. Consideraciones teóricas   

34 

vapor y para convertir el sulfato de sodio en sulfuro de sodio. La gran cantidad de vapor 

producido en este paso convierte al licor negro en el quinto combustible más importante 

del mundo  

El licor negro es un efluente es una solución de color oscuro y altamente alcalina 

con alta demanda química de oxígeno y toxicidad, y baja biodegradabilidad [115]. Está 

compuesto principalmente por lignina, clorofenoles, taninos, ácidos grasos y sales de 

sodio solubles, entre otros [116]. Por lo tanto, este efluente debe ser tratado 

adecuadamente antes de ser descargado para evitar daños ambientales adversos en la 

flora, fauna y cuerpos acuáticos naturales [117]. 

2.4.2. Tratamientos del licor negro 

Uno de los principales tratamientos del licor negro es su concentración y 

combustión en una caldera. Esto permite emplear la lignina como fuente de energía 

[118]. Las cenizas obtenidas se utilizan para formar el licor verde mediante la adición 

de agua. Luego, esta solución se somete a un proceso de caustificación y se convierte en 

licor blanco, que luego de un proceso de filtración se recircula a la etapa de digestión. Si 

bien este es el método más empleado, su uso conlleva importantes problemas 

operacionales y ambientales, es decir, el aumento de la viscosidad del efluente durante 

las primeras etapas que favorece el taponamiento de tuberías, la formación de depósitos 

y humos de sales inorgánicas en evaporadores y hornos o la emisión de olores y gases 

peligrosos [119,120] 

La revalorización de estas ligninas es el punto clave para producir pequeños 

componentes aromáticos que satisfagan la enorme y diversa demanda industrial de este 

tipo de productos químicos. Las transformaciones catalíticas de la lignina proporcionan 

rutas para obtener catecoles, quinonas, vainillina, etc., considerados como sustancias 

químicas potenciales que pueden utilizarse en la industria alimentaria [112] 

Se han estudiado otras técnicas fisicoquímicas como la oxidación por aire 

húmedo, la ozonización, la electrocoagulación o las tecnologías de membranas para 

reducir su color o su concentración de compuestos recalcitrantes [121–124]. Aunque se 

ha demostrado que la aplicación de estos métodos es eficaz para eliminar la DQO, 

muchas desventajas están relacionadas con su uso, principalmente asociadas al alto 

costo operativo. Además, se ha informado que durante algunos de estos tratamientos 



2. Consideraciones teóricas 

35 

podrían generarse subproductos indeseables como ácidos alifáticos o compuestos 

fenólicos [125]. Por estos motivos, el interés por buscar métodos alternativos para el 

tratamiento del licor negro, que permitan la eliminación de contaminantes recalcitrantes 

de forma económica y ecológica, sigue en su punto máximo. 

Es frecuente que los métodos biológicos puedan superar adecuadamente algunos 

de los inconvenientes de las técnicas fisicoquímicas, ya que permiten la transformación 

de las sustancias químicas tóxicas en formas menos nocivas [126]. Se han descrito 

anteriormente técnicas de tratamiento tanto aeróbicas como anaeróbicas para el 

tratamiento de la industria de la pulpa y el papel, logrando una eliminación parcial de 

materia orgánica y compuestos fenólicos [127,128]. Sin embargo, la composición de 

este efluente imposibilita su tratamiento mediante un proceso biológico convencional. 

La eliminación de contaminantes recalcitrantes del licor no es una tarea fácil para las 

bacterias, principalmente debido a la presencia de estructuras complejas como la lignina 

o compuestos de lignina clorada [125]. En este sentido, algunos investigadores se han 

centrado en la búsqueda de microorganismos adecuados que permitan la degradación de 

estos compuestos complejos, mejorando la eficacia del proceso de tratamiento biológico 

[129,130].  

2.5. TRATAMIENTO BIOLÓGICO MEDIANTE HONGOS 

Los hongos transforman una amplia gama de contaminantes orgánicos. Es por 

ello que su uso de hongos se ha considerado una de las alternativas más prometedoras 

en cuanto al tratamiento de efluentes con estructuras fenólicas complejas altamente 

recalcitrantes [51,52,131]. Su aplicación permite la degradación de estos compuestos 

desde un punto de vista económico, sostenible y ecológicos. Varios autores han 

informado de eliminaciones significativas en cuanto al color, la DQO y la presencia de 

compuestos fenólicos [132,133]. Frente a los métodos biológicos convencionales con 

bacterias, la biomasa y los subproductos producidos por los hongos durante el 

tratamiento de residuos presentan una mayor valorización. Los hongos sintetizan 

enzimas y producen proteínas con gran potencial biotecnológico [134]. Su cultivo 

utilizando desechos industriales ricos en materia orgánica ha permitido la obtención de 

varios biocombustibles y bioquímicos de alto valor. Por ello, los hongos se han 

empleado para el procesamiento de residuos ganaderos y de residuos de las industrias 
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lácteas, azucareras, textil, papeleras, productoras de aceite de oliva y algodón [135–

137].  

La mayoría de los trabajos de investigación se han centrado en el empleo de 

hongos de la podredumbre blanca como Phanerochaete chrysosporium, Pleorotus 

ostreatus y Trametes versicolor, o en microorganismos pertenecientes al género 

Aspergillus, especialmente con Aspergillus niger. 

2.5.1. Aspectos generales de los hongos  

En el reino Hongos (que se estima que contiene entre 80.000 y 100.000 especies 

descritas) la mayoría de los degradadores de contaminantes pertenecen a los filos 

Ascomycota y Basidiomycota [138].  

Los hongos tienen mayor resistencia a los compuestos inhibidores que las 

especies bacterianas y pueden sobrevivir en condiciones adversas como pH bajo, baja 

temperatura y bajo contenido de nitrógeno [139,140]. La capacidad de sintetizar 

enzimas oxidativas extracelulares como lignina peroxidasa (LiP), manganeso 

peroxidasa (MnP) y lacasa (Lac), es una de las principales ventajas del tratamiento de 

hongos frente a los tratamientos convencionales por bacterias. Estas enzimas, como se 

verá más adelante, están involucradas en la ruptura de los compuestos refractarios en 

moléculas más simples que el hongo puede emplear como fuente de nutrientes [141]. 

Además, debido al sistema de enzimas extracelulares, no se observan limitaciones de 

difusión del sustrato, que generalmente se encuentran en bacterias [139].  

Dentro de los hongos basidiomicetos, los hongos de pudrición blanca han 

mostrado una amplia capacidad para la degradación de compuestos contaminantes. 

Especialmente, el hongo Phanerochaete chrysosporium. Este microorganismo es un 

hongo ligninolítico, saprófito y causante de los procesos de pudrición blanca en la 

madera. Este microorganismo ha sido modelo de estudio para muchos autores debido a 

su capacidad de degradar lignina y otros compuestos xenobióticos gracias a las enzimas 

extracelulares que sintetiza, como manganeso peroxidasa (MnP) y lignina peroxidasa 

(LiP). Varios autores han informado de que la producción de lacasa (Lac) por parte de 

este microorganismo es muy baja o nula en la mayoría de los tratamientos biológicos. 

Este microorganismo fue el primer hongo de pudrición blanca en tener secuenciado su 

genoma completo [142].  

 



2. Consideraciones teóricas 

37 

 

Figura 2. 11. Pudrición blanca producida por Phanerochaete chrysosporium 

 

Dentro del filo Ascomycota, los microorganismos pertenecientes al género 

Aspergillus han sido ampliamente utilizados en procesos de biorremediación. Estos 

microorganismos son un grupo complejo de mohos ascomicetos que comprende varios 

cientos de especies, algunas de las cuales son patógenas para humanos y animales [143]. 

Muchas especies de Aspergillus tienen importantes aplicaciones prácticas en los 

procesos de fermentación industrial, lo cual es un reflejo de la abundancia de enzimas 

que Aspergillus produce y secreta al medio extracelular, particularmente Aspergillus 

oryzae, Aspergillus niger y Aspergillus nidulans [144]. Numerosos procesos industriales 

emplean microorganismos pertenecientes al género Aspergillus como biocatalizadores 

para la producción de enzimas, metabolitos primarios y secundarios, con gran potencial 

biotecnológico [145]. Dentro del género Aspergillus, en el año 2008, se logró aislar de 

bayas de uva, una nueva especie denominada Aspergillus uvarum [146]. La aplicación 

de este microorganismo en la degradación de estructuras fenólicas complejas apenas ha 

sido estudiada. Sólo unos pocos estudios recientes hacen mención a su implicación en 

procesos degradativos de compuestos fenólicos cuando se lleva a cabo un tratamiento 

fúngico de aguas residuales procedentes de bodegas y almazaras [147–149]. En vista a 

estos resultados prometedores, parece adecuado seleccionar este microorganismo para 

futuros estudios de biodegradación, ya que los resultados obtenidos permitirían ampliar 

las aplicaciones biotecnológicas de esta especie en concreto.  
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2.5.3. Enzimas extracelulares  

La posibilidad de los hongos para degradar los compuestos de naturaleza 

fenólica como la lignina, los ácidos húmicos, diferentes tintes industriales y fármacos 

disueltos en aguas residuales, recae principalmente en su capacidad para sintetizar 

enzimas extracelulares [150]. Entre las enzimas extracelulares involucradas en la 

degradación de compuestos recalcitrantes, destacan la manganeso peroxidasa (MnP), la 

lignina peroxidasa (LiP) y la lacasa (Lac).  

A) Manganeso peroxidasa 

La enzima MnP se descubrió por primera vez en P. chrysosporium. La enzima MnP 

es una glicoproteína cuyo ciclo catalítico se inicia con su oxidación por H2O2 o peróxidos 

orgánicos, transformando el Mn2+ a Mn3+ , que a su vez puede oxidar una gran cantidad de 

sustratos fenólicos [151]. Los procesos de reacción se muestran en la Figura 2.12. 

 

 B) Lignina peroxidasa 

Esta enzima está involucrada en la rotura del enlace Cα-Cβ de la lignina mediante la 

oxidación del hierro hemo gracias al peróxido de hidrogeno. El H2O2 oxida al grupo hemo 

presente en la enzima, el cual oxida a dos compuestos intermedios de la reacción, lo que 

conlleva la final oxidación de compuestos recalcitrantes, como es el caso del alcohol 

veratrílico [152]. La enzima LiP puede oxidar anillos aromáticos que están moderadamente 

activados, mientras que las peroxidasas clásicas actúan solo sobre sustratos aromáticos 

 

Figura 2. 12. Ciclo catalítico de MnP 
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fuertemente activados. Sólo la enzima LiP puede oxidar las principales estructuras no 

fenólicas de la lignina, que constituyen hasta el 90% del polímero.  

 

 

Figura 2. 13. Reacción catalítica LiP 

 

C) Lacasa 

La lacasa (Lac) es una de las enzimas más importantes, ya que debido a su baja 

especificidad de sustrato se considera una alternativa atractiva para la aplicación 

biotecnológica y ambiental. Estas enzimas catalizan la oxidación de varios compuestos 

fenólicos (fenoles, difenoles, polifenoles, diaminas, aminas aromáticas) y también 

compuestos no fenólicos en presencia de mediadores, convirtiendo el oxígeno molecular 

en agua [153]. La lacasa es una enzima común en la naturaleza, encontrándose en 

plantas, hongos, bacterias, líquenes e insectos. Se ha reportado actividad lacasa tanto en 

hongos ascomicetos como basidiomicetos y deuteromicetos, siendo particularmente 

abundante en los hongos de pudrición blanca [154].  
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3.1. MATERIAS PRIMAS 

3.1.1. Licor de biometanización  

El licor de digestión anaerobia o de biometanización (ADL) es un efluente 

procedente de la digestión anaerobia de lodos de depuradora. Tras el tratamiento 

biológico de digestión, el digestato obtenido se somete a un proceso de centrifugación, 

que da como resultado una fracción sólida y una fracción líquida. Generalmente, la 

fracción sólida se deriva a procesos de compostaje, mientras que la fracción líquida, se 

mantiene en un decantador durante un periodo aproximado de 2 días. El efluente 

obtenido tras el proceso de decantación, es lo que se conoce como licor de 

biometanización o licor de digestión anaerobia [1]. A continuación, en la Figura 3.1 se 

muestra un esquema del proceso.  

Las muestras empleadas en esta Tesis fueron suministradas por el Consorcio 

para la Gestión de los Residuos Sólidos de Asturias (COGERSA, S.A.U.). En concreto, 

el efluente fue recogido de la planta de biometanización localizada en el Centro 

Integrado de Tratamiento de Residuos. La Tabla 3.1 muestra las principales 

características fisicoquímicas del efluente. El rango de valores de los parámetros 

mostrados corresponde a varias muestras de licor de biometanización analizadas durante 

un periodo de 12 meses.  

Figura 3.1. Proceso de obtención del licor de biometanización 
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Dado que este efluente fue empleado para todas las investigaciones recogidas en 

el Capítulo 4.1, también se muestra la caracterización concreta del efluente en apartado 

de “Material and Methods” de cada investigación.  

Tabla 3.1. Caracterización del licor de biometanización 

Parámetro Valor 

pH 7.96 – 8.26 

DQO total (mg O2/L) 15179 - 16802 

DQO soluble (mg O2/L) 7205 - 8098 

COT soluble (mg/L) 3218 - 3788 

DBO5 soluble (mg O2/L) 2135 - 2960 

Color (CN) 0.899 – 1.275 

AOSC 0.580 – 0.904 

NH4
+ (mg/L) 3812 - 4166 

3.1.2. Permeado de ultrafiltración 

El permeado de ultrafiltración o permeado de lixiviado es un residuo procedente 

del tratamiento combinado (biológico y fisicoquímico) de lixiviados de vertedero [2]. 

En concreto, las muestras de empleadas en esta Tesis Doctoral fueron recogidas de la 

depuradora de lixiviados de vertedero situada en el Centro de Tratamiento de Residuos 

de Asturias (COGERSA, S.A.U.), que basa el proceso de tratamiento en la tecnología 

BIOMEMBRAT. En este tipo de plantas de tratamiento, tras los procesos biológicos de 

desnitrificación y nitrificación de los lixiviados de vertedero, donde se reduce el 

contenido en amonio y materia orgánica biodegradable del lixiviado, el efluente tratado 

se somete a un proceso posterior de filtración por membranas. Dichas membranas 

poseen una superficie 280 m2 y un tamaño de poro de 0,02 µm. Como productos finales 

se obtienen el agua tratada (permeado de ultrafiltración) y los lodos biológicos [3]. Las 

investigaciones realizadas con este residuo, cuya composición fisicoquímica se muestra 

en la Tabla 3.2, se describen en el Capítulo 4.2.2. 
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Figura  3.2. Residuos agroalimentarios empleados 

Tabla 3.2. Caracterización del permeado de ultrafiltración 

 

 

 

 

 

 

 

 

 

 

3.1.3. Descartes alimentarios 

Los tratamientos fisicoquímicos de los residuos agroalimentarios se llevaron a 

cabo empleando desechos procedentes de la venta de hortalizas y verduras, en concreto 

patata, tomate y pimiento verde (Fig. 3.2). 

 

 

Parámetro Valor 

pH 6,78 ± 0,11 

Conductividad (µS/cm) 11723 ± 453 

DQO soluble (mg O2/L) 1265 ± 6 

DBO5 soluble (mg O2/L) 28 ± 3 

Biodegradabilidad (BI) 0,02 ± 0,003 

Amonio (mg/L) 21 ± 3 

Nitratos (mg/L) 469 ± 79 

Nitritos (mg/L) 1,5 ± 0,3 

Fosfatos (mg/L) 9 ± 2 

Sólidos Totales (mg/L) 6,8 ± 0, 1 
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Los residuos fueron abastecidos por un mercado local y su selección se realizó 

teniendo en cuenta tres factores: 

i) El volumen de residuos generados: los tres residuos empleados 

representaron en torno al 40% del total de residuos del supermercado 

local que suministró las materias primas. 

ii) La complejidad de los residuos: Alto contenido en carbohidratos 

complejos que necesitan hidrolizarse. 

iii) La disponibilidad de los residuos: no son productos de temporada por 

lo que están disponibles durante todo el año. 

La composición nutricional de cada uno de residuos empleados se muestra 

seguidamente en la Tabla 3.3. Esta información también puede consultarse para cada 

ensayo específico recogido en el apartado 4.3.1 de esta Tesis. 

Tabla 3.3. Composición nutricional de los vegetales empleados como sustrato. Los 

valores aportados corresponden a 100 g de residuo fresco. 

 Tomate Pimiento Patata 

Carbohidratos (g)* 3.9 4.6 17 

Lípidos (g)* 0.2 0.2 0.1 

Proteínas (g)* 0.9 0.9 2.0 

Agua (g)** 93.0 93.5 63.5 

Vitaminas (mg)* 15.71 1332 21.53 

Minerales (mg)* 2721 2182 5213 

 

*Valores medios adaptados de USDA (United States Department of Agriculture)              

**Valores medios de específicos de los residuos empleados                                                                                            

1Vitaminas (A, B1, B3, B6, C, E, K) / Minerales (Mg, Mn, P, K) 

2Vitaminas (A, B1, B2, B3, B6, C, E, K) / Minerales (Ca, Fe, Mg, P, K, Na, Zn) 

3Vitaminas (B1, B2, B3, B6, C) / Minerales (Ca, Fe, Mg, P, K, Na) 
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3.1.4. Licor negro 

Las muestras de licor negro empleadas en este trabajo fueron facilitadas por 

ENCE, una empresa fabricante de papel ubicada en Navia, Asturias (España). El residuo 

fue obtenido durante el proceso de fabricación de pasta Kraft, tras la etapa de cocción de 

madera de Eucalytus [4].  

En la Tabla 3.4, se detalla la caracterización inicial del licor negro empleado 

para llevar a cabo los ensayos de biodegradación descritos en el Capítulo 4.4. De nuevo, 

en el apartado “Material and Methods”, de la sección 4.4.1, se ha detallado la 

composición específica del efluente para cada tratamiento en particular.  

 

Tabla 3.4. Caracterización del licor negro.  

Parámetro Valor 

pH 12.9 ± 0.02 

DQO total (mg O2/L) 146540 ± 115 

DBO5 total (mg O2/L) 12356 ± 29 

Biodegradabilidad (BI) 0.080 ± 0.001 

Azúcares reductores solubles (mg/L) 10028 ± 152 

Compuestos fenólicos solubles (mg/L) 16425 ± 102 

Color (CN) 113 ± 8 

Materia seca (%) 12.5 ± 0.1 

 

3.1.5. Alperujo 

El alperujo es un subproducto agroalimentario procedente de la industria del 

aceite de oliva que se genera durante la obtención del aceite de oliva mediante un 

sistema de extracción de dos fases [5]. Como puede observarse en la Figura 3.3, se trata 

de un residuo semisólido con alto contenido en humedad (65-70%), compuesto por 

restos de hueso y piel de la aceituna triturada, y que aún contiene cierta cantidad de 

aceite [6].  
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El alperujo utilizado en esta Tesis Doctoral fue facilitado por una fábrica de aceite de 

oliva ubicada en Sevilla, España. La composición fisicoquímica de este residuo se 

detalla en la Tabla 3.5.  

Tabla 3.5. Caracterización del residuo de Alperujo 

 

 

 

 

 

 

 

 

 

 

 

Parámetro Valor 

pH 4.6 ± 0.01 

DQO soluble (mg O2/L) 4854 ± 19 

BOD5 soluble (mg O2/L) 408 ± 14 

Biodegradabilidad (B.I.) 0.080 ± 0.003 

Azúcares reductores (mg/L) 578 ± 24 

Compuestos fenólicos totales (mg/L) 134 ± 4 

Color (CN) 1.60 ± 0.04 

Sólidos suspendidos totales (mg/L) 2475 ± 21 

Sólidos suspendidos fijos (mg/L) 375 ± 12 

Sólidos suspendidos volátiles (mg/L) 2100 ± 28 

Figura  3.3. Residuo de Alperujo 
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3.1.6. Aguas residuales porcinas 

En este trabajo se han realizado estudios de biodegradación con dos tipos de 

aguas residuales porcinas diferentes. Por un lado, se emplearon aguas residuales 

porcinas correspondientes a la mezcla de las deyecciones (heces y orina) de los cerdos, 

con las aguas de lavado procedentes de las pocilgas. En concreto, las muestras 

empleadas fueron recolectadas de una granja de cerdos ubicada en Salamanca (España). 

Las características principales de este efluente se muestran en la Tabla 3.6. 

Tabla 3.6. Caracterización de los purines de cerdo 

Parámetro Muestra 1 

DQO total (mg O2/L) 23569-16780 

DQO soluble (mg O2/L) 3916- 3639 

DBO5 soluble (mg O2/L) 724 - 672 

Biodegradabilidad 0.19 – 0.18 

Nitrógeno total (mg N/L) 3631 - 2134 

pH 8.6 – 8.2 

Color (CN) 2.41 – 2.24 

 

Por otro lado, se realizaron estudios de biodegradación empleando como 

material de partida dos efluentes procedentes de la digestión anaerobia de purines. La 

diferencia entre ambos digestatos fue en el tipo de reactor anaerobio empleado durante 

el pretratamiento de digestión. En la Tabla 3.7, se muestra la caracterización 

fisicoquímica de ambos digestatos. El digestato A, se obtuvo a partir de un proceso de 

digestión anaerobia convencional mientras que el digestato B, se obtuvo a partir de un 

reactor anaeróbico al cual fue acoplada una membrana de captación de amoniaco. Una 

información más detallada de este proceso puede consultarse en los trabajos 

desarrollados por González-García et al. [7] y Riaño et al. [8].  

 

 



3. Material y Métodos 

68 

Tabla 3.7. Caracterización de los efluentes procedentes de la digestión anaerobia de 

purines de cerdo 

Parámetro Digestato A Digestato B 

pH 7.58 8.03 

DQO total (mg O2/L) 5362 4125 

DQO soluble (mg O2/L) 3246 2852 

DBO5 soluble (mg O2/L) 213 234 

Biodegradabilidad 0.07 0.08 

Color (CN) 2.122 2.106 

 

3.2. METODOLOGÍA EXPERIMENTAL 

La metodología empleada en esta Tesis Doctoral puede clasificarse en tres 

grupos: las técnicas aplicadas para la caracterización microbiológica de los efluentes, 

los métodos de tratamiento fisicoquímicos y, por último, los métodos de tratamiento 

biológico con hongos. Seguidamente, se describen detalladamente cada una de ellas:  

3.2.1. Caracterización microbiológica 

Para la caracterización microbiológica de las muestras evaluadas en los 

apartados 4.1 y 4.2 (licor de biometanización y permeado de ultrafiltración), se 

aplicaron técnicas de secuenciación de nueva generación (NGS), basadas en la 

secuenciación masiva del gen ARNr 16S, empleando el sistema Ion Torrent PGM de 

secuenciación en masa.  

Este proceso consta de 4 etapas: extracción del ADN, amplificación del ADN, 

construcción de librerías de ADN y secuenciación del ADN. A continuación, se 

desarrolla cada una de ellas: 

3.2.1.1. Extracción del ADN 

La extracción del ADN se realizó a partir de la fracción sólida de los diferentes 

efluentes evaluados, por lo que las muestras fueron sometidas a un pretratamiento físico 

de centrifugación. Para ello, 160 ml de muestra se centrifugaron durante 20 minutos a 
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13000 g (Kubota 6500 High Speed Refrigerated Centrifuge). El sobrenadante fue 

descartado mientras que la fracción sólida se conservó para extraer el ADN.  

Para la extracción de ADN se empleó el kit Power Biofilm DNA Isolation Kit 

(MoBio Laboratories, Inc., Carlsbad, CA). Esta etapa se desarrolló siguiendo las 

instrucciones técnicas del kit, salvo en el caso del volumen de buffer BF3 añadido. Este 

buffer se emplea para disminuir los procesos de inhibición durante la extracción del 

ADN. Su cantidad ha de incrementarse cuando el color de las muestras es muy elevado 

o cuando dichas muestras contienen una elevada carga de compuestos inhibidores. Dada 

la complejidad y la coloración de las muestras evaluadas en esta Tesis Doctoral se 

añadieron 200 µL de BF3 en vez de 100 µL, como se recomienda en el protocolo.  

Finalizado el proceso de extracción, el ADN se concentró usando el kit 

Concentrator Plus Vacufuge (Eppendorf, Germany). La concentración de ADN se 

determinó mediante espectrofotometría, empleando el espectrofotómetro BioPhotometer 

Plus (Eppendorf, Germany), con la finalidad de asegurar que la concentración de ADN 

fuese óptima para continuar con el proceso de amplificación.  

3.2.1.2. Amplificación del ADN 

La amplificación del ADN se llevó a cabo mediante la reacción en cadena de la 

polimerasa (PCR) empleando el kit Ion 16S Metagenomics Kit (Ion Torrent, Life 

Technologies). Este kit incluye material para amplificar por un lado las regiones V2-4-

8, y por otro las regiones V3-6, 7-9 del gen 16S.  

El proceso de amplificación se desarrolló en un termociclador de acuerdo con las 

condiciones descritas en la Tabla 3.8.  

Los fragmentos de ADN resultantes de la amplificación fueron purificados 

usando el kit Agencourt AMPure XP Kit (Beckman Coulter, USA). Finalmente, los 

amplicones se cuantificaron empleando el kit dsDNA HS Assay Kit (Invitrogen, USA) 

y usando el fluorómetro Qubit 2.0 Fluorometer.  
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Tabla 3.8. Condiciones de la PCR para la amplificación del ADN. 

Fase Temperatura (ºC) Tiempo 

Calentamiento 95 10 min 

Desnaturalización* 95 30 seg 

Alineamiento 58 30 seg 

Extensión 72 30 min 

Elongación 72 7 min 

Conservación 4 20 min 

*25 ciclos de desnaturalización 

3.2.1.3. Construcción de librerías de ADN 

La preparación de las librerías de ADN consiste en la fragmentación del ADN 

obtenido en la fase de purificación con la finalidad de obtener fragmentos más pequeños 

de hasta 150 pb. La fragmentación del ADN amplificado se llevó a cabo mediante el kit 

Ion Plus Fragment Library Kit (AB Library BuilderTM), mientras que para la 

construcción de las librerías se empleó el kit PGM ™ Hi-Q ™ OT2.  Cada librería se 

corresponde con una colección diferente de fragmentos de ADN a secuenciar y es única 

para cada muestra.  

3.2.1.4. Secuenciación del ADN 

Finalmente, las muestras se secuenciaron empleando técnicas de secuenciación 

masiva mediante el kit PGM ™ Hi-Q ™ y el kit de chip Ion 318 ™ v2.  

3.2.2. Tratamientos fisicoquímicos 

Según el residuo tratado inicialmente, los métodos fisicoquímicos empleados en 

esta Tesis pueden clasificarse en dos grupos. Por un lado, se encuentran las técnicas 

evaluadas como tratamientos de post-anaerobiosis, cuando el residuo tratado 

corresponde al licor de biometanización, mientras que, por otro lado, están las técnicas 

empleadas como pretratamiento de residuos agroalimentarios alimentarios. Estos 

tratamientos han sido aplicados en las investigaciones recogidas en el apartado 4.1.2 y 

4.3.1 de este trabajo, respectivamente. Esta metodología puede consultarse de forma 

específica para cada residuo en la sección “Material and Methods”, de cada apartado.  
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3.2.2.1. Técnicas fisicoquímicas post-anaerobiosis 

Se evaluaron 4 tratamientos diferentes: ultrasonidos, ozonización, hidrólisis y 

oxidación húmeda. En todos los casos, después del tratamiento, las muestras se 

almacenaron a 4ºC durante 24 h antes de ser analizadas. La metodología empleada se 

describe a continuación: 

a) Ultrasonidos   

Los ensayos con ultrasonidos se llevaron a cabo en un homogeneizador 

ultrasónico (BANDELIN SONOPULS HD 2070) equipado con una sonda de 

ultrasonidos VS 70, a una frecuencia de 20 kHz. Se realizaron experimentos empleando 

dos amplitudes de trabajo distintas, 50% y 90%, y se tomaron muestras tras 5, 10, 15, 30 

y 45 minutos de sonicación. La amplitud de sonicación del 100% es equivalente a 80 

µm de amplitud. Los ensayos se realizaron en condiciones isotérmicas a 40ºC, 

manteniendo la temperatura constante mediante un baño de agua. Todos los ensayos se 

realizaron en matraces Erlenmeyer de vidrio de 250 mL de capacidad con 100 mL de 

muestra.  

 

Figura 3.4. Equipo de ultrasonidos BANDELIN SONOPULS HD 2070 con sonda VS 

70.  
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b) Ozonización 

El proceso de ozonización se realizó introduciendo 300 mL de muestra en un 

reactor cilíndrico agitado con una capacidad de 1 L. Para estos experimentos se 

burbujeó a través del reactor un flujo de ozono de 12 g O3/h. El ozono se generó a partir 

de oxígeno de grado industrial utilizando un generador de ozono (ZonoSistem).  

Los ensayos se realizaron en condiciones isotérmicas a 25ºC y se tomaron 

muestras periódicamente durante 8 h. Además, con la finalidad de estudiar el efecto de 

los sólidos presentes en la muestra sobre la efectividad del tratamiento, se realizaron 

ensayos adicionales en las mismas condiciones, pero empleando la muestra sin sólidos. 

Estos sólidos se eliminaron mediante centrifugación a 20ºC y 13000 g durante 15 min. 

 

Figura  3.5. Equipo de ozonización 

 

c) Hidrólisis 

Los experimentos de hidrólisis se llevaron a cabo en un reactor semidiscontinuo 

de 1 L de capacidad (Parr T316SS), cargado con un volumen de 700 mL de muestra, 

garantizando así unas condiciones operativas seguras. Además, en base a experiencias 

previas, se adicionó a la muestra 20 µL de antiespumante 289 (Sigma-Aldrich) para 

evitar la formación de espumas durante el ensayo.  

A continuación, el reactor se presurizó y se calentó en función de las 

condiciones de trabajo deseadas (160ºC, 180ºC o 200ºC). En todos los casos, la 
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velocidad de agitación en el reactor se ajustó a 350 rpm y la presión se proporcionó 

mediante nitrógeno comprimido suministrado al reactor con un flujo de 1400 mL/min. 

Este flujo fue regulado mediante un controlador de flujo másico electrónico (Brooks). 

El nitrógeno se burbujeó a través del depósito de agua para su saturación con agua antes 

de ser empleado en el recipiente de reacción. La presión se mantuvo constante a 6,0 

MPa por medio de un controlador de contrapresión instalado al final de la línea de gas. 

Se tomaron muestras periódicamente durante 8 h.  

 

Figura 3.6. Equipo de hidrólisis y oxidación húmeda. 

 

d) Oxidación húmeda 

El equipo y el procedimiento experimental empleado para los ensayos de 

oxidación húmeda fueron los mismos que se usaron en los experimentos de hidrólisis, 

descritos en el apartado anterior, con la única diferencia de que se usó un gas oxidante 

(oxígeno) en lugar de nitrógeno.  
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3.2.2.2. Técnicas fisicoquímicas como pretratamiento de residuos alimentarios 

Estas técnicas fisicoquímicas fueron empleadas para el tratamiento de los 

residuos agroalimentarios procedentes de la venta de verduras y hortalizas, en concreto 

patata, tomate y pimiento verde (Apartado 4.3.1). En este caso, los residuos se lavaron 

inicialmente con agua destilada y se conservaron a 4ºC por un periodo máximo de tres 

días hasta el momento del tratamiento.  

Se evaluaron diferentes técnicas de hidrólisis: térmica, ácida, enzimática, y una 

hidrólisis mixta termo-enzimática. Todos los ensayos se llevaron a cabo en botellas 

Pyrex de 250 mL. Para cada residuo se evaluó el tratamiento llevando a cabo 

experimentos por triplicado y utilizando diferentes lotes de cada residuo.  

En todos los casos, el hidrolizado final obtenido se centrifugó durante 5 min a 

5000 rpm y 20ºC (Centrífuga Refrigerada de Alta Velocidad Kubota 6500). Finalmente, 

la fracción solida obtenida fue desechada, mientras que, el sobrenadante (fracción 

líquida) se ajustó a pH 6,5-7 con NaOH 6 M o HCl 1 M y conservó hasta su análisis a -

20ºC [9]. 

A continuación, se describe de forma detallada cada uno de los tratamientos 

hidrolíticos aplicados a los residuos agroalimentarios:  

a) Hidrólisis térmica 

Se evaluaron dos tratamientos térmicos diferentes con la finalidad de conocer el 

efecto de un secado previo del material de partida sobre la efectividad del tratamiento.  

• Tratamiento 1: Se llevó a cabo un tratamiento térmico en base a los 

resultados reportados por Del Campo et al. [10] con algunas 

modificaciones. En primer lugar, se trituraron 100 g de muestra en 

fragmentos menores a 2 cm y se secaron a 55ºC durante 24 h en una 

incubadora (Heidolph Unimax 2010). Una vez seco, la muestra se trituró 

en un robot de cocina (Moulinex Minirobot D81) obteniendo un tamaño 

de partícula por debajo de 2 mm. Posteriormente, se introdujo la muestra 

triturada en botellas Pyrex de 250 mL y se añadió agua destilada en una 

relación de 5% (p/v).  Esta mezcla fue sometida a hidrólisis empleando 

una autoclave a 110ºC y 1.5 atm durante 5 min.  
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• Tratamiento 2: Para este tratamiento se siguió el protocolo descrito por 

Correa et al. [11]. En este caso, 10 g del residuo de partida se mezclaron 

con agua destilada en una relación 1:1 (p/v). Esta mezcla se 

homogeneizó y se introdujo en botellas Pyrex de 250 mL, para someterse 

posteriormente a un tratamiento de hidrólisis en una autoclave a 135ºC y 

3 atm durante 5 min.  

 

b) Hidrólisis ácida 

La lignina es el componente más recalcitrante de la pared celular vegetal y 

cuanto mayor es la proporción de lignina, mayor es la resistencia a la degradación 

química y enzimática [12]. Este compuesto actúa como una barrera física que protege a 

los polisacáridos de la acción enzimática, por lo que la eliminación de la lignina 

aumenta la eficacia de las enzimas al eliminar los sitios de adsorción no productivos y al 

aumentar el acceso a celulosa y hemicelulosa [13,14].  

Con el objetivo de eliminar la lignina de las muestras antes de la hidrólisis ácida, 

se trituraron 10 g de cada muestra empleando un robot de cocina (Moulinex Minirobot 

D81) hasta obtener un tamaño de partícula inferior a 2 mm. A continuación, se añadió a 

la muestra un volumen de 20 mL de NaOH 0.1N y se mantuvo la reacción durante 15 

min. Pasado este tiempo, se adicionó 0.8 g de CaSO4 y se mantuvo la muestra a 

temperatura ambiente durante 3 h.  

Finalmente, la muestra se tamizó, con la finalidad de separar la fracción sólida 

correspondiente al material deslignificado, de la fracción líquida. La fracción líquida, 

fue desechada mientras que el material sólido fue sometido al tratamiento de hidrólisis 

ácida. En esta etapa, la muestra se mezcló con H2SO4 al 5% en una relación 2:1 (p/v) y 

se hidrolizó empleando una autoclave a 125ºC y 2 atm durante 15 min.  

c) Hidrólisis enzimática 

Finalmente se llevó a cabo una hidrólisis enzimática de los residuos 

agroalimentarios. En este caso, el primer paso consistió en la deslignificación de las 

muestras como se describe en el apartado anterior (hidrólisis ácida). En este caso, a la 

fracción sólida deslignificada se le adicionó agua destilada en una relación de 6% (p/v). 
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La mezcla se calentó en un baño de agua a 75ºC durante 5 min, ajustando previamente 

el pH a 4.5. Pasado ese tiempo, las muestras se mantuvieron en reposo a temperatura 

ambiente para su enfriamiento. Es importante remarcar que antes de la hidrólisis 

enzimática, la muestra debe encontrarse a temperatura ambiente ya que una tempera 

excesivamente alta inactivaría las enzimas.  

Para llevar a cabo la hidrólisis enzimática, se empleó una combinación de 

enzimas de la siguiente manera: 83 µL de celulasa de Trichoderma reesei (C2730) 

(actividad enzimática ≥ 700 unidades de beta-glucanasa/g, densidad 1,10-1,30 g/ml), 50 

µL de α-amilasa de Aspergillus oryzae (A8220) (actividad enzimática ≥ 800 unidades 

de alfa amilasa fúngica/g, densidad 1,10-1,30 g/ml) y 8 µL de amiloglucosidasa de 

Aspergillus niger (A7095) (actividad enzimática ≥ 260 unidades/ml, densidad 1,2 

g/mL).  

Posteriormente, las muestras se incubaron a 60ºC durante 60 min sin agitación. 

Para detener la reacción enzimática, las muestras calentaron a 95ºC durante 5 min en un 

baño de agua.  

La mezcla de enzimas fue seleccionada de acuerdo al contenido en polímeros 

complejos de los residuos vegetales, considerando principalmente el almidón en la 

patata y la celulosa en el caso del tomate y del pimiento [15]. La celulasa cataliza la 

descomposición de la celulosa en glucosa, celobiosa y polímeros de glucosa superior. 

La α-amilasa y la amiloglucosidasa hidrolizan los enlaces α-(1,4)-glucosídicos del 

almidón en glucosa [16]. El pH y las condiciones de incubación se establecieron con el 

objetivo de que fueran precisos para todas las enzimas empleadas [17]. 

d) Hidrólisis térmico-enzimática 

En base a los resultados obtenidos, se ensayó un tratamiento que combinaba la 

hidrólisis térmica y enzimática. Para este proceso, la deslignificación de las muestras se 

llevó a cabo tal y como se describe anteriormente en apartado de “Hidrólisis ácida”.  

Una vez que se obtuvo el material deslignificado, se mezcló el residuo sólido 

con agua destilada en una relación 1:1 (p/v) y se realizó el primer tratamiento de 

hidrólisis mediante una autoclave a 135ºC y 3 atm durante 5 min. Finalizada la etapa de 

hidrólisis térmica, se dejó enfriar la muestra a temperatura ambiente, y se ajustó el pH a 
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4,5. A continuación, se realizó el segundo tratamiento de hidrólisis, esta vez enzimático, 

desarrollándose con las mismas condiciones que las descritas en el apartado anterior de 

“Hidrólisis enzimática”.  

3.2.3. Tratamientos biológicos 

En cuanto a los métodos biológicos aplicados en esta Tesis Doctoral, se han 

ensayado diferentes tratamientos de biorremediación, tanto en continuo como en 

discontinuo, con los hongos Phanerochaete chrysosporium Burdsall 1974 (cepas CECT 

2798 y MUM 95.01) y Aspergillus uvarum MUM 08.01.  

Figura 3.7. Phanerochaete chrysosporium y Asperillus uvarum. 

 

En todos los casos, los tratamientos se llevaron a cabo empleando el hongo en 

forma de pellets. Por lo tanto, se describen inicialmente las técnicas de cultivo y 

obtención de los pellets fúngicos, que fueron aplicadas de igual manera en todos los 

tratamientos.   

3.2.3.1. Obtención de los pellets de Phanerochaete chrysosporium  

Todas las cepas del hongo se adquirieron liofilizadas y fueron conservadas a 

oscuridad y 4ºC hasta su recuperación. El primer paso fue la recuperación de las cepas 

liofilizadas. Este proceso, al igual que la obtención de los pellets fúngicos, se realizó en 

una cabina de flujo laminar, para garantizar las condiciones asépticas durante todo el 
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proceso. Todo el material empleado, así como las soluciones y medios de cultivo, fue 

esterilizado en una autoclave durante 20 min a 121ºC.  

En cuanto a la recuperación de las cepas liofilizadas, el liófilo se resuspendió en 

0.3 mL de medio de extracto de malta (VWR Chemicals BDH). Esta suspensión se 

mantuvo en reposo dentro de la campana laminar durante un tiempo de 30 minutos, para 

asegurar la óptima hidratación del liófilo.  

Después, 100 µL de la suspensión se inocularon una placa de Petri con 25 mL de 

extracto de malta con agar 1.5% (p/v. Posteriormente, la placa fue incubada a 26ºC 

durante 7 días. Antes de utilizar el hongo para obtención de los pellets fúngicos fue 

necesario realizar tres subcultivos en placas Petri de extracto de malta con agar 1.5% 

(p/v), con el fin de asegurar la correcta activación del hongo y por tanto un crecimiento 

óptimo del mismo.  

La obtención de los pellets fúngicos se llevó a cabo empleando la metodología 

descrita por Blánquez et al. [18], con algunas modificaciones. Un diagrama del proceso 

se muestra en la Figura 3.8.  

1. En un matraz Erlenmeyer de 500 mL, se añadieron 150 mL de caldo de 

extracto de malta, previamente esterilizado durante 10 min a 115ºC. A 

continuación, el medio de cultivo se inoculó con 5 cilindros de 1 cm de 

diámetro extraídos de la zona de crecimiento activo con P.chysosporium. 

Este matraz se incubó a 26ºC y 135 rpm durante 6 días, observando un 

crecimiento alrededor de los cilindros incubados.  

2. Mediante un tamiz con un tamaño de 1 mm, se recuperaron los cilindros 

previamente inoculados. El sobrenadante fue desechado mientras que los 

cilindros cubiertos de micelio se conservaron para la siguiente fase.  

3. La biomasa obtenida se resuspendió en NaCl al 0.8% (p/v) en una 

proporción de 1:3 (p/v) y se homogeneizó empleando un homogeneizador 

(Heidolph Silent Crusher) durante 5 min a 11000 rpm, obteniendo la 

suspensión micelial.  

4. Posteriormente, en un matraz Erlenmeyer de 1 L de capacidad con 250 mL 

de medio de extracto de malta esterilizado, se inocularon 600 µL de la 

suspensión micelial. El matraz se incubó a 26ºC y 135 rpm durante 6 días.  
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5. Después del periodo de incubación se obtuvieron los pellets fúngicos de P. 

chrysosporium. Estos pellets se recuperaron del medio de cultivo siguiendo 

el mismo protocolo que se indica en el punto 2.  

6. Los pellets fúngicos obtenidos se sumergieron en una solución estéril de 

NaCl al 0,8% (p/v) y se conservaron en nevera a 4ºC hasta su uso.  

 Figura 3.8. Proceso de obtención de los pellets fúngicos de P. chrysosporium 

 

3.2.3.2. Obtención de los pellets de Aspergillus uvarum 

Los tratamientos de biorremediación con hongos ascomicetos del género 

Aspergillus, se llevaron a cabo con Aspergillus uvarum MUM 08.01. La cepa liofilizada 

fue adquirida de la Micoteca de la Universidad de Minho (MUM), situada en Braga, 

Portugal. En este caso la recuperación del liófilo se realizó creciendo el hongo en 

extracto de malta con agar 2% (p/v) durante 7 días a 25ºC.  

Para obtener los pellets fúngicos se realizó un frotis de una pequeña porción de 

biomasa fúngica de la parte de crecimiento activo de la placa de Petri con un asa de 
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siembra, y se inoculó en un matraz Erlenmeyer de 250 mL con 150 mL de medio estéril 

Czapek-Yeast, cuya composición fue la siguiente: 1.3 g/L de K2HPO4, 5 g/L de extracto 

de levadura, 30 g/L of sacarosa y 5 mL de concentrado Czapeck). El concentrado 

Czapeck consistió en 300 g/L de NaNO3, 50 g/L de KCl, 50 g/L de MgSO4·7H2O, 1 g/L 

de FeSO4·7H2O, 1 g/L de ZnSO4·7H2O y 0.5 g/L de CuSO4·5H2O. Después de 6 días se 

obtuvieron los pellets fúngicos de A. uvarum, que fueron recuperados y conservados 

siguiendo el mismo procedimiento que en el caso de P. chrysosporium.  

3.2.3.3. Ensayos de biodegradación 

El tipo de tratamiento realizado, así como las diferentes cepas empleadas se 

detallan en la Tabla 3.9. 

Tabla 3.9. Tratamientos de biorremediación con hongos. 

Residuo Tratamiento Cepa 

Licor de biometanización Reactor en continuo y 

discontinuo 

P. chrysosporium CECT 2798 

Permeado de ultrafiltración Reactor en discontinuo P. chrysosporium CECT 2798 

Alperujo Reactor en discontinuo P. chrysosporium CECT 2798 

Purines Reactor en discontinuo P. chrysosporium CECT 2798 

Licor Negro Reactor en discontinuo P. chrysosporium MUM 95.01 y 

Aspergillus Uvarum MUM 08.01.  

 

a) Ensayos de biodegradación discontinuos 

Los tratamientos discontinuos se llevaron a cabo en matraces Erlenmeyer, 

manteniendo siempre una relación 1:5 entre el volumen de muestra empleada y la 

capacidad del matraz. En todos los casos, las muestras se inocularon con 3 g/L (peso 

seco) de hongo en forma de pellets. Las muestras inoculadas se incubaron a una 

temperatura de 25ºC o 26ºC, y una agitación orbital de 135 rpm o 150 rpm, en función 

del tratamiento. Además, se evaluó la efectividad del proceso de biodegradación tras la 

incorporación de fuentes externas de carbono (glucosa) y nitrógeno (tartrato de amonio), 

así como la influencia de la variación del pH durante los tratamientos. Las condiciones 
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operacionales específicas de cada ensayo pueden consultarse en la sección de “Material 

and Methods” incluida en cada apartado del Capítulo 4.  

b) Ensayos de biodegradación continuos 

Para las pruebas en continuo, se realizó la puesta en marcha de un biorreactor 

fúngico, evaluando diferentes condiciones operativas. Los experimentos continuos se 

llevaron a cabo en un biorreactor encamisado de 1,5 L de capacidad cargado con 1,25 L 

de muestra suplementada con 3 g/L de glucosa e inoculado con 3 g/L (peso seco) de 

hongo, en concreto de P. chrysosporium. Durante el tratamiento, el pH se mantuvo entre 

5,6 y 6,5 añadiendo NaOH 0,5 M o HCl 0,5 M utilizando una bureta de pH (CRISON, 

PH-BURETTE 24 1S). La temperatura se fijó en 26ºC y los pellets fúngicos se 

mantuvieron fluidizados mediante pulsos de aire generados por una electroválvula. La 

electroválvula fue controlada por un temporizador cíclico (60 segundos abierta, 30 

segundos cerrada) con un flujo de aire de 36 L/h. Se utilizaron piedras difusoras de 

burbuja fina para asegurar la homogeneidad y evitar el estrés mecánico de la biomasa. A 

la salida del reactor, se colocó un tamiz de malla de 1 mm para evitar la pérdida de 

gránulos de hongos. Al final de cada experimento, el reactor se vació y se volvió a 

llenar con muestra nueva. Se probaron tres tiempos de retención hidráulica (HRT) 

diferentes (104, 208 y 240 horas).  

3.3. MÉTODOS ANALÍTICOS 

Una vez realizados los ensayos de caracterización microbiológica y degradación 

de los efluentes, se deben caracterizar las muestras finales con el fin de determinar la 

efectividad de los diferentes procesos de tratamiento aplicados. En esta sección se 

detallan principalmente las técnicas analíticas empleadas para el análisis de los 

resultados y la caracterización de los efluentes tratados.  

3.3.1. Análisis taxonómico 

Los resultados obtenidos mediante las técnicas de secuenciación masiva se 

analizaron utilizando el software Ion ReporterTM de Life Technologies. Este software 

permite obtener una clasificación taxonómica de los microorganismos presentes en las 

muestras en rangos de filo, clase, orden, familia, género y especie.  



3. Material y Métodos 

82 

Para asegurar que la clasificación taxonómica es correcta, el software coteja los 

datos de secuenciación genómica obtenidos con la información almacenada en dos 

bases de datos de referencia de ARNr, “Premium Curated MicroSEQ ID 16S” y 

“Curated Greengenes”. Ambas bases de datos están curadas, lo que quiere decir que han 

sido minuciosamente revisadas por diferentes expertos para que la información sea 

fiable. Además, el software permite aplicar distintos criterios de restricción en el 

momento de contrastar las secuencias obtenidas con las bases de datos. En este sentido, 

cuanto más estrictos sean estos criterios, mayor será el nivel de coincidencia entre los 

datos y la información almacenada en las bases de datos.  

Para la obtención de los resultados de esta Tesis Doctoral se aplicaron los 

siguientes criterios de restricción:  

• Longitud de las lecturas: 150 pb. 

• Cobertura mínima de alineación: 90%. 

• Número mínimo de lecturas: 10. 

• Nivel de coincidencia para determinar género: 97%. 

• Nivel de coincidencia para determinar especie: 99%. 

Adicionalmente, la información correspondiente a cada una de las muestras 

analizadas fue tratada reflejando en los resultados exclusivamente aquellas poblaciones 

bacterianas que representaron más de un 10% del microbiota total. Este criterio fue 

seleccionado con la finalidad de dar una visión más general de los microorganismos 

presentes, así como para destacar la microbiología más abundante que pudiese interferir 

en los procesos de operación de la planta. 

3.3.2. Análisis de parámetros fisicoquímicos 

3.3.2.1. Demanda química de oxígeno (DQO) 

La materia orgánica presente en las muestras se determinó en términos de DQO, 

ampliamente utilizado como medida de contaminantes en aguas residuales y aguas 

naturales. Se define la DQO como el contenido de materia orgánica que es susceptible 

de ser oxidado en presencia de un oxidante químico fuerte. La cantidad de materia 

orgánica oxidada se expresa en términos de su equivalencia en oxígeno (mg O2/L).  
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Para su determinación se empleó el método del dicromato 5220 según los 

métodos estándar para el análisis de agua y aguas residuales [19]. En este proceso, la 

muestra se somete a una digestión con dicromato potásico, en medio fuertemente ácido, a 

temperatura de 150ºC durante 2 horas. Además, a la reacción se añade también sulfato de 

mercurio y sulfato de plata con la finalidad de evitar la interferencia de los cloruros y 

mejorar la oxidación de los compuestos alifáticos, respectivamente. Una vez finalizado 

el proceso de digestión, las muestras se midieron espectrofotométricamente a 600 nm 

utilizando un espectrofotómetro DR2500 (Hach Company). La concentración de DQO 

se determinó a través de una curva de calibración preparada con patrones de ftalato a 

distintas concentraciones. 

Este método también se empleó para el análisis de la DQO soluble (DQOs) con 

la única diferencia de que, en este caso, la muestra se centrifugó previamente a 13000 g 

durante 15 min para eliminar las partículas sólidas, empleando una centrífuga 

refrigerada de alta velocidad (Kubota 6500).  

En algunos casos, la concentración de DQO en las muestras fue determinada 

empleando el kit comercial Hach Lange LCK 514. Para asegurar que los datos 

obtenidos por ambos métodos fuesen comparables, se midieron varias veces las mismas 

muestras empleando ambos métodos. En todos los casos, la diferencia entre los valores 

obtenidos fue menor del 5%.  

3.3.2.2. Demanda biológica de oxígeno (DBO) 

La DBO se define como la cantidad de oxígeno que los microorganismos 

consumen para degradar, únicamente por acción bioquímica aerobia, la materia orgánica 

degradable presente en un agua residual. En esta Tesis, la cantidad de DBO presente en 

las muestras se determinó mediante respirometría manométrica (Lovibond® Water 

Testing BD 600), por el método Wanburg. Mediante esta técnica, la DBO se determina 

midiendo directamente la variación de presión en un volumen constante que se produce 

como consecuencia del consumo de oxígeno por parte de la población bacteriana al 

degradar la muestra. Al igual que la DQO, su concentración se expresa en términos de 

mg O2/L.  

En concreto, la determinación de este parámetro se llevó a cabo midiendo la 

DBO5 de las muestras, de acuerdo al métodos estándar 5210B para el análisis de agua y 
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aguas residuales [19]. En este caso, se mide el oxígeno consumido en un período de 5 

días. El procedimiento se llevó a cabo ajustando previamente las muestras a un pH 

entorno a 6.5-7. Además, dada la complejidad de las muestras evaluadas y la posible 

presencia de organismos nitrificantes, se adicionó un inhibidor de la nitrificación para 

evitar interferencias entre la demanda de nitrógeno y las pruebas de DBO. Si no se usa 

un químico inhibidor, la demanda de oxígeno medida es la suma de las demandas de 

nitrógeno y carbonáceas. 

3.3.2.3. Carbono orgánico total (TOC)  

El análisis del carbono orgánico total (COT) se realizó con un analizador de COT 

(Shimadzu TOC-VCSH, Japón).  

3.3.2.4. Nitrógeno  

La presencia de nitrógeno en las muestras se determinó en los Servicios 

Científico Técnicos de la Universidad de Oviedo, mediante un autoanalizador de flujo 

segmentado, (SKALAR SAN PLUS), basado en reacciones colorimétricas. Este equipo 

permite cuantificar la concentración de nitrógeno en forma de nitritos, nitratos, 

amoniaco, nitrógeno inorgánico total, nitrógeno orgánico disuelto y nitrógeno total.  

3.3.2.5. Carbohidratos  

a) Carbohidratos totales 

Para determinar la cantidad de carbohidratos totales, se empleó el método del 

fenol-sulfúrico, basado en la metodología descrita por DuBois et al. [20], con algunas 

modificaciones [21]: 0,5 mL de fenol al 5% (Sigma Aldrich) y 2,5 mL de H2SO4 al 96% 

(Panreac) se añadieron a 1 mL de muestra. La reacción se mantuvo a temperatura 

ambiente durante 1 h, asegurando el enfriamiento de las muestras. Finalmente, se midió 

la absorbancia de las muestras a 492 nm. Las mediciones se realizaron con un 

espectrofotómetro UV (ThermoScientific Heλios γ). La concentración de azúcares 

reductores se determinó a través de una curva de calibración preparada con patrones de 

glucosa a distintas concentraciones.  
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b) Carbohidratos reductores 

Los azúcares reductores son aquellos cuyo grupo carbonilo no está involucrado 

en la unión de monosacáridos para la formación de oligosacáridos o polisacáridos y por 

tanto conservan el carácter reductor de la molécula, siendo directamente fermentables.  

La concentración de azúcares reductores se determinó mediante el método del 

ácido 3,5-dinitrosalicílico (DNS) desarrollado por Miller [22]. Para este procedimiento, 

se añadieron 0,5 mL de reactivo DNS a 0,5 mL de muestra. La mezcla se agitó en un 

vórtex y se incubó en un baño de agua hirviendo durante 5 min. Inmediatamente 

después, las muestras se introdujeron en hielo para detener la reacción de oxidación por 

contraste térmico. Finalmente, se adicionaron 5 mL de agua destilada a los tubos de 

reacción y se midió la absorbancia de las muestras a 540 nm. Los análisis se realizaron 

con un espectrofotómetro UV (ThermoScientific Heλios γ). De la misma forma que en 

el caso de los carbohidratos totales, la concentración de azúcares reductores se 

determinó a través de una curva de calibración empleando glucosa como patrón.  

3.3.2.6. Inhibidores de la fermentación 

Los diferentes pretratamientos de hidrólisis aplicados a los residuos 

agroalimentarios pueden provocar la formación de compuestos secundarios que 

dificulten el proceso fermentativo posterior. Entre estos compuestos se incluyen el 

hidroximetilfurfural (HMF), el furfural y el ácido acético. La concentración de estos 

inhibidores se determinó mediante cromatografía líquida de alta resolución (HPLC) 

utilizando el cromatógrafo Agilent 1200 (Agilent Technologies).  

La concentración de ácido acético se determinó empleando una columna ICSep 

ICE-ION-300 (Transgenomic) acoplada a un detector de índice de refracción (RID). La 

fase móvil empleada fue ácido sulfúrico (0,450 mM, pH 3,1) a un flujo de 0,3 mL/min 

con la temperatura de la columna ajustada a 75 ºC [23].  

Para determinar el HMF y el furfural, se siguió la metodología descrita por Abu-

Bakar et al. [24] y De Andrade et al. [25], con algunas modificaciones. Así pues, para la 

determinación del furfural se utilizó una columna Gemini-NX 5μm C18 110A 

(Phenomenex) acoplada a un sistema de detección por matriz de diodos (DAD). Se 

empleó como fase móvil una mezcla de acetonitrilo y agua (20:80) con un flujo de 1 
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mL/min, fijando la detección final de la señal UV en 260 nm. En cambio, para el 

análisis del HMF, la fase móvil fue metanol/agua (10:90) y la detección de UV se fijó a 

285 nm. Los límites de detección del equipo para el HMF y el furfural fueron de 1 ppm, 

mientras que para el ácido acético fue de 5 ppm. 

En todos los casos, el análisis de los datos se realizó con el software 

ChemStation (Agilent Technologies). Todos los compuestos se determinaron 

empleando como referencia estándares analíticos externos (Sigma-Aldrich). 

3.3.2.7. Compuestos fenólicos totales 

Los compuestos fenólicos totales se determinaron por el método de Folin- 

Ciocalteu en condiciones de oscuridad, según Moussi et al. [26], utilizando el ácido 

gálico como estándar. En este procedimiento, se mezclaron 400 µL de muestra con 3 

mL de reactivo Folin-Ciocalteu (previamente diluido 1:10 con agua destilada). Esta 

mezcla se mantuvo a 22 °C durante 5 minutos. A continuación, se añadieron 3 mL de 

bicarbonato sódico (NaHCO36 g/100 mL) y la muestra se incubó de nuevo a 22 °C 

durante 90 min. Tras la incubación, se midió la absorbancia a 725 nm. 

3.3.2.8. Actividad enzimática. 

Para el análisis de las actividades enzimáticas lacasa (Lac), lignina peroxidasa 

(LiP) y manganeso peroxidasa (MnP) se siguió la metodología descrita por Lisboa et al. 

[27].  

Para la determinación de la actividad Lac, la mezcla de reacción fue: 0,8 mL de 

ABTS (0,03 % v/v), 0,1 mL de tampón de acetato de sodio (0,1M, pH 5,0) y 0,1 mL de 

muestra. La oxidación del ABTS se midió a 420 nm con un coeficiente de extinción 

molar (ε) de 3,6 × 104 M -1cm -1.  

La actividad LiP se evaluó mezclando 1 mL de solución tampón de tartrato 

sódico (125 mM, pH 3,0), 500 µL de alcohol veratrílico (10 mM), 500 µL de peróxido 

de hidrógeno (2 mM) y 500 µL de muestra. La producción de veratraldehído se midió a 

310 nm (ε = 9,3 × 103 M -1cm -1).  

Finalmente, la medida de la actividad de la MnP se llevó a cabo mezclando 500 

µl de muestra, 100 µl de rojo de fenol (0,01% p/v), 100 µl de lactato de sodio (250 
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mM), 200 µl de albúmina bovina (0,5% p/v), 50 µl de sulfato de manganeso (2 mM), 50 

µl de peróxido de hidrógeno (2 mM) y 1,0 mL de tampón de succinato de sodio (20 

mM, pH 4,0). La actividad del MnP se determinó a 610 nm (ε = 2,2 × 103 M-1cm-1). 

Todas las reacciones se realizaron a 30ºC durante 5 minutos y se detuvieron 

añadiendo 40 µL de NaOH 2 N. Una unidad de enzima (U) se definió como la 

liberación de 1 µmol de producto formado por minuto en las condiciones del ensayo. 

3.3.2.9. Color 

El cambio de color en las muestras se determinó mediante el índice de color 

(IC), que se define según la ecuación (1) [28]. 

IC=
SAC436

2 + SAC525
2 + SAC620

2

SAC436 + SAC525 + SAC620
                     Ecuación (1) 

En esta ecuación, se define SAC como el coeficiente de absorbancia espectral, 

que se obtiene del cociente del valor de absorbancia a una longitud de onda 

determinada, entre el espesor de la celda o cubeta. Lo habitual es que el espesor de la 

cubeta sea de 1 cm, de forma que los valores de SAC sean iguales a los valores de 

absorbancia. Como blanco para la medida de la absorbancia se utilizó agua destilada. 

3.3.2.9. Sólidos 

La medida de los sólidos totales se determinó en base a los métodos estándar 

para el análisis de agua y aguas residuales [19]. La concentración de sólidos totales nos 

indica la cantidad de materias disueltas y en suspensión que tiene el efluente. Para su 

medida, la muestra se sometió a incubó durante al menos 1 h en una estufa a 105 °C, 

con la finalidad de evaporar el agua. Después, tras el enfriamiento de la muestra en un 

desecador, se pesó la muestra. El ciclo de evaporación, enfriamiento, desecación y 

pesaje se repitió hasta obtener un peso constante de la muestra.  
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3.3.3. Cálculo de parámetros adicionales 

3.3.3.1. Índice de biodegradabilidad (IB) 

La biodegradabilidad de las muestras se ha expresado mediante la relación 

DBO5/DQO. Este parámetro indica la cantidad de materia orgánica biodegradable en 

relación con la cantidad de materia orgánica total presente en la muestra. 

3.3.3.2. DQO no soluble 

Se entiende como DQO no soluble a la diferencia entre la DQO total y la DQO 

soluble de las muestras. Por tanto, para su calculo se empleó la Ecuación 2. 

nsCOD = tCOD − sCOD                                          Eq (2) 

3.3.3.3. Estado medio de oxidación de los átomos de carbono (AOSC) 

El estado medio de oxidación de los átomos de carbono (AOSC) es un parámetro 

descrito por Vogel et al. [29], que permite evaluar el grado de oxidación de las muestras  

después de diferentes tratamientos. Los valores de AOSC deben estar siempre entre el 

rango 4 y - 4. Los valores bajos de AOSC indican que la oxidación no es completa, 

mientras que los valores altos indican un estado de oxidación alto de los compuestos 

orgánicos [30]. Para determinar el valor de AOSC se empleó la Ecuación 4:  

AOSC = 4 − 1,5 ∗ (
COD

TOC
)                                          Ecuación (4) 
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4.1. TRATAMIENTOS POST-ANAEROBIOSIS 

En este apartado se recogen todas las investigaciones relacionadas con la 

caracterización y el tratamiento del licor de biometanización. Como se describió 

anteriormente en el Capítulo 3, este efluente se corresponde con la fracción líquida 

resultante de la centrifugación del digestato procedente de la digestión anaerobia de 

lodos. Por tanto, es un efluente altamente recalcitrante que contiene, además, una 

concentración de amonio que supera los parámetros de diseño de la depuradora 

localizada en COGERSA, incrementando de manera importante en el consumo de 

metanol durante el proceso de desnitrificación. 

 

A lo largo de esta sección, se ha investigado la composición fisicoquímica y 

biológica del licor de biometanización. Para ello, en el inicialmente en el apartado 4.1.1 

se ha llevado a cabo la caracterización microbiológica de varios puntos del tratamiento 

de digestión anaerobia. Estos resultados permiten conocer de forma detallada el proceso 

de biometanización y cómo los parámetros operacionales influyen en la distribución de 

los microorganismos. En el apartado 4.1.2, se han ensayado diferentes técnicas 

fisicoquímicas de tratamiento, incluyendo ultrasonidos, ozonización, hidrólisis y 

oxidación húmeda, con el fin de reducir la materia orgánica recalcitrante y acondicionar 

las características del licor a las condiciones de la depuradora, reduciendo los costes 

operacionales ocasionados por su incorporación.  Finalmente, en el apartado 4.1.3, se ha 

evaluado el empleo de hongos de pudrición blanca, específicamente el hongo P. 

chrysosporium, para el tratamiento biológico, tanto discontinuo como continuo, del licor 

de biometanización. Los resultados mostraron una alternativa prometedora de 

tratamiento y permitieron conocer el efecto sinérgico de la aplicación de los hongos 

frente al efecto degradativo del microbiota presente en el licor de biometanización. 

 

Los resultados obtenidos en esta etapa de investigación se recogen en tres 

publicaciones, cuya cita se detalla al inicio de cada apartado.  
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ABSTRACT 

Sewage sludge can be treated by anaerobic processes that frequently are 

followed by physical separation processes. In this work, a high-throughput sequencing 

technology, based on variation in the bacterial 16S rRNA gene, has been used to 

characterise the bacterial populations present in samples taken from different points of 

an industrial anaerobic digestion process fed with sewage sludge. Relative abundances 

of phyla and classes throughout the biological process and the subsequent separation 

steps were determined.  

Results revealed that the Bacteroidetes, Firmicutes and Proteobacteria phyla 

were the most representative. However, significant changes in relative abundance were 

detected along treatments, showing the influence of operational parameters on the 

distribution of microorganisms throughout the process. After anaerobic digestion, 

phylum Firmicutes doubled its relative abundance, which seems to indicate that the 

anaerobic conditions and the nutrients favoured its growth, in contrast to other phyla 

that almost disappeared. After centrifugation, Proteobacteria went preferentially to the 

solid phase, in contrast to Firmicutes which was the dominant phylum in the liquid 

phase. After decanting the liquid phase during 14 h, an important growth of 

Proteobacteria, Spirochaetes and Tenericutes was detected. At class level, only 

significantly changes were observed for Proteobacteria classes being α-proteobacteria 

dominant in the digestate, while γ-proteobacteria was the majority since this point to 

the final steps. To know the changes on the kind and abundance of microbial 

populations throughout the anaerobic and separation processes is very important to 

understand how the facilities design and operation conditions can influence over the 

efficiencies of next biological treatments. 

Keywords: 16S rRNA gene; anaerobic digestion; PGM sequencing; bacterial 

community; separation processes; sewage sludge. 
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1. INTRODUCTION 

The anaerobic processes take place in four stages: hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. The microorganisms of two biological domains, 

Bacteria and Archaea, carry out interdependent and complex biological reactions during 

the process. Bacteria microorganisms produce enzymes which hydrolyse polymers to 

monomers. These are subsequently converted by acidogenic and acetogenic bacteria to 

H2 and volatile fatty acids (1). The Archaea domain is mainly involved in the last stage, 

forming methane by the reduction of CO2 or by the decarboxylation of acetate. 

Microorganism within this domain can also utilize a limited number of other substrates, 

such as methanol, methylamines and formate, to produce methane (2). 

Anaerobic digestion is the most widely employed method for sewage sludge 

treatment, and since the last years, it is an attractive technology for processing various 

organic wastes produced in urban, industrial, and agricultural settings (3). In this 

process, a large fraction of the organic matter, which is degraded by a complex 

community of microorganisms, is broken down into carbon dioxide (CO2) and methane 

(CH4). Such decomposition occurs in the absence of oxygen and two main final 

products can be distinguished: digestate and biogas, which is considered a product of 

high added value to be used as biofuel in a sustainable and environmentally friendly 

way (4). After the anaerobic digestion, the digestate can be treated to remove liquid 

fraction and simultaneously concentrate nutrients, so a solid–liquid phase separation is 

usually carried out prior to any further post-treatment. The solid fraction mixed with 

vegetable wastes, is mainly used in composting processes to be employed as a fertilizer 

(5).  

Regarding the liquid fraction, depending on substrates used and final disposal, a 

biological post-treatment could be necessary to reduce its toxicity and nitrogen content. 

Microorganisms play a main role in anaerobic digestion treatments, so it is essential to 

characterize the microbiota at each stage of the process in order to detecting the core 

functional groups responsible of anaerobic degradation and key for the further post-

treatment. The substrate characteristics and operational parameters are determining 

factors for the stability of the microbial communities.  
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Previous studies describing the microbial communities in anaerobic processes 

were based primarily on classical methods, such as terminal restriction fragment length 

polymorphism (T-RFLP), denaturing gradient gel electrophoresis (DGGE), single-

strand conformation polymorphism (SSCP), or Sanger sequencing of clone libraries (3, 

6). 

Just fear years ago, the next generation of sequencing (NGS) based on 16S 

rRNA gene sequencing has been applied to characterize anaerobic digestion processes. 

This technology allows the generation of thousands to millions of short sequencing 

reads for massive studies of genes and a higher taxonomic resolution (7). Most of such 

works investigated only a few hypervariable regions, mainly V3, V4 and V5, so the 

phylogenetic and taxonomic information obtained was limited. In this study, 7 of the 9 

hypervariable regions of the 16S rRNA gene have been sequenced to obtain extensive 

phylogenetic information by using the Ion Torrent PGM system of mass sequencing.  

The microbiota present in anaerobic processes has been studied by several 

authors as Chen et al (8) which studied the microbiota present in a anaerobic digestion 

of pharmaceutical wastewater and Zhou et al (9) which showed the variation of the 

microbial community in thermophilic anaerobic digestion of pig manure mixed with 

different ratios of rice straw. 

However, as far as we know, the evolution of the microbial population 

throughout the anaerobic digestion of sludge and the subsequent separation processes, 

i.e. centrifugation and decanting, have not been previously studied. Obviously, changes 

in microbiota distribution, especially in their relative abundance and activity, are 

ultimately reflected in the reactor performance and the efficiency of following 

biological treatments, where the bacteria also play an important role.  

In particular, the aims of this work were:  

i) To characterize the bacterial population in the anaerobic digestion process and 

compare the results with the microbiota present in raw material. 
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ii) To study the distribution of the bacterial communities between the separated 

fractions to determine the effect of the separation processes as centrifugation and 

decanting. 

2. MATERIALS AND METHODS 

2.1. Plant operation parameters and sample description 

The samples used in this study were taken from the anaerobic digestion plant 

sited in Serín (Asturias, Spain). Anaerobic digestion process was conducted with 

sewage sludge, which was used as raw material. Previously to the digestion, the sewage 

sludge was received in two concrete pits, each with an operational capacity of 175 m3. 

These pits are fitted with moving floors from which the sludge was pumped to the 

anaerobic digestion system. The raw material consists of a mixture of sewage sludge 

and recirculated process water, in a ratio of 1: 1.2 (v/v) respectively. This raw leachate 

was treated by means of a wet treatment for 60 minutes. This treatment was carried out 

in order to disintegrate the biodegradable waste for improving the subsequent digestion 

process and removing the non-biodegradable contaminants, such as the heavy fraction 

(stones, large bones, glass, batteries and metal objects) and the light one (textiles, wood, 

plastic sheets and thread, etc.). The mixture was sent to the Grit Removal System (GRS) 

consisting of three hydro-cyclones connected in cascade for removing any sand or 

impurities that might remain in the suspension. All impurities removed were sent to the 

reject container. Finally, it was stored in a 1000 m3 capacity tank to enable continuous 

feeding of the digester. 

Anaerobic digestion process was carried out in an anaerobic completely stirred 

tank digester with capacity of 3000 m3, under mesophilic conditions (36 ± 0.6ºC). The 

digester was heated up by means of external heat exchangers. Proper mixing system 

inside the digester was achieved by injecting part of the produced biogas through an air-

cooled rotary vane compressor.  

After anaerobic digestion process, biogas and digestate was obtained. The biogas 

was extracted and leaded to the general biogas network of the landfill. The digestate 

was separated in solid and liquid phase using an industrial centrifuge at 3000 rpm. The 
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percentage of solid and liquid phase obtained was around 20% and 80% of total, 

respectively. For this process, it was necessary the addition of a polyelectrolyte 

(Chemipol CZ-600) in a concentration of 0.35 % (v/v). The solid phase was sent to a 

composting plant and the liquid phase was decanted for 14 hours in an open tank 

volume of 80 m3, before being sent to the biological subsequent treatment. A flow 

diagram of the treatment plant is shown in Figure 4.2. 

 

2.2. Sample processing and DNA extraction 

Different samples were collected in the anaerobic digestion plant in order to be 

analysed microbiologically. Such samples were the following: the feed to the anaerobic 

digester (S1), the digestate (S2), the solid fraction (S3) and the liquid fraction (S4) 

obtained after centrifugation and the liquor obtained after decanting (S5). Detailed 

information for each sample is shown in Table 4.1. 

In all cases, 160 ml of each of the samples were centrifuged for 20 minutes at 

13000g. The supernatant was discarded, and the solid fraction was preserved for DNA 

extraction.  

DNA extraction was performed with the Power Biofilm DNA Isolation Kit 

(MoBio Laboratories, Inc., Carlsbad, CA), which is specific for leachate samples. The 

Figura 4. 2. Flow diagram of anaerobic digestion plant. 
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extraction was carried out with 0.25 g of wet sludge (solid fraction) according to the 

manufacturer’s instructions. The only modification was the addition of 200 μl of 

solution BF3 due to the excessive colour of the samples (recommended in the protocol 

of the kit). 

Extracted DNA was concentrated using Concentrator Plus Vacufuge 

(Eppendorf, Germany) and the concentrations were determined through the 

BioPhotometer Plus (Eppendorf, Germany), ensuring that the amount of DNA was high 

enough to continue the process.  

2.3. DNA amplification and purification 

For DNA amplification, Ion 16S Metagenomics Kit (Ion Torrent, Life 

Technologies) was employed. This kit simultaneously examines 7 of the 9 

hypervariable regions in the bacterial 16S rRNA gene, using one primer for the V2-4-8 

regions and another primer for V3-6 and V7-9. This method has a wide range of uses, 

including the characterization of bacterial populations, taxonomical analysis, and 

species identification. 

The DNA samples and the primers with their respective linkers were amplified 

by PCR reaction, which was performed in several steps: i) initial heating at 95 °C for 10 

minutes, ii) 25 cycles of denaturation at 95 °C for 30 seconds, iii) alignment at 58 °C for 

30 seconds, iv) extension at 72 °C for 30 minutes seconds, and v) elongation at 72 ° C 

for 7 minutes. Next, a preservation step at 4 °C for 20 minutes was carried out. The 

resulting products were purified using the Agencourt AMPure XP Kit (Beckman 

Coulter, USA) and finally the 16S rRNA amplicons were quantified through Qubit 2.0 

Fluorometer using dsDNA HS Assay Kit (Invitrogen, USA). 
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Tabla 4. 1. Characteristics of the samples analysed. The average values correspond to four samples taken along 2016. The ± value 

correspond to the standard deviation. 

 Parameters  

Samples pH (ud.) COD (mg/L) NH4 (mg/L) BOD5 (mg/L) TS (mg/L) Moisture (%) 

S1 6.99 ± 0.26 N/A N/A N/A 81193 ± 7360 92 ± 0.69 

S2 8.13 ± 0.07 56375 ± 1431 5501 ± 421 3750 ± 395 63670 ± 1422 94 ± 0.13 

S3 8.21 ± 0.38 67475 ± 13530 17274 ± 1125 N/A 223125 ± 11442 79 ± 1.26  

S4 8.39 ± 0.17 10405 ± 4269 4385 ± 428 1525 ± 540 10347 ± 2724 99 ± 0.33 

S5 8.42 ± 0.09 10600 ± 4988 3989 ± 177 2735 ± 1572 10198 ± 3544 99 ± 0.30 



4. Resultados y Discusión 

104 

2.4. Library construction and sequence analysis 

Once the DNA was purified, the sequencing step was performed. First, the 

library was prepared using the Ion Plus Fragment Library Kit (AB Library BuilderTM). 

During this process, the fragmentation of the DNA obtained in the purification phase 

was carried out in order to obtain smaller fragments of up to 150 base pairs (bp). For the 

library construction, each fragment of the DNA obtained was coupled to a marker or 

barcode and two adapters. Each library corresponds to a different collection of DNA 

fragments to be sequenced and is unique to each sample. Construction of the library was 

conducted using the PGM™ Hi-Q™ OT2 Kit. Subsequently, the samples were 

sequenced using the PGM™ Hi-Q™ Sequencing Ion Kit and the Ion 318™ Chip Kit 

v2, which has a minimum capacity of 4 million readings. 

The final results obtained were analysed with Life Technologies Ion ReporterTM 

Software, which provided the final sequencing results. The restriction criteria applied, 

was as follows: i) read length filter: 150 bp, ii) minimum alignment coverage: 90%, iii) 

read abundance filter: 10, iv) genus cut off (level of coincidence to determine gender): 

97%, and v) species cut off (level of coincidence to determine species): 99%. 

3. RESULTS AND DISCUSSION 

PGM sequencing and the amplification of hypervariable regions of 16S rRNA 

allowed us to obtain a detailed taxonomic bacterial classification. Twenty-one different 

phyla were identified in the samples. The classification of the microorganisms up to 

specie level is shown in the Supplementary Material, which includes from Fig.5.1.S1 to 

Fig.5.1.S5. Taxonomic classification is represented by Krona plot, which depicts 

different bacteria taxonomic levels in concentric circles, from subspecies in the 

outermost circle to the bacteria kingdom in the innermost circle. The relative abundance 

of bacterial phyla was estimated in each sample as the percentage of mapped reads.  

The phyla Firmicutes, Bacteroidetes and Proteobacteria were the more 

representative in all the samples. Nelson et al (10) and Sundberg et al (11) found in 

samples taken from anaerobic processes the cited phyla and also Chloroflexi and 

Actinobacteria. 
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In this work, Actinobacteria, and Chloroflexi were detected, but with relative 

abundances below 15% and 1%, respectively, in contrast to data reported in other 

anaerobic digestion processes (12, 13). Finally, other phyla as Synergistetes and 

Thermodesulfobacteria were also detected in all analysed samples, although in low 

concentrations. 

3.1. Anaerobic digestion process 

The leachate fed to the digester (S1) and the digestate (S2) were analysed. Fig. 

4.3.A, presents the relative abundance of the different phyla in the initial leachate (S1) 

fed to the anaerobic digester. In sample S1, that contains the pretreated sludge mixed 

with the recirculation, Firmicutes was the majority phylum representing 41% of the 

total abundance. Its presence has been reported by several authors as one of the most 

abundant phyla in anaerobic digestion processes (14, 15, 16). During the hydrolysis, the 

complex molecules are broken down into simpler ones. This phylum is related to the 

production of extracellular enzymes with cellulases, lipases or proteases (17). 

Therefore, a high relative abundance of this phylum in S1 is an advantage for the 

subsequent anaerobic digestion process. The recirculation of the clarified during the 

leachate treatment is an important aspect that can influence significantly in the relative 

abundance of each phylum in the anaerobic reactor. In this case, Firmicutes is present in 

the recirculation (S4, see Fig.4.4.B), contributing to its high relative abundance in S1. 

Zamanzadeh et al (12) studied the microbial communities present in mesophilic and 

thermophilic anaerobic digesters, with and without recirculation. The study showed that 

phylum Firmicutes was dominant in processes with recirculation and the phylum 

Chloroflexi was dominant in processes without recirculation. This last phylum was 

identified in this work with a relative abundance lower than 1% in all samples.  

The phyla Bacteroidetes, Proteobacteria and Spirochaetes, which are associated 

with fermentative metabolism of macromolecular organic compounds, represent 19%, 

15% and 15% of the total abundance in S1, respectively (18). The phylum Bacteroidetes 

is composed of gram-negative bacteria which are specialist for the degradation of high 

molecular weight organic matter to acetic and propionic acid (19). This phylum has 

been frequently detected in anaerobic reactors loaded with sludge, vegetal biomass or 

mixed organic residues (20, 21). 
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Proteobacteria and Spirochaetes phyla contain anaerobic and aerobic bacteria, 

and they are associated with hydrolysis, acidogenesis and acetogenesis reactions in 

anaerobic digestion processes (22). For this reason, the presence of Bacteroidetes and 

Proteobacteria phyla in S1 sample is crucial to favour the acidogenesis, the second 

stage of anaerobic digestion. Other phyla as Tenericutes, Actinobacteria and 

Synergistetes do not exceed 5% of the total abundance which is in accordance to results 

obtained in other studies for similar samples (15, 23). 

Fig.4.3.B, presents the relative abundance of the different phyla in the digestate 

after anaerobic digestion (S2). Results showed that an important variation occurs in the 

microbiota during the process. The phylum Firmicutes increases severely reaching 83% 

of total abundance. On the opposite, Bacteroidetes and Proteobacteria decreased 

drastically below 10%. In the case of Spirochaetes, almost the disappearance of the 

phylum occurred during the anaerobic process. 

The majority of microorganisms who belong to Firmicutes phylum are 

mesophilic, so its growth was favoured at 36ºC. Its predominance in the S2 sample 

showed a correct functioning of the digester. The presence of Bacteroidetes phylum is 

also closely related with operating temperature, decreasing their relative abundance with 

the increase in operating temperature (24). Proteobacteria and Spirochaetes were 

reduced in the digestate because of the absence of oxygen during the anaerobic process 

(1). 

With respect to the classes, five different classes were detected within the 

phylum Proteobacteria in S1 and S2: δ-proteobacteria, ε-proteobacteria, α-

proteobacteria, β-proteobacteria, and γ-proteobacteria (see Fig.4.3) 

After anaerobic digestion, in the digestate (S2), the α-proteobacteria class 

significantly increased their relative abundance reaching values higher than 50%, while 

β-proteobacteria and γ-proteobacteria classes decreased. 
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Figura 4. 3. Relative abundance for the phyla detected in the initial sludge (A) and 

digestate (B) samples (S1 and S2, respectively). In boxes are shown the relative 

abundance obtained for the classes within Firmicutes, Bacteroidetes and 

Proteobacteria phyla. 
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The α-proteobacteria class include mainly fermentative anaerobic bacteria, 

while β-proteobacteria and γ-proteobacteria classes contain aerobic bacteria, so the 

anaerobic conditions limited the viability of these microorganisms. Previous studies 

described α-proteobacteria as predominant class in mesophilic digesters while γ-

proteobacteria was dominant in thermophilic digesters (11). Pervin et al (25) detected 

β-proteobacteria as dominant class in a thermophilic reactor, especially genus 

Comamonas that can metabolise a wide variety of organic acids. 

For Firmicutes and Bacteroidetes phyla, no significant changes were detected in 

the distribution of the classes after anaerobic treatment (Fig.4.3.B). 

Within Firmicutes phyla in S1 sample, Clostridia was the most abundant class, 

represented mainly for the Clostridial order. Bacteria of the genus Clostridium are strict 

anaerobes, typical in biogas plants, which have the capacity of producing hydrogen 

(26). Many species of Clostridia class had been defined as typical anaerobic cellulolytic 

bacteria. Areas of strong degradation in cellulose structures with these bacteria 

occupying these depressions had been reported (27). Michalke et al (28) have reported 

that microorganisms belonging to Clostridia class and sulphate-reducing bacteria are 

producers of trimethylarsines and small amounts of arsine in sewage sludge digestion. 

Guo et al (29) have described that this class performed the acidogenic process at the 

second stage and produced VFA, CO2 and H2.  

Jaenicke et al (30) carried out metagenomic studies during the anaerobic 

digestion of a mixture of maize silage, green rye, and chicken manure. Results showed 

that Clostridia populations were in syntrophic association with hydrogenotrophic 

methanogens. For this reason, the presence of this class supposes an advantage to 

maintain efficient biogas production. 

For the digestate (S2), the Bacilli and Clostridia classes represented 19% and 

80% respectively; increasing their relative abundance compared with other classes as 

Erysipelotrichi, Erysipelotrichia and Negativicutes which have hydrolytic properties. 

The class Bacilli, was mainly represented by the order Lactobacillales, where the family 

of the Carnobacteriaceae, which contains bacterial species for decomposing fat and 

carbohydrate, supposed more than 90% (31).  
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For Bacteroidetes phylum, the class Bacteroidia was the most representative in 

both samples (S1 and S2), previously reported as the most abundant in mesophilic 

reactors. This class play an important role in hydrolyzing and fermenting organic 

materials and producing organic acids, CO2 and H2 during the anaerobic digestion 

process (29). The relative abundance found for other classes as Flavobacteria and 

Sphingobacteria were lower in comparison with other studies that reported these classes 

as dominant (32).  

3.2. Separation process I: Centrifugation  

The data obtained for the solid phase (S3) and the clarified (S4) resulting after 

the centrifugation process are shown in Fig.4.4.  

With respect to the centrifuge feed (S2), in the solid phase (S3), the abundance 

of the phylum Firmicutes decreased to a value of 57%. On the opposite, the phylum 

Proteobacteria increased its abundance reaching a value of 31%. Therefore, it can be 

concluded that bacteria belonging to the phylum Proteobacteria have a greater tendency 

to be removed by centrifugation. 

Yi et al (33) studied the effect of total solids concentration on microbial 

communities involved anaerobic digestion processes of food waste and, in agreement 

with our results, reported an increase in Proteobacteria abundance for higher solid 

concentrations.  

After the centrifugation process, sample S3 is mixed with vegetable wastes and 

sent to a composting process. Proteobacteria and Firmicutes, between others, are able 

to synthesize enzymes that catalyse the hydrolysis of plant polymers (34). For this 

reason, the high abundance of these phyla in S3 is an advantage for the subsequent 

composting process. 

In the clarified (S4) important variations were not observed compared to the 

digestate (S2). It should be noted that the majority of Firmicutes microorganisms from 

the digestate were preserved in the liquid fraction after the centrifugation process.  
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Figura 4. 4. Relative abundance for the phyla detected in the solid phase (A) and 

clarified (B) samples (S3 and S4, respectively). In boxes are shown the relative 

abundance obtained for the classes within Firmicutes, Bacteroidetes and 

Proteobacteria phyla 
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Gao et al (35) studied the microbial populations in a bioreactor fed with sludge 

mixed with sewage from cat food and they reported high relative abundance of the 

phylum Firmicutes in the bioreactor suspension, as occurs here in the clarified (S4). 

This fact, together with the recirculation of sample S4 during the sewage sludge 

treatment, contributes to a correct operation of the anaerobic reactor. 

With respect to the classes, in the solid phase (S3), γ-proteobacteria represented 

the 90% of relative abundance, within Proteobacteria phylum, being the predominant 

families Pseudomonadaceae and Xanthomonadaceae. This class showed a greater 

ability to be removed by centrifugation than the β-proteobacteria and the α-

proteobacteria classes whose abundances were higher in the clarified (S4). This fact 

may be due to a lower interaction of the β-proteobacteria and the α-proteobacteria with 

the polyelectrolyte added for the centrifugation process and a lower tendency to the 

form flocs.  

De Gannes et al (36) studied microbiota diversity in composts employing 454-

pyrosequencing, and they observed that γ-proteobacteria was especially abundant in the 

mesophilic stage, whereas during thermophilic and mature stages α-proteobacteria and 

γ-proteobacteria classes were more abundant. The high relative abundance of γ-

proteobacteria class in S3 sample, may be important in favour of the initial phase of 

composting.  

With respect to Firmicutes phylum, 6 different classes were detected in solid 

phase and clarified samples (S3 and S4), i.e. Bacilli, Clostridia, Erysipelotrichi, 

Erysipelotrichia, Negativicutes and Thermolithobacteria (Fig.4.4). Significant 

differences in the relative abundances were not observed compared with digestate. The 

class Clostridia was again the most representative and, as previously commented, these 

bacteria are known to metabolize relatively recalcitrant materials such as cellulose and 

lignin. In addition, species of Bacilli are known to secrete catabolic enzymes, such as 

proteases (37). Therefore, the presence of these classes in the S3 sample is convenient 

for the subsequent composting process.  

Similarly to Firmicutes phylum, the distribution of the classes within phylum 

Bacteroidetes was not affected by the centrifugation process and Bacteroidia was again 

the predominant class. 
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3.3. Separation process II: Decanting 

The results obtain for the decanted supernatant (S5) are shown in Fig. 4.5 After 

the decanting process a great variety of phyla were detected, whose distribution varies 

significantly in comparison with the liquid before decanting (S4).  

The phylum Firmicutes was reduced to 37% of total abundance. On the contrary, 

other phyla such as Bacteroidetes, Proteobacteria, Spirochaetes or Tenericutes increase 

their total abundance reaching values of 10%, 37%, 8% and 6% respectively.  

To understand this change, it is important to take into consideration that the 

decanting process takes place into an open tank during 14 h as previously commented, 

in S4, Clostridia was the class most abundant and these bacteria are strict anaerobes, 

thus it is expectable that, during decanting step, its concentration decrease, being 

replaced for other aerobic or facultative microorganisms. 

The composition of relative abundance for the classes belonging to 

Bacteroidetes and Firmicutes phyla were almost not affected by the decanting being 

again Bacteroidia and Clostridia classes the most representative respectively. These 

classes contain well-known fermentative bacteria which are closely involved in 

degradation of organic materials and volatile fatty acids. Their presence is potentially 

associated with hydrolysis in wastewater treatment plant (38). 

The phylum Proteobacteria was the most affected by decantation, with an 

increase of the γ-proteobacteria class and a drastic decrease of the α-proteobacteria 

class. The α-proteobacteria class is mostly anaerobic microorganisms, so the decanting 

process in an open tank compromises their survival. On the contrary, the class of γ-

proteobacteria includes groups of aerobic bacteria that can grow during this process, as 

Pseudomonas. The high relative abundance of γ-proteobacteria is important since these 

microorganisms together with β-proteobacteria class, as Nitrosomonas bacteria, play a 

crucial role in biological treatment processes as nitrification-denitrification (38), which 

is the final destination of the decanted product. 
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In conclusion, the study indicated that the methodology employed, based on 

PGM sequencing and the amplification of all variable regions of the 16S gene allowed 

us to obtain an exhaustive taxonomic classification of bacterial populations throughout 

the processes considered. The main phyla detected throughout the digestion, 

centrifugation and decanting processes corresponded with microorganisms previously 

identified in anaerobic digestion of sludge. However, the relative abundance for the 

phyla throughout the process was very different depending on the treatment phase. 

In the digestate (S2) from anaerobic digestion, Firmicutes was the predominant 

phylum, constituted mainly by bacteria of the genus Clostridia followed by the genus 

Bacilli. Their presence was crucial for a correct development of the anaerobic process. 

In related to class level, only important variation was observed within Proteobacteria 

phylum where α-proteobacteria was the most abundant after the process. 

The relative abundance of the phyla in the clarified (S4) from centrifugation was 

very similar to that found in the digestate (S2) and only a light decreasing of 

Actinobacteria phylum was detected. This may be an advantage due to the recirculation 

Figura 4. 5. Relative abundance for de phyla detected in the decanted product (S5). In boxes 

are shown the relative abundance obtained for the classes within Firmicutes, Bacteroidetes 

and Proteobacteria phyla. 
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of S4 sample to the initial phase of anaerobic digestion. On the contrary, Firmicutes 

showed a sharp decrease in the solid phase (S3), while the phylum Proteobacteria. This 

fact indicates the different predisposition of these microorganisms to be removed by 

centrifugation. Proteobacteria classes were again the most affected being γ-

proteobacteria the dominant one.  

Finally, after the decanting process, in the supernatant (S5), it was observed an 

increase in the relative abundance of phyla that were minority in the clarified from the 

centrifugation step (S4), especially the phyla Proteobacteria, Spirochaetes and 

Tenericutes. On the other hand, Firmicutes phylum suffered a sharp descent again in its 

relative abundance. This was attributed to the presence of oxygen in the decanter which 

is an open tank. At the class level, an increase of γ-proteobacteria, which includes 

denitrifying microorganisms, was observed. The presence of nitrifying and denitrifying 

bacteria, i.e. Nitrosomonas and Pseudomonas, may be beneficial for the subsequent 

biological treatment. The differences observed on the relative abundances of bacterial 

phyla and classes are important to understand the influence of operation ways over the 

efficiencies of the following biological processes.  
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ABSTRACT 

Centrifugation of anaerobically digested sewage sludge gives rise to a solid 

phase, which could be employed as a fertilizer, and a liquid fraction (ADL), which 

should be treated before being spilled out. This is not an easy task because this liquor is 

characterized for presenting high COD (~16000 mg O2/L), high ammonium content 

(~4000 mg/L) and low biodegradability (BOD5/COD ~0.2). With the objective to pre-

treat this aqueous waste before its treatment by means of more traditional aerobic 

processes, different physico-chemical methods (ultrasound, ozonation, hydrolysis and 

wet air oxidation) were assessed in this work. Ultrasound and thermal hydrolysis gave 

solubilizations around 47% and 68% respectively. The best results in terms of total 

COD removal were obtained when wet air oxidation (8 h, 160 ºC-200 ºC and 6.0 MPa) 

and ozonation (8 h, 25 ºC, 12 g/h O3) techniques were employed achieving COD 

degradations of 71% and 38%, respectively. The pre-treatment of ADL with the four 

assayed techniques improved considerably the biodegradability (BOD5/COD) of the 

effluent, with values around 0.3-0.4, depending on the treatment. The experimental data 

were successfully fitted by kinetic models and the kinetic constants for the 

solubilization and degradation steps were obtained. Application of the proposed models 

can be of interest for the optimization and selection of the most suitable techniques and 

operational conditions, in each particular case. 

Keywords: anaerobic digestion liquor; wastewater pre-treatment; biodegradability; 

advanced oxidation processes; hydrolysis; ultrasound  
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1. INTRODUCTION 

Anaerobic digestion (AD) is a widely employed method that transforms organic 

wastes, such as sludge and organic fraction of municipal solid wastes, into biogas and 

digestate. The biogas is a product of high added value that can be used as biofuel in a 

sustainable and eco-friendly way (Xu et al., 2019). The anaerobic digestate, with a high 

nitrogen content, could be used as organic fertilizer to improve the quality of 

agricultural soil. However, some characteristics of the digestate, such as odour, 

viscosity and high content in volatile fatty acids can be harmful to the environment, and 

its application is not allowed without a previous pre-treatment (Zeng et al., 2016).  

One common option is to separate the digestate into liquid and solid phases by 

filtration or centrifugation processes. After this solid–liquid separation, the solid phase, 

easy to transport and store, is suitable for composting processes due to the large amount 

of nutrients and organic components. By contrast, the liquid phase, known as anaerobic 

digestion liquor (ADL), is more difficult to be processed. This fraction contains 70% - 

80% of the total ammonium and 35% - 40% of the total phosphorus from the initial 

digestate (Peng and Pivato, 2019). Its high organic load and heavy metal content may 

cause soil contamination and the eutrophication of nearby water. Therefore, it is 

necessary to treat this effluent before being spilled out in order to reduce the chemical 

oxygen demand (COD), nitrogen content and high colour, so that rules on wastewater 

discharged can be accomplished.  

When the AD process takes place in a waste management centre, which includes 

waste disposal, a possible destination for the ADL is the leachate treatment plants, 

where a biological degradation is usually carried out through denitrification-nitrification 

processes (Díaz et al., 2019). However, it is not an easy task due to the high nitrogen 

content and low biodegradability of the organic matter contained in the liquor and, 

when it is mixed with other leachates, it can result in an effluent with COD and nitrogen 

levels higher than the design parameters of the treatment plant. Therefore, the addition 

of an external carbon source, such as methanol, it is frequently necessary to achieve an 

effective denitrification when ADL and leachates are treated together. For this reason, it 

is necessary to investigate suitable pre-treatments that allows to obtain a final effluent 

with physical and chemical characteristics similar to those present in other leachates, so 
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that ADL can be easily treated by biological treatments without modifying the usual 

operational parameters.   

A novel technique used for the treatment of wastes which contain recalcitrant 

organic matter, is the irradiation with ultrasounds. This treatment generates pressure 

waves, gas and vapor bubbles. The implosion of this bubbles create regions with high 

temperatures and pressures (up to 5000 K and 100 MPa), which promote the physical 

disintegration of organic matter and/or the extraction of different compounds that could 

improve the oxidative degradation of organic pollutants (Li et al., 2018; Passos et al., 

2014; Somers et al., 2018). In previous studies, the use of low frequencies (20 - 40 kHz) 

to pre-treat sludge gave the best results. The main advantages of this technique are the 

short time of treatment and the not necessity of chemical reagents (Tyagi et al., 2014).  

Advanced oxidation processes, such as ozonation or wet air oxidation (WAO), 

are attractive technologies for the treatment of heavily polluted aqueous wastes. These 

techniques allow the oxidation of organic pollutants due to the generation of powerful 

chemical oxidants, majority hydroxyl radicals (Miklos et al., 2018). One of their main 

advantages, compared to conventional technologies, is their capacity to degrade a wide 

range of recalcitrant components without generating secondary residues (Dewil, 2017). 

Besides, this technology can also be used in presence of catalyst, such as activated 

carbon, in order to use less severe operating conditions and/or improve its effectiveness 

(Abid et al., 2016). 

Ozonation is a method based on the high oxidant power of the ozone, which 

reacts with different organic pollutants such as humic substances (Carrère et al., 2010). 

Its use, as single technique or in combination with hydrogen peroxide, has been reported 

by other authors, who indicated its suitability to remove colour from industrial 

wastewaters, as well as to improve the solubilization and degradability of organic solid 

wastes (Bakhshi et al., 2018; Cesaro et al., 2019). The use of WAO has been widely 

studied at different conditions of temperature and pressure for the treatment of sewage 

sludge and other effluents that contain high concentrations of organic matter. This 

technique allows to improve the biodegradability and decolourization of the treated 

effluents (Sivagami et al., 2018; Urrea et al., 2017).  
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The employment of hydrolysis has been studied for anaerobic digestion 

processes in order to pre-treat the wastes to increase biogas production, or to post-treat 

the digestate solid fractions. Nevertheless, its use for the treatment of the ADL has not 

been almost studied till now. This technique results in decomposition of microbial cells, 

lipids, proteins and carbohydrates into lighter molecules, releasing it content into liquid 

fraction, and allowing better fermentation (Hii et al., 2014; Suárez-Iglesias et al., 2017; 

Svensson et al., 2018).  

Most of the published works are focused on the use of these techniques as pre-

treatment for sewage sludge or ADL, with the purpose of breaking down organic matter 

and increasing the biogas generation in anaerobic digestion processes (Gunes et al., 

2019; Zhen et al., 2017; Zou et al., 2016). However, part of the generated ADL is not 

recirculated and needs to be stored for further treatment (Díaz et al., 2018).  

In view of these considerations, the main aim of this work was to analyse the 

effect of different pre-treatment techniques (ultrasound, hydrolysis, ozonation and 

WAO) in the ADL degradation, in order to solubilize the particulate matter, decrease 

the chemical oxygen demand (COD) and/or improving the biodegradability. An 

additional objective of this work was to obtain a kinetic model that helps to select the 

optimal operating conditions for each particular treatment.  

These pre-treatments would allow to adjust the characteristics of the liquor to the 

conditions of the treatment plant, so that ADL can be easily treated by conventional 

biological treatments. Additionally, an increase in the soluble COD could be beneficial 

for the recirculation of ADL to the anaerobic digester, favouring the microbiological 

hydrolysis step. Studies about the treatment of the liquid obtained after anaerobic 

digestate centrifugation (ADL) are scarce, and, as far as we know, there is not any 

published work that compares the four techniques here considered for the treatment of 

this effluent.  

2. MATERIAL AND METHODS 

2.1 Effluent description 

The ADL used in this study corresponds with the liquid fraction obtained after 

centrifugation and decantation of the digestate coming from an anaerobic treatment 
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plant. This digestate was obtained by anaerobic digestion of sewage sludge. The 

treatment plant is located in the waste treatment centre, COGERSA (Asturias, Spain). 

For more details of the process, see Diaz et al., (2018).  

A detailed description of the waste effluent is shown in Table 1. Slight 

differences were observed between the batch samples of ADL used for the different 

experiments, for this reason a range of values for each parameter is shown in Table 4.2.  

Tabla 4. 2. Characteristics of the anaerobic digestion liquor (ADL) 

Parameter Value 

pH 7.96 – 8.26 

tCOD (mg O2/L) 15179 - 16802 

sCOD (mg O2/L) 7205 - 8098 

sTOC (mg/L) 3218 - 3788 

BOD5 (mg O2/L) 2135 - 2960 

Colour Number (CN) 0.899 – 1.275 

AOSC 0.580 – 0.904 

NH4
+ (mg/L) 3812 - 4166 

 

2.2 Apparatus and procedures 

For ultrasound experiments, 100 mL of ADL was treated using a Sonopuls HD 

2070 system (Bandelin, Germany), equipped with an VS 70 probe, at a frequency of 20 

kHz. Suitable results to enhanced solubilization of COD, TOC and TN have been 

reported using a sonication frequency of 20 kHz (Garoma and Pappaterra, 2018). 

During the ultrasound process, temperature was maintained constant at 40 ºC using a 

water bath. Sonication amplitudes of 50% and 90% were tested. A sonication amplitude 

of 100% is equivalent to 80 μm. Samples were taken withdraw between 5 - 45 min, each 

5 min of sonication.  

The ozonation process was carried out introducing 300 mL of ADL in a 

cylindrical stirred reactor with a capacity of 1 L. For these experiments an ozone flow of 

12 g O3/h was bubbled through the reactor. Shabani et al. (2015) reported significant 
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removals of COD, colour, and aromatic compounds after the use of this ozone flow 

during the treatment of landfill leachates. Ozone was generated from industrial grade 

oxygen using an ozone generator (ZonoSystem). The experiments were carried out at 25 

ºC and samples were periodically taken for 8 h. Additionally, an assay with ADL after 

solid elimination was carried out at the same conditions. These solids were removed by 

centrifugation at 20 ºC and 13000 g for 15 min. 

Hydrolysis experiments were carried out in a 1 L capacity semi-batch reactor 

(Parr T316SS) equipped with two six-bladed magnetically driven turbine agitators. The 

reactor was preceded by a 2-L stainless steel water reservoir. The loaded volume in each 

vessel was 700 mL in order to ensure safe operating conditions. The addition of 20 μL 

of antifoam 289 (Sigma-Aldrich) was required to avoid the formation of foam during 

the experiment. The reactor was pressurized and heated up to the desired working 

conditions (160 ºC, 180 ºC and 200 ºC) and the stirrer speed was adjusted to 350 rpm 

for all the experiments. The operating pressure was provided by bottled compressed 

nitrogen that supplied a nitrogen flow of 1400 mL/min, controlled by an electronic mass 

flow controller (Brooks). The nitrogen was bubbled through the water reservoir in order 

to become saturated with water before being sparged into the reaction vessel. A valve 

and a coil fitted to the top of the vessel allowed the withdrawal of samples during the 

reaction. The pressure was kept constant at 6.0 MPa by means of a back-pressure 

controller placed at the end of the gas line. Samples were periodically taken for 8 h. 

Similar conditions of temperature and pressure were used by Urrea et al., (2015) to treat 

active sludge of a sewage treatment plant. Their results showed this technique as a 

positive alternative for improving the management of this waste, in the conditions 

tested.  

Finally, for the (WAO) experiments, the equipment and experimental procedure 

were the same as that used in the hydrolysis experiments, with the only difference that 

an oxidizing gas (oxygen) was used instead of nitrogen. Similar conditions have been 

used  successfully to treat effluents from the biological treatment of landfill leachates by 

Oulego et al. (2015). After treatment, the samples were stored at 4 ºC for 24 h prior to 

be analysed.  
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2.3 Analytical methods 

The concentration of total chemical oxygen demand (tCOD) was 

spectrophotometrically measured (at 600 nm) by dichromate method according to 

Standard Methods (APHA, 1998) using a DR2500 spectrophotometer (Hach Company). 

This method was also employed for the analysis of soluble COD (sCOD) with the only 

difference that in this case, the sample was previously centrifuged at 20 ºC and 13000 g 

for 15 min (Kubota 6500 High Speed Refrigerated Centrifuge) to remove the solid 

particles. 

Total organic carbon (TOC) analysis was performed using a TOC analyzer 

(Shimadzu TOC-VCSH, Japan) and biochemical oxygen demand (BOD5) was 

determined using a manometric respirometry measurement system (Lovibond® Water 

Testing BD 600). The value of pH was measured by means of a pH- meter (Jenway 

3510) and the absorbances (Abs) were measured at 436, 525 and 620 nm using a UV/vis 

spectrophotometer (Thermo Scientific, Heλios γ). 

The change in the colour of the ADL by the treatments was determined 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
                     Eq (1) 

Spectral absorbance coefficients (SAC) are defined as the ratio of the values of 

the respective absorbance (Abs) over the cell thickness (x). All analytical measurements 

were done at least in triplicate.  

2.4 Parameter calculations 

Non-soluble COD (nsCOD) was calculated as the difference between total COD 

(tCOD) and soluble COD (sCOD) for each reaction time (see Equation 2). 

nsCOD = tCOD − sCOD                                          Eq (2) 

The percentage of solubilization achieved with each treatment was determined 

according to Equation (3), where nsCOD0 is the initial value of non-soluble COD, and 

nsCOD is the value of non-soluble COD at the considered time. 
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Solubilization (%) =  
nsCOD0 −  nsCOD 

nsCOD0
        Eq (3)  

The average oxidation stage of carbon atoms (AOSC) was also studied. This 

parameter allowed to evaluate the oxidation degree for the reacting mixture after 

different treatments. This parameter was obtained as follows (Vogel et al., 2000):  

AOSC = 4 − 1,5 ∗ (
COD

TOC
)                                          Eq (4) 

The AOSC values must always lie between the range 4 and –4. Low AOSC 

values indicate that the oxidation is not complete, whereas high AOSC values indicate a 

high oxidation state of the organic compounds (Garg and Mishra, 2010). 

Finally, biodegradability was calculated as the ratio of BOD5 over tCOD (or 

sCOD if solids were removed). 

2.5 Kinetic models  

Models proposed in this study are based on the kinetics models described by 

Oulego et al., (2016) for advanced oxidation treatments. In all cases, the kinetic 

constants were determined by fitting the model to experimental data using Micromath 

Scientist 3.0.  

2.5.1 Ultrasound  

The kinetic model proposed to fit the experimental data of ultrasound treatment 

is shown in Equations (5) and (6), as next indicated:  

dnsCOD
dt

=  −kU1( nsCOD − R1)        Eq (5) 

 

dsCOD
dt

= kU1(nsCOD − R1) − kU2CODs        Eq (6) 

It is considered that nsCOD was turned into sCOD and this sCOD was 

subsequently degraded to CO2. In this model, kU1 is the kinetic constant for the 
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solubilization of nsCOD into sCOD and kU2 is the kinetic constant for the degradation 

of sCOD. R1 is the value of nsCOD at final times.  

2.5.2 Ozonation 

For the experiments carried out with solids, the kinetic model for solubilization 

and degradation followed Equations (7) and (8). In this model, kO1 is the kinetic 

constant for the solubilization of nsCOD into sCOD, kO2 is the kinetic constant for the 

degradation of sCOD and R1 and R2 are the values of nsCOD and sCOD, respectively, 

at final time. In the case of sample without solids, Equation (9) was used: 

dnsCOD
dt

=  −kO1 ∗ ( nsCOD − R1)        Eq (7) 

dsCOD
dt

= kO1 ∗ (nsCOD − R1) − kO2 ∗ (sCOD − R2)         Eq (8) 

dsCOD
dt

=  −kO2 ∗ ( sCOD − R2)        Eq (9) 

2.5.3 Hydrolysis 

A kinetic model according to Equations (10) and (11) was used to fit the 

experimental data as shown in Fig. 3a.  

dnsCOD
dt

=  −kH1 ∗ ( nsCOD − R1)     Eq (10) 

dsCOD
dt

= kH1 ∗ (nsCOD − R1)                   Eq (11) 

In this model, kH1 is the apparent constant for the solubilization of nsCOD into 

sCOD. The kH1 is an apparent constant because the operating conditions were not 

reached before 60-90 min of treatment, depending on each experiment. So, the first 

experimental data correspond with lower temperature and pressure values. 
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2.5.4 Wet Air Oxidation (WAO) 

Equations (12) and (13) show the kinetics of the process, considering that 

nsCOD was transformed into sCOD and this sCOD was subsequently degraded into 

CO2.  

dnsCOD
dt

=  −kW1 ∗ ( nsCOD − R1)        Eq (12) 

dsCOD
dt

= kW1 ∗ (nsCOD − R1) − kW2 ∗ (CODs − R2)         Eq (13) 

In this model, kW1 is the apparent constant for the solubilization of nsCOD and 

kW2 is the apparent constant for the degradation of sCOD. Again, kW1 and kW2 are 

apparent constants because the operating conditions were not reached before 60-90 min 

of treatment.  

3. RESULTS AND DISCUSSION 

3.1 Ultrasound treatment  

The changes of tCOD, sCOD and nsCOD concentrations with time for 

ultrasound treatment are shown in Fig. 4.7.A Important changes in sCOD and nsCOD 

were observed, even though tCOD degradation was very low. The most significant 

increase in sCOD was obtained after 45 min of sonication in both cases, reaching almost 

an increase of 40% for 90% amplitude. Li et al. (2018), reported an increase of 4.6–

23.06 times of sCOD in waste activate sludge after 20–100 min of ultrasound at 20 kHz, 

concluding that times greater than 80 min was not effective. However, the trend in this 

study might infer that sonication times higher that 45 min would allow higher increases 

in sCOD concentrations.  

The sCOD/tCOD ratio showed an increase from 0.48 to 0.62 and 0.71 for 50% 

and 90% amplitudes, respectively. Oz and Uzun, (2015), who carried out an anaerobic 

digestion of olive mill wastewater pre-treated with ultrasound (20 kHz, 10 min), 

reported an increase in sCOD/tCOD ratio from 0.59 to 0.79, and consequently, an 

increase of 20% in biogas production.  

With the aim of obtaining a liquor that could be treated by an activated sludge 

system, it is important to emphasize that a significant increase in the biodegradability of 
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the final effluent was obtained for 90% amplitude (see Fig. 1b). The BOD5/tCOD ratio 

increased progressively throughout the sonication time resulting in a moderately 

biodegradable leachate after 45 min of sonication (BOD5/tCOD ~ 0.28).  

 

Figura 4. 7. a) Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during ultrasound treatment at 50% of amplitude (dark colour and triangle 

markers) and 90% of amplitude (light colour and circle markers). b) Changes of BOD5 

(lines and markers) and biodegradability (columns). c) Change of AOSC and d) 

Changes of pH (lines and markers) and colour number (columns). The standard 

deviations (SD) of the experimental data were in all cases lower than 3% of the mean 

value 

The AOSC value was calculated for each time and amplitude of treatment giving 

the values shown in Fig. 4.7.C. The use of 90% of amplitude decreased the AOSC value 

significantly from 15 min of treatment, while for 50% of amplitude AOSC remained 

almost constant. This technique promotes the physical organic matter disintegration 

encouraging the solubilization of different compounds, so, the important decrease of 



4. Resultados y Discusión 

132 

AOSC with 90% of amplitude could be a consequence of the solubilizations achieved at 

the same time. 

The changes in colour and pH are shown in Fig. 4.7.D. The colour number (CN) 

was increased around 30% in all samples for both amplitudes studied. The value of pH 

remained almost constant between 8.0 and 8.4.  

3.2 Ozonation treatment 

When the ADL with solids was treated, a fast solubilization occurred during the 

first hour of treatment, dropping the nsCOD more than 50%. At the same time, an initial 

increase occurred in sCOD values and after 45 min decrease again, reaching final values 

very similar to initial one. While nsCOD was solubilized, sCOD was degraded, so that 

the tCOD decreased by 35% in just 300 min. For the experiment with centrifuged ADL, 

a 31% of sCOD removal was achieved at final time (see Fig. 4.8.A). 

The results of the biodegradability index are shown in Fig. 4.8.B. An 

improvement of the biodegradability of treated samples from ADL with and without 

solids was obtained. In both cases, a moderately biodegradable effluent after 8 h of 

ozonation (BOD5/COD~0.3 and BOD5/COD~0.37, respectively).  

The changes of AOSC values showed, in the case of ADL with solids, a fast 

drop in during the first minutes. This fact indicated that the dissolving of compounds 

from the solid particles that were rapidly degraded, giving place to the subsequent 

increase in AOSC values. For the final samples, both in presence and absence of solids, 

an increase in the AOSC values were observed, reaching values over 1.0 (Fig. 4.8.C).  

As observed in Fig. 2d, the ozonation treatment allowed an important removal of 

colour, decreasing by 73% and 82% during the first 60 min of reaction in presence and 

absence of solids, respectively. For centrifuge ADL, colour number continues 

decreasing achieving a removal of 96% after 8 h.  

Finally, pH values slightly increased during the first hour of reaction in both 

cases. Afterwards, when solids were present, the pH values began to decrease with a 

final pH of 7.5. However, in the absence of solids, pH variations were much lower. 

Several authors reported that higher values of pH increase the degradation efficiency of 
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ozonation treatments, due to the faster formation of hydroxyl radicals at higher pH 

(Sivagami et al., 2018). 

 

 

Figura 4. 8. a) Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during ozonation treatment. The experiment A corresponds to the sample with 

solids (dark colour and triangle markers) and the experiment B corresponds to the 

sample without solids (light colour and circle markers). b) Changes of BOD5 (lines and 

markers) and biodegradability (columns). c) Changes of AOSC. d) Changes of pH 

(markers) and CN (columns). The standard deviation (SD) of the experimental data 

were in all cases less than 4% of mean value. 
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3.3 Hydrolysis treatment  

As can be shown in Fig. 4.9.A, hydrolysis treatment did not degrade the tCOD 

of the ADL, which remained practically constant for the three tested temperatures. 

However, as occurred during ultrasound treatment, sCOD increased as a consequence of 

the solubilization of nsCOD, which decreased. The use 200 ºC and 6.0 MPa gave an 

increase of 54% in the sCOD after 90 min of treatment, which corresponds with a 

solubilisation of nsCOD around 70%.  

A moderately biodegradable effluent was reached after 4 h of reaction 

(BOD5/COD ~ 0.30), independently of the operating temperature (see Fig. 4.9.B). This 

improvement in the biodegradability of pre-treated effluent makes easier its treatment in 

a biological process. In addition, part of the pre-treated effluent could be recirculated to 

the anaerobic reactor in order to improve biogas production as a consequence of a better 

use of the organic matter.  

Previous studies have reported that sewage sludge treated by hydrolysis is more 

assimilable by anaerobic microorganisms, allowing a faster and higher methane 

production (Donoso-Bravo et al., 2011). Yang et al. (2019) analysed the effect of 

thermal hydrolysis in a digested sludge coming from a domestic WWTP. The digested 

sludge was hydrolysed, dewatered and recirculated to the digester for re-digestion with 

raw sludge. They concluded that the hydrolysis treatment increased the concentration of 

sCOD in the sludge by disintegrating the recalcitrant organic matter and resulting in 

further improvement of methane production.  

As can be seen in Fig. 4.9.C, there is a relationship between the treatment 

temperature and the final AOSC value. When the higher temperature is used (200 ºC) a 

drop in AOSC values was observed during the first minutes with negative values after 

100 min. These low values indicate a higher breakage of the organic matter as a 

consequence of the higher temperature employed. The Fig. 4.9.D shows the changes in 

colour number (CN) and pH. The value of pH progressively increased up to values 

around 10. Concerning to colour number, it increased gradually, obtaining a treated 

effluent with greater coloration compared with initial sample.  
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Figura 4. 9. a) Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during hydrolysis treatment at 160 ⁰C (light colour and triangle markers), at 180 

⁰C (intermediate colour and square markers) and at 200 ⁰C (dark colour and circle 

markers). b) Changes of BOD5 (markers) and biodegradability (columns). c) Changes 

of AOSC d) Changes of pH (markers) and CN (columns). The standard deviation (SD) 

of the experimental data were in all cases lower than 4% of the mean value. 

 

3.4 WAO treatment  

When the ADL was treated by WAO, both solubility and degradation of 

pollutants were obtained. Fig. 4.10.A shows the changes of tCOD, sCOD and nsCOD 

during the experiments at different temperatures.  

A fast drop in nsCOD occurred and after 200 min of treatment almost all the 

nsCOD was solubilised in all cases. As expected, the treatment at highest temperature 

(200 ºC) achieve the highest removals of tCOD, i.e, 65% and 71%, after 4 h and 8 h of 

treatment, respectively. For the treatments carried out at 180 ºC and 160 ºC removals 
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achieved were 57% and 34%, respectively. The tCOD degradation degree showed an 

increase directly proportional to the temperature used.  

Baroutian et al. (2015), studied the treatment of an anaerobically digested 

municipal sludge and reported similar results during a treatment at 240 ºC and 2.0 MPa. 

They observed an initial drop of tCOD, that decrease at a slower rate afterwards, 

reaching removal efficacies above 60%. Chung et al. (2009), who investigated the 

treatment of sludge by wet oxidation, reported reductions of tCOD around 40% after 90 

min of treatment at 200 ºC and pressures of 4.0-5.0 MPa.  

Oulego et al. (2016), studied the effect of wet oxidation on a mixture of old and 

young leachate after nitrification-denitrification process. They reported a tCOD 

reduction around 51% after 100 min of treatment at 180 ºC and 6.0 MPa. With respect 

to sCOD, an increase during the initial hours of the treatment was observed for all 

temperatures studied, due to the solubilization of the solids present in the initial sample.  

Results of biodegradability are shown in Fig. 4.10.B. The use of 160 ºC allowed 

an improvement in the biodegradability of the sample obtaining a moderately 

biodegradable liquor after 8 h of reaction (BOD5 /COD ~ 0.38). It is important to 

highlight that the use of the highest temperature (200 ºC) resulted in a liquor with the 

high biodegradability index, only after 4 h of oxidation (BOD5 / COD ~ 0.43).  

The AOSC values showed an important variability over time (see Fig. 4.10.C). 

In all cases an initial decrease directly proportional to the temperature was obtained 

during the first 30 min of treatment due to the solubilization of nsCOD. After this time, 

the value was significantly increased. The values obtained for the final samples 

indicated that the treatment at 160 ºC and 180 ºC gave final samples with AOSC similar 

to the initial sample. The treatment at 200 ºC caused a decrease of around 30% in the 

AOSC value, like in the previous techniques. It was maybe consequence for the 

partially oxidation of the easily oxidizable organics compounds which were degraded 

into gaseous products. This transformation results in the enrichment of the ADL with 

other short chain carboxylic acid products, which is consequently reflected in lower 

AOSC values.  
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Figura 4. 10. a) Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD 

(dotted lines) during wet air oxidation treatment at 160 ⁰C amplitude (light colour and 

triangle markers), at 180 ⁰C (intermediate colour and square markers) and at 200 ⁰C 

(dark colour and circle markers). b) Changes of BOD5 (markers) and biodegradability 

(columns). c) Changes of AOSC. d) Changes of pH (markers) and CN (columns). The 

standard deviation (SD) of the experimental data were in all cases lower than 10% of 

mean value. 

The colour number was increased during the first 30 min, coinciding with the 

increase in sCOD and COT at this time. After 1 hour of reaction, the colour number, 

shown in Fig. 4.10.D, began to decrease until achieving a practically complete colour 

removal (91%) after 8 h of reaction. Finally, the data obtained after WAO treatment 

shown the increase in pH from values of 8 to almost 10. The increase in pH can be due 

to the degradation of the acids present in the sample. This fact could be considered as 

disadvantage for the subsequent treatment, however, the increase in the sample could be 

damped due to the mix of the ADL treated with young and mature leachates, which are 

added in greater proportion and present lower values of pH. 
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3.5 Comparison of the techniques in terms of the solubilization and degradation 

efficacies 

The percentages of solubilization and degradation were calculated for each 

treatment at final time (Fig. 4.11.A and Fig. 4.11.B, respectively) and important 

differences were observed between them.   

The percentages of nsCOD solubilization obtained with WAO were significantly 

higher than those obtained for the rest of the assayed treatments, reaching values around 

90% for the three temperatures tested. When hydrolysis was used for the treatment, the 

solubilization degree showed an increase with temperature, reaching values of 39%, 

52% and 68% for 160°C, 180°C and 200°C, respectively. It has been reported that the 

use of temperatures higher than 170°C in hydrolysis treatments gives high 

solubilizations of nsCOD, mainly due to the solubilization of the proteins present in 

samples (Donoso-Bravo et al., 2011). When strong operating conditions were used (200 

ºC and 6.0 MPa), solubilizations around 65% were achieved after 4 h of reaction. This 

value was similar to that achieved with ozonation after 8 h.  

The percentages of nsCOD solubilization obtained with WAO were significantly 

higher than those obtained for the rest of the assayed treatments, reaching values around 

90% for the three temperatures tested. When hydrolysis was used for the treatment, the 

solubilization degree showed an increase with temperature, reaching values of 39%, 

52% and 68% for 160°C, 180°C and 200°C, respectively. It has been reported that the 

use of temperatures higher than 170°C in hydrolysis treatments gives high 

solubilizations of nsCOD, mainly due to the solubilization of the proteins present in 

samples (Donoso-Bravo et al., 2011). When strong operating conditions were used (200 

ºC and 6.0 MPa), solubilizations around 65% were achieved after 4 h of reaction. This 

value was similar to that achieved with ozonation after 8 h.  

The use of ultrasounds with the highest amplitude (90%) gave a solubilization of 

47% just after 45 min, whereas the values obtained for amplitudes of 50% at the same 

time was 33%. Oz and Yarimtepe, (2014), who studied the effect of sonication on 

leachates, reported solubilizations of 63% after 45 min at 20 kHz.  

In relation to tCOD degradation, the highest percentage was achieved with 

WAO at 200 ºC, obtaining a final tCOD degradation of 71%, as shown in Fig. 4.11.B. 
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The use of a lower temperature (160 ºC) gave a tCOD degradation around 35%, similar 

to that obtained after the ozonation treatment (37%).  

 

Figura 4. 11. Results of solubilization degree (a) and tCOD degradation (b) for the 

different treatments. The segments in the upper part of the bars indicate the standard 

deviations. 

 

The use of any of the assayed treatments increased the biodegradability index 

and enabled to obtain an effluent moderately biodegradable, which is beneficial for a 

subsequent biological treatment such as nitrification-denitrification and activated 

sludge. In this sense, ozonation (8 h, 25 ºC, 12 g/h O3) and WAO (8 h, 160-200 ºC and 

6.0 MPa) were the most appropriate techniques, achieving a BOD5/COD ratio around 
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0.4. In particular, after only 4 h of reaction, WAO gave a treated effluent with similar 

biodegradability and tCOD values to the mixture of young and mature leachates that are 

treated in a biological plant sited in the waste treatment centre that supply the ADL 

samples.  

The tCOD degradations obtained using hydrolysis and ultrasound methods was 

low, i.e. lower than 8% in both cases. However, significant solubilizations were 

obtained, increasing the biodegradability index without decreasing the content in 

organic matter. The effluents so obtained could be interesting for their recirculation to 

the anaerobic digester. Microbiological hydrolysis of sewage sludge is the rate limiting 

step of anaerobic digestion, that could be enhance with the additional input of easily-

biodegradable organic matter from solid solubilization. Hence, these techniques could 

also be useful to improve the biogas production and decrease the time to reach the 

maximum biogas volume (Rasapoor et al., 2019). 

3.6 Kinetic model 

The values of the kinetic constants and the apparent kinetic constants obtained 

by fitting the models (previously described in Material and Methods section) to the 

experimental data are shown in Table 4.3. The comparison between model and 

experimental data for each technique can be seen in Supplementary Material (Figures 

5.2.S1-5.2.S4).  

For ultrasound technique, the solubilization constants were higher than the 

degradation constants for both amplitudes. This fact corresponds with the low tCOD 

degradation observed in relation with the increase in sCOD. The use of the highest 

amplitude showed an increase in the value of the solubilization constant, although a 

decrease in the value of the degradation constant was observed.  

Considering hydrolysis, it was observed an increase in the values of the 

solubilization constants with temperature. Xue et al., (2015), studied the effect of the 

thermal hydrolysis on organic matter solubilization in sludge. They reported that the use 

of this technique increased the sCOD concentration in the sludge. A direct increase of 

the solubilization with temperature was also reported.  
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Tabla 4. 3. Kinetic constants calculated from experimental data 

Treatment Conditions k (min-1) r2 

US 

50% of amplitude 

Eq (5) k1U  0.010 0.998 

Eq (6) k2U  0.004 0.997 

90% of amplitude 

Eq (5) k1U  0.014 0.998 

Eq (6) k2U  0.002 0.997 

O3 

With solids 

Eq (7) k1O 0.016 0.998 

Eq (8) k2O 0.027 0.987 

Without solids Eq (9) K2O 0.006 0.998 

H 

160 ⁰C. 6.0 MPa Eq (10,11) k1H 0.014 0.997 

180 ⁰C. 6.0 MPa Eq (10,11) k1H 0.018 0.998 

200 ⁰C. 6.0 MPa Eq (10,11) k1H 0.045 0.995 

WAO 

160 ⁰C. 6.0 MPa 

Eq (12) k1W 0.015 0.998 

Eq (13) k2W 0.013 0.991 

180 ⁰C. 6.0 MPa 

Eq (12) k1W 0.019 0.995 

Eq (13) k2W 0.014 0.982 

200 ⁰C. 6.0 MPa 

Eq (12) k1W 0.036 0.994 

Eq (13) k2W 0.014 0.995 

 

For ozonation the degradation constant for centrifuged ADL was lower than that 

obtained for ADL with solids, indicating that the organic compounds that came from 

solids solubilization were more easily oxidizable than the compounds that were initially 

dissolved in the ADL. In relation with this, Bakhshi et al. (2018), who carried out a 

research on the use of ozonation as pre-treatment for sludge, reported that anaerobic 

digestion of ozonated municipal sludge showed better performance than conventional 

anaerobic digestion in terms of biosolids reduction and increasing biogas yield. 
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Regarding WAO method, the solubilization constants increased with 

temperature, whereas degradation constants remained almost constant. This is translated 

in the higher degradation of tCOD previously commented.  

4. CONCLUSIONS 

This work focuses on the pre-treatment of the liquid obtained after anaerobic 

digestion of sludge (ADL). This is an issue scarcely studied before, despite of the fact of 

being a real environmental problem due to the high content in non-biodegradable 

organic matter of ADL and the increasing number of anaerobic digestion plants 

worldwide.  

The four pre-treatment methods here evaluated (ultrasounds, ozonisation, 

hydrolysis and WAO) were effective for the solubilization of nsCOD, reaching values 

above 90% for the best cases. Additionally, the application of these techniques allowed 

to improve considerably the biodegradability of ADL samples.  

Besides, when ozonation (8 h, 25 ºC, 12 g/h O3) and WAO (8 h, 200 ºC and 6.0 

MPa) were used, significant decolourization and tCOD removal were achieved (37% 

and 71% respectively) obtaining physico-chemical characteristics in ADL similar to 

those found in other municipal landfill leachates. These results could be interesting to 

subsequently processed ADL in an aerobic system, together with other leachates. In this 

sense, the treated ADL could be added to the process, without significant changes in the 

usual operating conditions. Other potential advantage would be the recirculation of part 

of the pre-treated ADL to the anaerobic reactor in order to improve the biogas 

production. These both possibilities have not been yet tested, so further investigation 

would be of interest. 

The kinetic models proposed for each of the four techniques have successfully 

fitted the experimental data in the conditions tested. These models may be useful in 

order to estimate the best operating conditions for the treatment of ADL, depending on 

each particular composition and on the objectives of the treatment, i.e. improving its 

biodegradability or removing its COD content.  
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ABSTRACT 

In this study, Phanerochaete chrysosporium was tested for first time to treat the 

liquid effluent from a sewage sludge digestion. This anaerobic digestion liquor (ADL) 

has a COD concentration of around 7500 mg/L, a very low biodegradability 

(BOD5/COD=0.02) and deep colour, being impossible their effective treatment by 

conventional biological methods. Assays inoculating the fungi were carried out at 26° C 

during 10 days in a batch reactor, following the evolution of colour, COD and BOD5. 

The effect of adding different concentrations of glucose was evaluated, resulting to be a 

key factor for increasing the efficacy of the treatment. Based on batch results, a 

continuous fungal water-jacketed bioreactor was successfully started up. COD removals 

above 65% were achieved both in batch and continuous operations. These results show 

the possibilities of this sustainable and economic approach to remove refractory COD in 

the low-biodegradable effluents derived from anaerobic digestion of sludge or other 

complex wastes.  

Keywords: fungi; biotreatment; COD; degradation; digestate 

Abbreviations: ADL, anaerobic digestion liquor; COD, chemical oxygen demand; 

BOD5, 5-day biological oxygen demand; CN, colour number; WRF, white-rot fungi; 

LiP, lignin peroxidase; MnP, manganese peroxidase; Lac, laccase; SAC, spectral 

absorbance coefficients; HRT, hydraulic retention time. 
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1. INTRODUCTION 

Anaerobic digestion is an extensively method used to treat sewage sludge. After 

the biomethanization step, the digestate is normally subjected to a centrifugation 

process, obtaining a solid and a liquid phase as final products. The agronomical 

valorisation of the solid fraction has been widely studied, and normally consists of 

mixing it with vegetable remains in order to obtain a marketable biofertilizer by 

composting [1,2].  

The management of the liquid phase, commonly named anaerobic digestion 

liquor (ADL), is more difficult. This fraction is characterized for containing high 

concentrations of organic matter and nitrogen and dark colour. Although an important 

fraction of ADL is usually recirculated to the digester during the anaerobic digestion 

process, which increases methane production, around 45% of the ADL generated is not 

recirculated and needs to be stored and treated [3,4]. Its discharge without treatment 

may cause eutrophication of nearby water and chemical, biological, or physical soil 

contamination [5,6]. As this effluent comes from a previous biological treatment, its 

organic matter content, measure as chemical oxygen demand (COD), is mainly 

recalcitrant material that has not been degraded during the anaerobic digestion [4,7] and 

cannot be removed during conventional biological treatments.  

Different physico-chemical techniques, such as ozonation and wet air oxidation, 

have been studied to treat the ADL with good results in terms of colour and COD 

removal [8]. Other methods have focused on concentring nitrogen and phosphorus to 

use ADL as fertilize, i.e. evaporation, stripping and membrane technologies. 

Nevertheless, these physico-chemical treatments usually imply higher operational cost, 

in terms of energy requirements, than biological treatment methods [9–11]. 

In solid waste management facilities, the treatment of ADL together with landfill 

leachates by nitrification-denitrification processes is a common practice. During this 

treatment, diverse microbial communities are used to remove nitrogen, biodegradable 

organic matter and hazardous substances [12–14]. However, the degradation of humic 

substances and other recalcitrant organics contained in the ADL cannot be efficiently 

carried out by bacteria [15,16]. The addition of an external carbon source, as methanol, 

is frequently necessary to achieve a suitable denitrification and, at the same time, most 
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part of the recalcitrant COD from ADL remains in the effluent after the biological 

treatment. So, to avoid the final discharge of these contaminants, it is necessary to 

complement the conventional biological treatment with other that allows the effective 

removal of recalcitrant organic matter [17].  

The use of the white-rot fungi (WRF) has been considered a hopeful alternative 

to treat complex effluents with low biodegradability in an economical, sustainable and 

eco-friendly way [18,19]. Fungi have greater resistance to inhibitory compounds than 

bacterial species and they can survive in adverse conditions such as low pH, low 

temperature and low nitrogen content [20,21]. WRF can synthesise extracellular 

oxidative enzymes such as lignin peroxidase (LiP), manganese peroxidase (MnP) and 

laccase (Lac), which take part in the degradation of recalcitrant compounds. Due to the 

extracellular enzyme system, it is not observed substrate diffusion limitations, generally 

encountered in bacteria [22].  

Several works about the use of WRF for the treatment of landfill leachates, dairy 

wastewaters and effluents from textile and pharmaceutical industry have been published 

with good results [23,24]. Specifically, Yang et al. [25] obtained decolourization 

efficiencies around 70-80% after the treatment of textile manufacturing effluent by a 

fungi consortium reactor, Djelal and Amrane [26] showed that the addition of fungi 

consortium improved COD degradation until removal values about 75% on a synthetic 

dairy wastewater, Dalecka et al. [27] achieved an almost complete removal of the 

diclofenac present in synthetic municipal wastewaters by using the fungus Trametes 

versicolor, and Kalĉíková et al. [28] reported COD removals around 60% when mature 

landfill leachates were treated by Dichomitus squalens. In particular, the treatment with 

Phanerochaete chrysosporium has been considered as one promising method in 

bioremediation, due to its ability to degrade many chemical pollutants, both in soil and 

in liquid culture, achieving high colour, metals, polycyclic aromatic hydrocarbons 

(PAHs) and total organic carbon (TOC) removal efficiencies [29,30]. Based on these 

previous studies, the use of this fungus to treat liquid effluents coming from anaerobic 

digestion seems to be a possible alternative that deserves being investigated.  

Regarding to the application of fungi in anaerobic digestion processes, the 

literature has been mainly focused on its use to pre-treat sewage sludge and solid 

digestate in order to increase biogas production or to improve the subsequent 
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composting process [31,32]. Besides, most of the researchers have used synthetic 

effluents or sterilized samples to investigate the fungi potential and it is well-known that 

the presence of bacteria may cause a competition for the substrate, reducing fungi 

growth, the expression of fungal enzymes and consequently the fungal degradative 

capacity [33].   

As far as we know, the use of P.chrysosporium to treat ADL has not been 

previously investigated. Considering the behaviour of this fungus with other complex 

effluents and the necessity of new alternatives to treat low-biodegradable effluents from 

anaerobic digestion treatments, the aim of this research was to evaluate in batch and 

continuous operation the capacity of this fungus to remove recalcitrant organic matter, 

colour and/or enhance the biodegradability of a non-sterile ADL.  

2. MATERIAL AND METHODS 

2.1. Sample description 

The anaerobic digestion liquor (ADL) corresponds with the liquid phase of the 

digestate obtained after a digestion of sewage sludge. The sample was collected from an 

anaerobic digestion treatment plant sited in Asturias. A detail description of the process 

can be seen in Díaz et al. [4]. For the fungal treatment, the sample was centrifuged for 

20 min at 10000g and filtered by 0.45 µm filter (Millipore) in order to remove the solids 

presents in ADL.  

2.2. Fungus and pellets obtention 

A basidiomycete white-rot fungus, Phanerochaete chrysosporium Burdsall 1974 

from Spanish Type Culture Collection (CECT) was used in this study. The recovery of 

freeze-dried strain was carried out in a laminar air flow cabinet to prevent the 

contamination. Firstly, the freeze-dried strain CECT 2798 was resuspended, avoiding 

air bubbles, on 0.3 mL of malt extract broth (VWR Chemicals BDH), previously 

sterilized at 121ºC for 20 min. Then, 100 µL of the suspension were used to inoculate 

an agar Petri plate with 25 mL of 1.5% malt extract agar (MEA), which was incubated 

at 26ºC for 7 days. Before using the fungus for pellets obtention, three subcultures were 

carried out. To preserve the fungus on Petri plates with MEA, subcultures were 

routinely made every month.   
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To obtain the fungus pellets, the methodology described by Blánquez et al. [34], 

undergoing some modifications, was used as next explained. Five cylinders of 1 cm of 

diameter from the growing zone of Petri plates were inoculated in a 500 mL Erlenmeyer 

flask containing 150 mL of malt extract broth, previously sterilized at 115ºC for 10 

minutes. The flask was incubated at 26⁰C with a constant orbital shaking at 135 rpm for 

6 days to obtain the mycelial mass.  

The mycelial mass obtained was separated from the liquid medium with a 1 mm 

mesh sieve, resuspended in 0.8% NaCl (w/v) in a ratio of 1:3 (w/v) and blended at 

11000 rpm for 5 minutes with a homogenizer (Heidolph Silent Crusher). This 

suspension was used to obtain the pellets by inoculating 600 µL in a 1 L Erlenmeyer 

flask with 250 mL of malt extract broth, previously sterilized at 115ºC for 10 minutes 

and with a pH between 4.5 and 5. It was incubated at 26⁰C with a constant orbital 

shaking at 135 rpm for 6 days. The pellets obtained was removed with a sieve and 

conserved in 0.8% NaCl (w/v) solution at 4ºC until use.  

2.3. Fungus discontinuous treatment 

A total of seven batch experiments were carried out to evaluate the potential of 

fungus to degrade ADL. Firstly, according to Hu et al. [35] the sample was adjusted to 

pH=6.0 with 1 M NaOH or 1 M HCl. Then, the ADL was mixed with phosphate buffer 

(0.1 M, pH=6) in a ratio of 3:1 (v/v) in order to maintain pH constant during the assays. 

The characterization of the diluted ADL is shown in Table 4.4. 

To carry out the biological treatment, the sample was inoculated with 3 g/L (dry 

weight) of P. chrysosporium, corresponding with the test S1. With the aim of evaluating 

the effect of fungus addition in relation with the endogenous microflora, an experiment 

without fungus addition was assayed and used as control 1 (C1).  

To evaluate the effect of glucose as co-substrate, the sample was inoculated with 

3 g/L (dry weight) of fungus and different glucose concentrations (3 g/L, 5 g/L and 8 

g/L), corresponding with the assays S2, S3, and S4, respectively. A test with the 

intermediate glucose concentration (5 g/L) and without fungus inoculum was used as 

control 2 (C2). Additionally, to know the effect of endogenous microflora in the 

treatment, an experiment using sterilized effluent (121ºC for 20 min) with the addition 

of 5 g/L of glucose and inoculated with fungus was also carried out (C3).  
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Tabla 4. 4. Characteristics of anaerobic digestion liquor (after dilution with buffer)  

Parameter Value 

pH 6,05 ± 0,02 

sCOD (mg O2/L) 5589 ± 52 

BOD5 (mg O2/L) 109 ± 1,4 

Biodegradability (IB) 0,02 ± 0,005 

Nitrogen (mg/L) 2327 ± 146 

Phosphorus (mg/L) 71 ± 57 

Colour Number (CN) 0,984 ± 0,01 

 

All the batch experiments were carried out in a 1 L Erlenmeyer flasks with 200 

mL of non-sterile sample incubated at 26⁰C and with a constant orbital shaking at 135 

rpm for 10 days. All the experiments were carried out in duplicate. Periodically, 

samples were taken for the analysis of soluble COD, colour, pH and BOD5.  

2.4. Fungus continuous treatment 

The start-up of a continuous fungal bioreactor to treat the ADL was carried out 

and different operating conditions were evaluated. The continuous experiments were 

carried out in a 1.5 L capacity water-jacketed bioreactor loaded with 1.25 L of ADL 

inoculated with 3 g/L (dry matter) of P. chrysosporium. In view of batch results, 3 g/L 

of glucose were added to the ADL before being fed into the reactor. In this case, the pH 

was kept between 5.6 and 6.5 by adding NaOH 0.5M or HCl 0.5M using a pH-burette 

(CRISON, PH-BURETTE 24 1S). Temperature was set up at 26ºC and fungus pellets 

was maintained fluidized by air pulses generated by an electrovalve. The electrovalve 

was controlled by a cyclic timer (60 seconds open, 30 seconds close) with an air flow of 

36 L/h. Fine-bubble diffuser stones was used to assure homogeneity and avoid biomass 

mechanical stress. A 1 mm mesh sieve was placed at the outlet of the reactor to avoid 

the loss of fungus pellets. At the end of each experiment, the reactor was emptied and 

refilled with new ADL inoculated with the fungus. Three different hydraulic retention 

time (HRT) were tested (104, 208 and 240 hours). The analysis of soluble COD, colour, 

pH and BOD5 was carried out in outcoming samples taken at different times.  
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2.5. Analytical methods 

Samples was taken periodically each 24 hours, centrifuged at 10000g during 10 

min, filtered by 0.45 µm filter (Millipore) and stored at -20ºC until being analysed. All 

analytical measurements were done at least in triplicate.  

The concentration of soluble COD was spectrophotometrically measured (at 600 

nm) by dichromate method according to Standard Methods [36], using a DR2500 

spectrophotometer (Hach Company).  

Biochemical oxygen demand (BOD5) was determined using a manometric 

respirometry measurement system (Lovibond® Water Testing BD 600) and 

biodegradability was calculated as the ratio of BOD5 over soluble COD. 

The change in the colour of the ADL was determined by means of the colour 

number (CN), which is defined according to Equation (1) [37].  

CN=
SAC436

2 + SAC525
2 + SAC620

2

SAC436 + SAC525 + SAC620
                     Eq (1) 

Spectral absorbance coefficients (SAC) are defined as the ratio of the values of 

the respective absorbance (Abs) over the cell thickness (x). The absorbances (Abs) were 

measured at 436, 525 and 620 nm using a UV/vis spectrophotometer (Thermo 

Scientific, Heλios γ). Finally, the value of pH was measured by means of a pH-meter 

(Jenway 3510). 

2.6. Calculation section 

For batch tests (S1, S2, S3 and S4), a first order kinetic model was used to fit the 

data of soluble COD removal by fungus, so the Equation (2) was used. The parameter R 

is the soluble COD at final times and k is the kinetic constant.  

dCOD

dt
=  −𝑘 ∗ ( COD − R)      Eq (2) 

Regarding continuous treatment, assuming a completely mixed continuous flow 

system, the kinetic constants (k104, k208, and k240) for the soluble COD removals in 

steady state were calculated according to Equation (3). In this equation, the parameter 
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HRT is the hydraulic retention time, and CODi and CODo are the incoming and 

outcoming soluble COD concentrations for each case.  

𝑘 =  
CODi − COD𝑜

HRT ∗ COD𝑜
    Eq (3) 

3. RESULTS AND DISCUSSION 

3.1. Fungal biotreatment of ADL  

Several batch experiments were carried out to know the efficacy of using P. 

chrysosporium for the biotreatment of non-sterilized ADL. Experiments without fungi 

inoculation, C1 without glucose addition and C2 with 5 g/L of glucose, were used as 

control tests. The experiments S1 (without glucose addition), S2 (with 3 g/L of 

glucose), S3 (with 5 g/L of glucose) and S4 (with 8 g/L of glucose) were carried out 

inoculating 3 g/L (dry matter) of fungus. Additionally, an experiment with sterilized 

ADL inoculated with fungus and with 5 g/L of glucose addition (C3) was carried out to 

know the role played by the endogenous microflora. The evolution of soluble COD 

concentrations for all the experiments is shown in Fig. 4.13  

Results showed that the inoculation of P. chrysosporium significantly improved 

the removal of soluble COD. The sample treated with the fungus without adding 

glucose (S1) showed soluble COD removals around 20% at final time, whereas a value 

of 11% was obtained for the non-inoculated sample without glucose used as control 

(C1). In both, S1 and C1, pH increased slightly until values around 6.4 and COD 

decreased progressively throughout the treatment. Similar low removal values have 

been reported when fungi were used to treat poorly biodegradable effluents without 

adding external nutrient sources [38].  

Higher degradation values have been reported when crude fungal enzymes were 

directly used. For example, Wan Razarinah et al. [39], who investigated the treatment of 

landfill leachates by immobilized Trametes menziesii, reported a COD removal of 32% 

after 7 days. Hu et al. [29], reported TOC removal efficiencies around 75% after 72 

hours of treating landfill leachates by immobilized P. chrysosporium. In addition, a 

degradation of around 42% was reported when non-sterile textile effluents were treated 

by fungus immobilized and Tween80 (0.05 w/v) was added [40]. In the present work, 
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the degradation observed in C1 and part of the degradation in S1 is due to the activity of 

the endogenous microorganisms of the ADL. This effluent is characterised by 

containing a high microbial load, mainly bacteria belonging to Firmicutes and 

Proteobacteria phyla [4]. Microorganisms within these phyla are known to have 

antagonistic effects on fungal growth and they are used in the control of fungal diseases 

in plants [41].  

 

 

Figura 4. 13. Changes in COD concentration during batch test for the different 

samples. The dashed lines shown the non-inoculated tests C1 (●) and C2 (●), used as 

controls. The solid lines shown the inoculated tests C3 (●), S1 ( ), S2 (▲), S3 (◆) and 

S4 (■). A concentration of 3 g/L, 5 g/L and 8 g/L of glucose was added to S2, S3 and 

S4, respectively. The tests C2 and C3 were supplied with 5 g/L of glucose. In addition, 

the experiment C3 was carried out with sterile sample while C1, C2, S1, S2, S3 and S4 

were carried out with non-sterile sample. The standard deviation (SD) of the 

experimental data were in all cases less than 9% of mean value. 

Previous studies have reported that the concentrations of nutrients, i.e. carbon, 

nitrogen and phosphorus, in the effluent play a key role for the production of fungal 

ligninolytic enzymes [42–44]. Specifically, for the treatment of industrial wastewaters 

by P. chrysosporium, the literature reported higher decolourization and COD 

degradation efficiencies when glucose was added [45]. Saetang and Babel [46], tested 

the effect of 0–3 g/L of glucose, corn starch or cassava on leachate degradation by 

immobilized white-rot fungi. These authors reported an optimum glucose concentration 

of 3 g/L obtaining a COD removal of 57% after 10 days of treatment with Trametes 
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versicolor. Nevertheless, a too high sugar concentration can result in a decline in LiP o 

MnP activity [47].  

Therefore, in order to improve COD degradation, in the next experiments, 

glucose was added as external carbon source in the concentration of 3 g/L, 5 g/L and 8 

g/L, which correspond with S2, S3 and S4, respectively. As a consequence of glucose 

addition, the initial soluble COD values increased to 8596 mg/L for S2, 10665 mg/L for 

S3 and 13846 mg/L for S4. As can be seen in Fig.4.13, the addition of 3 g/L and 5 g/L 

(S2 and S3 respectively) gave the best results, removing 73% of soluble COD after 5 

days of treatment (the percentage was calculated with respect to the initial COD in the 

sample without glucose addition). In both cases, the COD reduction was progressive 

until the 4th or 5th day. The addition of a fermentable carbon source promoted the 

releasing of ligninolytic enzymes that enhanced the biodegradation of soluble COD. 

After the 5th day, COD remained almost constant, achieving COD removals around 

78% after 10 days. Concerning S4 test, where 8 g/L of glucose was added, the 

degradation continued until the 7th day and then stabilized in a value slightly higher 

than that obtained with lower glucose concentrations (see Fig.4.13). In this case, only a 

72% degradation was achieved after 10 days. In our case, the results show that, under 

the conditions tested, a dosage of 3 g/L is enough, being even disadvantageous using a 

glucose concentration higher than 5 g/L. In all cases, the pH showed a decrease during 

the first four days reaching values of 6.06, 5.76 and 5.72, respectively. This fact is 

surely related with glucose consumption during the initial phase of treatment. After this 

time, pH increased and remained almost constant with values around 6.5. 

With respect to the availability of nitrogen and phosphorus, for aerobic 

biological treatments, a COD/N/P ratio around 100/5/1 is usually maintained to ensure 

the nutritional requirements for biomass growth [48,49]. The concentration of soluble 

COD, nitrogen and phosphorus in the ADL effluent after dilution with the buffer was 

5589 mg/L, 2327 mg/L and 71 mg/L, respectively. So, the COD/N/P ratio of initial 

ADL was around 100/42/1, indicating that the effluent contained an excess of nitrogen 

and phosphorous enough. When glucose was added, the COD/N/P ratios were of 

100/27/0.8 for 3 g/L (S2), 100/22/0.7 for 5 g/L (S3) and 100/17/0.5 for 8 g/L (S4). In 

these cases, nitrogen is still in excess, but phosphorus might be a little scarce, especially 

for the addition of 8 g/L of glucose. In addition, an excessive phosphorus and nitrogen 
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load has been related with a reduction of the fungal enzyme activity, especially for MnP 

[35,50].  

Nevertheless, in this work, the high removals of soluble COD obtained in S2 and 

S3 indicated that fungal activity was not affected for the high concentration of nitrogen 

or the low concentration of phosphorous. This is not the case of S4, where the low 

availability of phosphorous might explain the lower efficacies obtained in this 

experiment. 

When the results obtained in S3 are compared with those obtained in the test C2, 

carried out without fungus inoculation and with 5 g/L of glucose, it can be observed that 

without fungus the efficacy in COD degradation was significantly lower, achieving a 

removal only of 15% after 10 days of treatment. This fact revealed the role of the 

fungus to degrade the recalcitrant organic matter present in ADL. The fungal enzyme 

activities are related with COD removals and decolourization efficiencies with a greater 

influence of MnP in the decolourization processes and LiP enzyme in COD 

biodegradation [40].  

In addition, to evaluate the impact of the endogenous microflora of the ADL in 

the organic matter degradation when the fungus is inoculated, the experiment C3, with 

sterile medium inoculated with fungus and supplied with 5 g/L of glucose, was carried 

out. In this case, the COD removal achieved at the end of the experiment was 59%. This 

value is quite lower than that achieved in S3, which indicates an important contribution 

of the endogenous microorganism in the COD degradation. This fact, together with the 

almost non-existent degradation in the control non-sterilized and supplemented with 

glucose without fungi inoculation (C2), revealed that endogenous microbiota only is 

able to degrade the organic matter when the fungi release its enzymes. Therefore, there 

is a synergistic effect between the fungus Phanerochaete chrysosporium and the 

microbiota present in the ADL. In this sense, Dhouib et al. [51] reported values around 

65% of COD removal during the treatment of olive mill wastewater using white-rot 

fungi and activated sludge, whereas only 34% of COD removal was obtained after 

treatment with active sludge. The kinetic model proposed for COD removal in batch 

tests successfully fitted the experimental data in all the conditions tested. The values of 

k constants are shown in Table 4.5 
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Tabla 4. 5. Kinetic constants calculated from experimental data obtained after batch 

tests 

Treatment Glucose addition k (d-1) r2 

S1 - 0.170 0.97 

S2 3 g/L 0.577 0.99 

S3 5 g/L 0.622 0.97 

S4 8 g/L 0.598 0.98 

 

Regarding the effect of fungal treatment in the BOD5, significant differences 

between the different experiments were not observed after 10 days of treatment. As can 

be seen in Fig. 4.14, for C1 and S1 (without glucose), BOD5 remained almost constant 

during the 10 days. Control C2 began with a BOD5 of 2865 mg/L due to the glucose 

addition and then, it showed, as expected, a progressive decrease in BOD5 due to 

glucose consumption by the endogenous microbiota of the ADL. Likewise, tests S2, S3 

and S4 showed a faster reduction in BOD5 thanks to the fungus activity. In these 

experiments, the enzymes released by the fungus allowed the transformation of non- 

biodegradable organic matter into biodegradable one that was consumed simultaneously 

to its generation, as indicated by the fact that the BOD5 values were low during all the 

treatment. Even though the final BOD5 concentration was not influenced by the 

treatment, as in tests S2, S3 and S4, the COD decreased, the biodegradability 

(BOD5/COD) was improved from an initial value of 0.02 to final values of 0.8, 0.9 and 

0.7, respectively. The addition of 3-5 g/L of glucose gave the best results also in relation 

with biodegradability.  
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Figura 4. 14. Data of BOD5 values during batch test at initial time, 5 days, and 10 days 

for the non-inoculated tests C1 (■) and C2 ( ), and inoculated tests C3 (■), S1 (■), S2 

(■), S3 (■) and S4 (■). A concentration of 3 g/L, 5 g/L and 8 g/L of glucose was added 

to S2, S3 and S4, respectively. The tests C2 and C3 were supplied with 5 g/L of glucose. 

In addition, the experiment C3 was carried out with sterile sample while C1, C2, S1, S2, 

S3 and S4 were carried out with non-sterile sample. The standard deviation (SD) of the 

experimental data were in all cases less than 6% of mean value. 

The changes in colour index (CN) for the treated samples are shown in Fig. 4.15. 

For the non-inoculated samples (C1 and C2), the colour index remained stable 

throughout the treatment, unlike samples inoculated with P. chrysosporium, that 

presented great variability. For sample S1, inoculated with the fungus but without 

glucose addition, no colour removals were obtained at the final times, compared to the 

initial sample. However, it should be noted that there was an initial decolourization that 

achieved a 22% colour removal on the third day of treatment. After that, the colour 

increased progressively until the end of the treatment, indicating that, despite of the fact 

that COD almost did not change, some transformations occurred during the process. 

The best results were obtained again with the addition of glucose, according to 

Pakshirajan and Kheria [45], who reported that the addition of 5 g/L of glucose led to an 

optimal decolourisation of 80%. So, for tests S2, S3 and S4, a rapid decrease of the 

colour number occurred during the initial phase of treatment, reaching on the fourth day 

of treatment the maximum values of removal, i.e. 29%, 22% and 23%, respectively. 

These results matched with the fast decrease observed in soluble COD during these first 

hours of treatment. 
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Figura 4. 15. Changes in colour index (CN) during batch test for the different samples. 

The dashed lines shown the non-inoculated tests C1 (●) and C2 (●), used as controls. 

The solid lines shown the inoculated tests C3 (●), S1 (●), S2 (▲), S3 (◆) and S4 (■). A 

concentration of 3 g/L, 5 g/L and 8 g/L of glucose was added to S2, S3 and S4, 

respectively. The tests C2 and C3 were supplied with 5 g/L of glucose. In addition, the 

experiment C3 was carried out with sterile sample while C1, C2, S1, S2, S3 and S4 were 

carried out with non-sterile sample. The standard deviation (SD) of the experimental 

data were in all cases less than 4% of mean value. 

According to the literature, this fact could be due to a higher fungal enzyme 

activity during the first days of treatment favoured by the presence of glucose. For times 

longer than 5 days, the colour increased again. This increase in colour may be due to the 

generation of coloured compounds during COD removal. Junnarkar et al. [52], reported 

a dark brown colour generation throughout the fermentation process of wheat straw by 

P. chrysosporium. This colour was related with the polyphenols compounds that were 

released from lignocellulosic material due to the degradative action of the fungal 

ligninolytic enzymes. With respect to C3 (with sterilized medium), the absence of 

endogenous microorganisms led to higher colour removals during the first 48 hours, 

although the final values were almost the same as those obtained for S2, S3 and S4 

(around 15%). 

Yang et al. [53] reported that MnP activities with 5 g/L of glucose were about 2–

8 times those obtained with 10 g/L. This agrees with the fact that the colour removal 

was higher with an addition of 3 g/L of glucose than for higher initial concentrations of 

this sugar. Besides, Ellouze et al. [50], who studied the treatment of landfill leachates 

with Trametes trogii and P. chrysosporium, reported that the addition of 2 g/L of 
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ammonia showed a reduction of MnP and LiP activity around 60% and 50%, 

respectively. As above commented, the wastewater treated in this work contained a high 

concentration of nitrogenous, which could affect the production MnP, related with 

decolourization processes, and explain that the efficiencies for colour removal here 

achieved were not as high as those reported for another industrial wastewater. 

3.2. Start-up of a continuous bioreactor.  

The operational conditions were selected based on the results obtained from 

batch tests. Because similar values of COD, colour and biodegradability were obtained 

for S2 and S3 tests, the addition of 3 g/L of glucose was selected to carry out the 

continuous treatment.  

Considering that a minimum time of around 100 h were necessary in batch 

experiments to achieve the maximum COD removal, different hydraulic retention times 

(HRT) between 104 and 240 hours were evaluated. The reactor was emptied and refilled 

with fresh fungus and ADL sample before each experiment with different HRT. The 

evolution of soluble COD, BOD5 concentrations and colour index over time for each 

HRT is shown in Fig.4.16. 

Regarding COD and BOD5 concentrations (Fig. 4.16.A and 4.16.B), the 

continuous system reached the steady state in a time around the hydraulic retention time 

for each case. The reactor was considered to be operating at steady state when the 

variability of the soluble COD values obtained for the outgoing samples was less than 

5%. The reactor operated stable after reaching the steady state at least for 10 days and 

morphological modifications were not observed in fungus pellets at the end of each 

experiment. 

As can be seen in Fig 4.16.A, for soluble COD degradation, greater removals 

were observed when the highest HRT where used. The values obtained for the k 

constants were 0.463 d-1, 0.304 d-1 and 0.362 d-1 for HRT values of 104 h, 208 h and 

240 h, respectively. These values were in all cases lower than that obtained in batch 

experiments (0.577 d-1).  
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a) 

 

b) 

c) 

 

Figura 4. 16. Changes in a) COD, b) BOD5 and c) colour index (CN) during the 

continuous treatments with different HRT values: 104 h (●), 208 h (■) and 240 h (▲). 

The red dashed line shown the value of each parameter for the ADL treated.  
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In relation with colour index (CN), slight variations were observed when the 

system worked in steady state and colour removals around 15% were obtained for all 

cases (see Fig 4.16.C).  

The percentage of soluble COD and colour removals, as well as the 

biodegradability index (COD/BOD5) in steady state for each HRT are shown in 

Fig.4.17.  

 

Figura 4. 17. Percentages of COD (●) and colour removal (■) during continuous 

treatment (steady state) for each HRT. The biodegradability (▲) is shown in the right 

axis.  

The use of the shortest hydraulic retention time (104 hours) allowed to obtain a 

soluble COD removal of 45%, reaching final concentrations of 2889 mg/L. When HRT 

was increased, an improvement in the COD degradation was observed and the best 

results were achieved using a retention time of 240 hours. In this case, soluble COD 

removals greater than 65% were achieved, whereas removal percentage did not exceed 

of 55% for the experiment where 208 hours of HRT were used. However, even for the 

highest HTR, the COD removal obtained in continuous was lower than that obtained in 

batch treatment (S2), where a 77% of soluble COD removal was achieved (also 

indicated by the kinetic constants above commented). This fact could be due to the 

agitation system used during the treatment. For batch tests, the agitation was orbital 

while in the continuous system it was provided by gas bubbling. Espinosa-Ortiz et al. 
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[54], reported that the use of this system can generate dark areas in the reactor, with 

insufficient mixing, and an undefined fluid flow pattern inside the reactor. These 

disadvantages could explain that the efficiencies achieved in the continuous treatments 

were lower than those achieved in the batch experiments. 

Other authors have been reported similar results. For example, Lu et al. [55] who 

studied the biodegradation of phenolic compounds from coking wastewater by white-rot 

fungus P. chrysosporium, reported removal values of 68% using free fungus. In 

addition, when the fungus was fixed onto wood chips, the efficiency was improved, 

achieving removal values around 81%. They attributed this difference to the fact that the 

fungus fixed on a surface increases its ability to synthesize enzymes.  

Regarding the BOD5 values, no significant differences were observed in the final 

effluent for the different HRT employed. However, the biodegradability of the treated 

effluent was enhanced due to the soluble COD removals, giving a treated effluent with a 

biodegradability index (BOD5/COD) between 0.05 and 0.07, depending on the HRT 

employed, compared with a value of 0.02 for the untreated sample. Therefore, the 

highest biodegradability was obtained for the highest HRT assayed. 

4. CONCLUSIONS 

In this work, Phanerochaete chrysosporium was for first time employed for the 

treatment of non-sterile ADL. This effluent from the anaerobic treatment of sewage 

sludge contained a high concentration of low-biodegradable organic matter. The 

addition of glucose was key to enhance the removal of COD by the fungus. So, batch 

experiments without glucose achieved a COD removal of just 20%, whereas with 3 g/L 

of glucose the COD removal after 10 days of treatment was 77%. Additionally, colour 

removals of around 30% were achieved during the first days of treatment and, after 10 

days, the biodegradability was four times greater than the initial one. Higher glucose 

concentrations did not improve the efficacy of the treatment. Using a glucose 

concentration of 3 g/L and HRT between 104 and 240 h, a continuous water-jacketed 

bioreactor was started-up for the fungi treatment and it operated stably for at least 10 

days. A COD removal of 65% was achieved when the highest HRT was used, with an 

increase in biodegradability similar to that achieved in batch experiments. These results 



4. Resultados y Discusión 

167 

showed the potential of this fungus to treat liquid effluents from anaerobic treatments 

although the operational conditions should be optimized in each particular case.  
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4.2. Tratamiento de lixiviados 

En este apartado se recogen todas las investigaciones relacionadas con la 

caracterización y el tratamiento del permeado de lixiviados. Debido a la elevada 

concentración de compuestos fenólicos altamente recalcitrantes en lixiviados, a menudo 

es empleo exclusivo de un tratamiento biológico convencional no es suficiente, y se 

necesitan tratamientos adicionales para la degradación de los compuestos más 

refractarios y la adecuación del lixiviado final para su vertido.  

 

Esta sección está compuesta por dos apartados, en el 4.2.1 se ha llevado a cabo 

la caracterización microbiológica de varios puntos del tratamiento de nitrificación-

desnitrificación de lixiviados de vertedero. Estos resultados permiten conocer 

detalladamente la microbiota predominante en el proceso biológico de tratamiento y la 

influencia de los procesos operacionales en la distribución de la microbiota, y se 

recogen en un artículo publicado cuya cita se destaca al inicio del apartado. En el punto 

4.2.2, se ha evaluado el empleo del hongo de pudrición blanca P. chrysosporium, para el 

tratamiento biológico del licor de biometanización, evaluando también la influencia de 

la adición de fuentes de nitrógeno y carbono durante el proceso de degradación.  
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ABTRACT 

The efficiency of the biological removal of carbon and nitrogen from leachates 

is determined by the activity of microbial populations present in biological reactors. In 

this work, a complete characterization of bacterial communities revealed by Personal 

Genome Machine (PGM) sequencing has been carried out from different point of a 

nitrification-denitrification process operated in an urban landfill sited in the North of 

Spain. The leachate fed to the treatment was a mixture of young leachate, old leachate 

and effluent from an anaerobic digestion process, in a volume ratio of 1:0.9:0.12 

respectively. The anoxic and oxic reactors were followed by an ultrafiltration step. 

Samples were taken from different points of the process and PGM sequencing was used 

to characterize microbial communities. Results revealed the microbial diversity of 

samples, which included detection of minority populations that are difficult to be 

explored by other methods. Bacteria belonging to Bacteroidetes and Proteobacteria 

were dominant in all the samples analysed. Proteobacteria represented more than 50% 

of the total population in all cases. Samples taken after the biological treatment showed 

a significant reduction in the relative abundance of Firmicutes, Tenericutes and 

Lentisphaerae phyla in comparation with the initial leachate. The relative abundance of 

the classes was also studied and the most abundant in the samples were β-

Proteobacteria and Flavobacteria. 

 

ABBREVIATIONS: PGM, personal genome machine, COD, chemical oxygen 

demand, BOD, biological oxygen demand, VFA, volatile fatty acids.  

 

KEYWORDS: Bacterial community; nitrification-denitrification; PGM sequencing; 

wastewater treatment; metagenomic.  
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1. INTRODUCTION 

Landfill leachate is the liquid that results from water percolating through waste 

deposits. The specific composition of leachates depends on the type of wastes, landfill 

age, climate conditions and hydrogeology of the landfill site [1]. These effluents are 

usually characterized by high concentrations of organic matter, ammonium as well as 

potentially toxic metal and chlorinated salts [2]. Young leachates are commonly 

characterized by high biochemical oxygen demand (BOD) and chemical oxygen 

demand (COD), as consequence of a rapid anaerobic fermentation that generates 

volatile fatty acids (VFA) as main products [3]. In mature leachates, the methanogenic 

phase occurs and the VFA are converted to biogas. Therefore, the organic fraction of the 

leachate becomes dominated by recalcitrant or bio-refractory compounds [4]. 

Pollutants present in the leachate can contaminate groundwater, rivers and soils, 

causing high environmental impact. Therefore, its collection and treatment is one of the 

main problems in urban waste landfills. Biological processes have been reported as the 

most effective for the treatment of such wastewater [3, 5]. These processes take 

advantage of the abilities of microbes to degrade organic matter, remove nutrients and 

transform toxic compounds into harmless products [6]. During biological treatment, the 

nitrogen of landfill leachate is removed through nitrification and denitrification 

processes, which are carried out by ammonium-oxidizing bacteria (AOB), nitrite-

oxidizing bacteria (NOB), and denitrifying bacteria [7]. These bacterial communities are 

highly sensitive to environmental factors, such as pH, salinity, temperature or dissolved 

oxygen [8, 9]. It is essential to characterize the microbiota present at each stage of the 

processes in order to understand the biological transformations that determine the 

efficiency of the treatments. Several molecular techniques, such as terminal restriction 

fragment length polymorphism (T-RFLP), denaturing gradient gel electrophoresis 

(DGGE), single-strand conformation polymorphism (SSCP) and Sanger sequencing of 

clone libraries, have been employed in the last decades to describe microbial 

communities in wastewater processes [10]. However, the information obtained from 

these techniques was limited because only a few hypervariable regions are considered. 

In recent years, the application of more advanced techniques, i.e. the next generation of 

sequencing (NGS) based on 16S rRNA gene sequencing, has provided a cheaper and 

higher throughput alternative to sequencing DNA [11]. This technology allows the 
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generation of millions of short sequencing reads for massive studies of genes, giving 

higher taxonomic resolution. It offers a great opportunity and new insights to rapidly 

examine the composition as well as the interaction of the great diversity of 

microorganisms involved in wastewater treatments [12]. 

However, despite of the evident interest, as far as we know, Personal Genome 

Machine (PGM) sequencing has not yet been employed for the study in depth of 

microbial ecology in nitrification-denitrification processes of landfill leachates. This 

technique was used in this work to carry out a microbial characterization throughout a 

real biological treatment of wastewater mainly composed by a mixture of young and old 

leachates. In particular, the aims of this work were: i) To characterize the bacterial 

population in the raw leachate and in the nitrification-denitrification reactors and ii) to 

determine the effect of operational parameters on the distribution of bacterial 

communities and its repercussions in the effectiveness. 

2. MATERIAL AND METHODS 

2.1. Plant operation parameters 

The samples used in this study were taken from the biological leachate treatment 

plant sited in COGERSA, the wastes treatment center of Asturias (Spain). This center 

has a non-hazardous-wastes landfill with a capacity of 16 million m3, a hazardous-waste 

landfill with a capacity of 600 m3 and an anaerobic digestion plant, which can treat 

30000 t/years of sludge from urban wastewater treatment plants and the organic fraction 

of municipal solid waste.  

The treated process was fed with a mixture of young leachate, old leachate and 

an effluent from the anaerobic digestion process, in an approximate volume ratio of 

1:0.9:0.12 respectively. Approximately 700 m3 of leachates/day were treated by the 

biological treatment, which consisted of one denitrification reactor (anoxic), one mixed 

reactor which operated as denitrifying or nitrifying depending on the conditions of the 

plant, and four nitrification reactors (oxic). At the time when the samples were taken, 

the mixed reactor was operating as a nitrifying reactor.  
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The nitrification-denitrification process occurred under pressure (2.5 bar) at 

mesophilic temperatures (37-40°C). The volume of each reactor was 175 m3 with a total 

hydraulic retention time of 7 h. During the process the pH maintained between 6.5 and 

7, and 3 m3 of methanol/day were supplied as carbon source. Oxygen was supplied by 

air compressors through bottom ejectors to the nitrification reactors in order to assure an 

oxygen concentration of 2.5 ppm. The injection pumps circulated the air-mud mixture, 

favoring the dissolution of oxygen and the homogenization of the sludge inside the 

reactors. After the treatment process, a recirculation from the last nitrification tank 

(OXIC-4) to the initial denitrification tank (ANOXIC-1) was carried out in a ratio of 

80.5%. The rest of treated water was separated from the biological sludge by 

ultrafiltration process formed by five units of ultrafiltration with a total membrane 

surface of 280 m2 with a pore size of 0.02 µm. The efficiency of nitrogen removal was 

higher than 80%. A flow diagram of the treatment plant is shown in Fig. 4.19. 

 

Figura 4. 19. Process flow diagram of biological treatment plant.  
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2.2. Sampling 

Five different samples were collected throughout the biological treatment to be 

analysed microbiologically. Sample 1 (S1) corresponds to the raw leachate fed to the 

biological treatment. This sample was taken before mixing with the recirculate permeate 

from the ultrafiltration process. Sample 2 (S2) was taken from the effluent of the 

denitrification reactor, sample 3 (S3) corresponds to the effluent of nitrification reactor 

OXIC-3 and sample 4 (S4) corresponds to the recirculated effluent to the head of the 

process coming from nitrification reactor OXIC-4. Finally, sample 5 (S5) was taken 

from the sludge of the ultrafiltration process. Detailed information from each point of 

sampling is shown in Fig. 4.19 and Table 4.6.  

2.3. Sample processing and DNA extraction 

Sample processing was preformed according to Diaz et al. [13]. A volume of 

160 mL of each sample was centrifuged for 20 min at 13000 × g. The supernatant was 

discarded, and the solid fraction was preserved at -20°C for DNA extraction. With this 

aim, Power Biofilm DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), 

specific for leachate samples, was employed and 0.25 g of the solid fraction were 

weighted and treated according to the manufacturer’s instructions. Due to the excessive 

color of samples, 200 µL of buffer solution 3 (BF3) were added (amount recommended 

in the kit protocol for colored samples). The extracted DNA was concentrated using the 

Concentrator Plus Vacufuge (Eppendorf, Hamburg, Germany) and a BioPhotometer 

Plus (Eppendorf, Hamburg, Germany) was used to ensure that the amount of DNA was 

high enough to continue the process.  

2.4. DNA amplification and purification 

An Ion 16S Metagenomics Kit (Ion Torrent, Life Technologies) was employed 

for DNA amplification. This kit allows the simultaneous examination of seven of the 

nine hypervariable regions in the bacterial 16S rRNA gene, using one primer for the 

V2-4-8 regions and another primer for the V3-6 and V7-9 regions. The DNA samples 

were amplified by PCR reaction, which was performed in several steps: i) heating at 95 

°C for 10 min, ii) 25 cycles of denaturation at 95 °C for 30 s, iii) alignment at 58 °C for 

30 s, iv) extension at 72 °C for 30 s, v) elongation at 72 ° C for 7 min and vi) 

preservation at 4 °C for 20 min. The resulting products were purified using the 
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Agencourt AMPure XP Kit (Beckman Coulter, Atlanta, GA, USA) and the 16S rRNA 

amplicons were quantified with a Qubit 2.0 Fluorometer using dsDNA HS Assay Kit 

(Invitrogen, Carlsbad, CA, USA). 

2.5. Library construction and sequence analysis 

The DNA obtained in the purification phase was fragmented in order to obtain 

smaller fragments of up to 150 base pairs (bp) by using an Ion Plus Fragment Library 

Kit (AB Library Builder). For the library construction, each fragment of the obtained 

DNA was coupled to a marker and two adapters. Each library corresponds to a different 

collection of DNA fragments to be sequenced and is unique to each sample. 

Construction of the library was conducted using the PGM Hi-Q OT2 Kit. Subsequently, 

the samples were sequenced using the PGM Hi-Q Sequencing Ion Kit and the Ion 318 

Chip Kit v2, which has a minimum capacity of four million readings. 

The results obtained were analysed by using Life Technologies Ion Reporter 

Software, that uses both the Premium Curated MicroSEQ ID 16S rRNA reference 

database and the Curated Greengenes Database. The restriction criteria applied was as 

follows: i) read length filter: 150 bp, ii) minimum alignment coverage: 90%, iii) read 

abundance filter: 10, iv) genus cut off: 97%, and v) species cut off: 99%. These criteria 

were selected according to previous works about microbial identification that used 

databases employed in this study [13, 14]. 

2.6. Nucleotide sequence accession numbers 

The sequences obtained in this study are available in the National Center for 

Biotechnology Information (NCBI) under accession numbers SAMN09765719 to 

SAMN09765723. The SRA database accession number is SRP156554. 
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Tabla 4. 6. Characteristics of the samples analysed. The values correspond to the averages (± standard deviations) of four samples taken along 

2016. 

  

 

Parameters 

 pH (ud.) CODT (mg/L) CODS (mg/L) BOD5 (mg/L) NH4
+ (mg/L) NO3

- (mg/L) NO2
- (mg/L) TS (mg/L) 

S1 8.56 ± 0.10 5155 ± 1159 4988 ± 966  1788 ± 798 2330 ± 171 < 60 2330 ± 171 10565 ± 1416 

S2 7.53 ± 0.41 23738 ± 2375 7988 ± 491 2500 ± 616 412 ± 83 < 60 412 ± 83 28250 ± 2371 

S3 6.73 ± 0.23 25775 ± 2207 7890 ± 616 2275 ± 618 78 ± 40 352 ± 138 78 ± 40 20009 ± 1825 

S4 6.68 ± 0.21 21475 ± 6974 7788 ± 709 1950 ± 656 41 ± 34 368 ± 136 41 ± 34 29168 ± 2593 

S5 6.81 ± 0.16 25150 ± 2362 9142 ± 2847 2125 ± 591 80 ± 43 316 ± 154 80 ± 43 29008 ± 2643 
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3. RESULTS AND DISCUSSION 

The PGM sequencing and the amplification of hypervariable regions of 16S 

rRNA provided a detailed taxonomic bacterial classification throughout the 

nitrification-denitrification treatment. A total of 21 phyla, 250 families, 128 genera and 

77 species were identified in the five samples analysed. The classification of 

microorganisms up to species level is shown in the Supporting Information Figs. S1-S5. 

After the analysis with Ion Reporter Software, a total of 1056150 effective sequences 

were obtained. In general, the hypervariable V3 and V6-7 regions presented a greater 

number of mapped reads, followed by the V4 and V8 regions. This information 

highlights the importance of sequencing all hypervariable regions to obtain a more 

accurate identification of microorganisms.  

3.1. Raw leachate (S1) 

The raw leachate is a mixture of young leachate, mature leachate and an effluent 

from an anaerobic digestion process as indicated in Section 2. This sample, as shown in 

Table 1, was characterized by high concentrations of ammonium (>2000 mg/L) and 

CODt (>4000 mg/L) with moderate biodegradability (BOD5/COD ~ 0.3). As shown in 

Fig. 4.20, in the initial leachate (S1), Proteobacteria and Firmicutes phyla were the 

most abundant, achieving 51 and 18% of total relative abundance, respectively. 

Previous studies highlighted the dominance of these phyla in landfill leachates and 

wastewater treatments, followed by other groups such as Bacteroidetes and Tenericutes, 

also found in this sample, but with relative abundances < 8% [6].  



4. Resultados y Discusión 

185 

 

Figura 4. 20. Relative abundance for the phyla detected in the raw leachate (S1).  

The relative abundance of classes within Proteobacteria phylum is shown in 

Fig. 4.21.A, where ε-Proteobacteria which accounted for 80% of the total bacteria, was 

the most abundant. Within this class, the genus Arcobacter was detected in S1. The 

presence of this genus has been reported as typical in urban wastewater and some 

microorganisms within it as e.g., Arcobacter butzleri has been described as potential 

pathogens and fecal pollution indicator [16]. Lu et al. [17] reported the efficiency of 

activated sludge in full-scale water treatment systems for the elimination of this species. 

In this study, Arcobacter skirrowii and Arcobacter venerupis were detected in S1, S2 

and S3. Nevertheless, its relative abundance was significantly reduced throughout the 

process, and it has not been detected in S4 and S5. This fact indicates that the 

nitrification-denitrification process considered here is effective for the elimination of 

this pathogenic bacterium.  
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A) 

 

B) 

 

Figura 4. 21. Relative abundance for the classes detected in the A) Proteobacteria and 

B) Bacterioidetes phyla. 

 

  



4. Resultados y Discusión 

187 

The second class in order of relative abundance within Proteobacteria phylum 

was γ-Proteobacteria, which accounted for approximately 15%. Genera as 

Pseudomonas, Teredinibacter, Idiomarina and Marinospirillum were the most 

abundant. Previous studies reported Pseudomonas genus as bacteria with capacity to 

biodegrade organic substances and to reduce the biotoxicity caused by xenobiotic 

organic chemicals. Besides, it is known that these bacteria use primarily nitrate as an 

electron acceptor and play an important role in the conversion of nitrite to molecular 

nitrogen [18]. Du et al. [19] applied bacteria of this genus as a bioaugmented system to 

treat complex and high concentrated wastewater with high levels of nitrate and nitrite. 

This class also includes important nitrifiers and denitrifiers microorganisms which have 

an important role during the biological process. Genera such as Nitrosomonas, 

Nitrosospira, Nitrosococcus, Tissierella, Pseudomonas, Clostridium and Paracoccus 

were detected in S1, all of them have been associated with fermentative metabolism of 

macromolecular organic compounds [20].  

Köchling et al. [21], who analysed microbial communities in raw leachates of 

different ages, reported that Proteobacteria, mainly Pseudomonadales order, were more 

abundant in rainy seasons, whereas microorganisms belonging to Firmicutes, mainly 

Clostridiales order, were predominant in dry seasons and they increased their 

proportion with the landfill age. Firmicutes was related to the secretion of extracellular 

enzymes as cellulases, lipases and proteases. Thus, their main function in landfills 

consists in degrading complex polysaccharides, such as starch and cellulose [22]. Here, 

the landfill is located in a high rainfall zone and the proportion of old leachate was 

lower than the proportion of young leachate, which is reflected by the lower relative 

abundance of Firmicutes phylum. Clostridia class was the most representative within 

Firmicutes phylum, with more than 50% of relative abundance. The following 

microorganisms belonging to this class were identified: Cellulosibacter 

alkalithermophilus, Clostridium sp., Tissierella creatinini, Syntrophomonas byantii, 

Syntrophomonas sapovorans, and Proteiniborus ethanoligenes.  

As shown in Fig. 4.20, the Bacteroidetes phylum accounted for 8% of total 

microorganisms in S1. Microorganisms within this phylum have been described as 

important bacteria for the degradation of high molecular weight organic matter to acetic 

and propionic acid [20a]. Their presence has been reported in anaerobic digestion 

processes fed with vegetal biomass, sludge or mixed organic residues [13, 23]. Within 
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Bacteroidetes phylum, Bacteroidia class was the most abundant representing around 

70% of the phylum. This class plays an important role in hydrolyzing and fermenting 

organic materials, producing organic acids, CO2 and H2 during the anaerobic digestion 

process that takes place in landfills [24]. Within this class, species of the order 

Bacteroidales, i.e. Petrimonas sp., were detected. Flavobacteria and Sphingobacterium 

classes were also detected with relative abundances of 12 and 16%, respectively. These 

classes have been described as typical populations in leachates [2, 22].   

3.2. Denitrification reactor output (S2) 

During the denitrification step (anoxic tank), organic matter is consumed by 

heterotrophic bacteria responsible for the transformation of nitrate into molecular 

nitrogen. In this reactor, methanol was added as carbon source to increase the 

biodegradable organic matter available for denitrifying bacteria. For this reason, COD 

values reported in Table 4.6 for S2 were higher than values reported for S1. As can be 

estimated from data shown in Table 4.6, nitrate recirculated to the anoxic tank is 

removed in this step with efficiencies >80%. The relative abundances of majority phyla 

found in S2 are shown in Fig. 4.22. With respect to S1, the relative abundance of 

Bacteroidetes increased, accounting 27% of total. This phylum together with 

Proteobacteria has been described as dominant in denitrification processes [25].  

 

Figura 4. 22. Relative abundance for denitrification reactor output (S2).  
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The relative abundance of the phylum Proteobacteria was increased by 6% with 

respect to the raw leachate. This fact was expected since it was reported that the relative 

abundance of Proteobacteria phylum was higher when the ammonium concentration 

was reduced [2] and the ammonium concentration in S2 was five times lower than in S1 

due to the recirculation (see Table 4.6 and Fig. 4.19). Potential denitrifying genera 

within this phylum, i.e. Thauera, Comamonas and Azoarcus, were detected. 

With respect to the relative abundance of classes within this phylum (Fig 

4.21.A), a significant decrease in ε-Proteobacteria and an increase in α-Proteobacteria 

and β-Proteobacteria in comparison with S1 were observed. These three classes have 

been reported as being involved in nitrification-denitrification processes. The AOB are 

phylogenetically restricted to β-Proteobacteria, including the genera Nitrosomonas, 

Nitrosospira, Nitrosovibrio and Nitrosolobus and to γ-proteobacteria, including the 

genus Nitrosococcus [26]. Nitrosomonas and Nitrosococcus were detected in S2, 

whereas Nitrosospira, Nitrosovibrio and Nitrosolobus were not identified in this study. 

The relative abundance of Firmicutes in S2 was very low, whereas in S1 it was one of 

the most abundant phyla. Firmicutes has been described as one of the most abundant in 

anaerobic processes [27]. Again, the high recirculation from the oxic reactors seems to 

be the reason for the decrease in the relative abundance of this phylum in S2.  

The second dominant phylum, Bacteroidetes, has been related with the 

degradation of particulate organic matter, especially high-molecular-weight compounds 

[28]. Regarding the relative abundance within Bacteroidetes phylum (Fig. 4.21.B), 

Cytophagia, Flavobacteria and Sphingobacterii classes were dominant. Guo et al. [29] 

described Flavobacteria and Sphingobacterii as dominant classes in activate sludge 

treatments plants. Gabarró et al. [30] who investigated microbial communities in the 

treatment of mature landfill leachates reported that these classes are key in nitrification 

processes. Microorganisms belonging to these classes utilize complex organic substrates 

as cellulose, which might suggest that they can promote the degradation of recalcitrant 

compounds [31]. With respect to Bacteroidia class, the relative abundance decreased 

until values <7% in all samples during the treatment process. This fact was expected 

since most of these microorganisms are known to be obligate anaerobes. The 

subsequent nitrification step was carried out under aerobic conditions, inhibiting 

bacteria belonging to Bacteroidia class and decreasing its relative abundance in all the 

samples, except for S1. Hu et al. [32] reported that microorganisms within 
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Proteobacteria phylum were most abundant in aerobic conditions whereas 

Bacteroidetes phylum, to which Bacteroidia class belongs, was most abundant in 

anaerobic bioreactors. Other phyla as Verrucomicrobia, Actinobacteria, Chloroflexi, 

Firmicutes and Planctomycetes were detected with relative abundances <5%.  

3.3. Nitrification reactors output (S3 and S4) and ultrafiltration sludge (S5) 

Nitrification processes are typically conducted by autotrophic bacteria. 

Consequently, as shown in Table 1, the concentration of COD and BOD5 were similar 

for S2, S3 and S4. However, due to the activity of nitrifying bacteria, more than 80% of 

the ammonium contained in S2 was removed. Results obtained for the samples S3 and 

S4 from the nitrification process are shown in Fig. 4.23.A and 4.23.B, respectively.   

Therefore, Proteobacteria and Bacteroidetes phyla were again the most 

abundant, representing around 90% of total relative abundance in these samples. Most 

of the microorganisms responsible for carrying out nitrification processes, (AOB and 

NOB) are found within these phyla [33]. 

It is striking the higher relative abundance of Proteobacteria in sample S3. 

Heterotrophic nitrifiers from genera belonging to this phylum, such as Comamonas, 

Thauera, Paracoccus and Azoarcus were detected in S3 reaching the classification of 

the microorganisms up to species level, i.e., Comamomas denitrificans, Thauera 

amoniaromatica, Thauera phenylacetica and Paracoccus solventivorans. These genera 

have been reported in activated sludge reactors treating ammonium-rich, high-organic 

tannery and coking wastewater [34]. 

Guo et al. [29] studied the microbial structure and diversity of activated sludge 

in a full-scale simultaneous nitrogen and phosphorus removal plant. They described 

Proteobacteria, Nitrospirae, Bacteroidetes, Actinobacteria and Firmicutes as dominant 

phyla. In addition to Proteobacteria and Bacteroidetes phyla, Actinobacteria, 

Firmicutes and Nitrospirae were also detected in S3 and S4, but with low relative 

abundance. Other phyla as Chloroflexi, Verrucomicrobia and Planctomycetes were 

detected in these samples with relative abundances <5%.  
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Figura 4. 23. Relative abundance for the phyla detected in the A,B) nitrification 

reactors output and C) ultrafiltration sludge samples (S3, S4, and S5, respectively). 

 

A) 

B) 

C) 
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The ultrafiltration sludge (S5) is basically a concentrated mixture of sludge 

resulting from the last oxic reactor. Thus, as expected, the microbiota found in this 

sample was similar to S3 and S4 microbiota with again Bacteroidetes and 

Proteobacteria as the dominant phyla (Fig. 4.23.C).  

The relative abundance of classes within these phyla (Fig. 4.21) remained almost 

constant in all the samples analysed throughout the process (S2 to S5), and only slight 

variations could be observed.   

CONCLUDING REMARKS 

Results here obtained proved that the Ion Torrent methodology, based on PGM 

sequencing and amplification of all variable regions of 16S rRNA gene, provides an 

exhaustive taxonomic classification of bacterial populations in complex samples taken 

from biological treatments, such as the nitrifying-denitrifying process analysed here. 

The predominant phylum throughout the leachate treatment was Proteobacteria with 

more than 50% of total relative abundance in all analysed samples. This predominance 

was expected because most of microorganisms involved in nitrification-denitrification 

processes are included within this phylum, mainly in β-Proteobacteria and γ-

Proteobacteria classes. 

In the initial leachate (S1), the relative abundance of Firmicutes was higher than 

in samples taken at the outlet of biological reactors (S2 to S5). On the contrary, 

Bacteroidetes abundances were higher throughout the biological process, reaching 

values between 20 and 30%. This phylum together with Proteobacteria represented 

more than 90% in samples S2 to S5.  

In relation to class level, ε-Proteobacteria was the most abundant in the initial 

leachate. However, throughout the biological process α-Proteobacteria and β-

Proteobacteria became also dominant classes, according with others works that 

analysed leachate treatments [25, 26, 33].  

The high recirculation contributes to achieve a high degree of mixture, so the 

phyla with higher values of relative abundance (Proteobacteria and Bacteroidetes) were 

found throughout the biological treatment. However, in relation with the relative 

abundance of phyla, significative differences have been detected between oxic and 
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anoxic reactors, with higher percentages of Proteobacteria in the samples taken from 

the oxic reactors. In addition, several differences could be detected with respect to 

minority populations, depending on the specific environments of each reactor.  
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ABSTRACT 

Ultrafiltration permeate from a landfill leachate treatment plant is characterized 

by a high load of refractory compounds that are not degraded by bacteria during the 

previous nitrification-denitrification process. So, this effluent needs to be treated before 

being discharged to avoid serious environmental problems. The use of white-rot fungi to 

treat recalcitrant compounds has been promoted because of their ability to synthesize 

extracellular enzymes that degrade recalcitrant compounds. 

In this work, the use of the white-rot fungus P. chrysosporium to treat a 

biologically and physical-chemically pre-treated landfill leachate was evaluated. Batch 

tests were carried out at 26ºC and 135 rpm for 15 days. The soluble chemical oxygen 

demand (sCOD), soluble biological oxygen demand (sBOD5) and colour, as well as the 

lignin peroxidase (LiP) and manganese peroxidase (MnP) enzymatic activities were 

analysed. Also, the effect of different operational conditions including pH control, 

permeate dilution and supplementation with external carbon and nitrogen sources on the 

efficiency of fungal treatment were investigated. The pH control was shown to be key 

for fungal treatment. In addition, results showed that glucose and nitrogen sources were 

required to improve the fungal growth and enzymatic synthesis, considering 1 g/L of 

glucose and 0.5 of ammonium tartrate the optimal values. Data here obtained open the 

possibility of using fungi to treat recalcitrant effluents from a landfill leachate treatment 

plant.   
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1. INTRODUCTION 

Municipal and industrial solid waste disposal in a landfill remains a common 

practice in most countries. Although this technique is generally the cheapest, the 

leachates generated may pose various environmental problems, such as groundwater 

pollution. Landfill leachate contains a large amount of organic and inorganic 

contaminants such as ammonia, chlorinated salts, and metal ions (eg, chromium, lead, 

and copper) [1,2]. Several biological and physical-chemical techniques, such as 

nitrification-denitrification, chemical oxidation, membrane filtration and activated 

carbon adsorption, as well as the combination between them, have been studied to 

remove refractory pollutants from landfill leachate [3,4].  

Nevertheless, although these methods reduce organic and inorganic loads, their 

application has some drawbacks such as the high energy and operating cost of chemical 

oxidation processes, the need to regenerate activated carbon to avoid clogging problems 

or the membrane fouling in filtration processes [5]. Regarding biological methods, they 

are less effectives when the effluent treated contains high load of refractory compounds, 

because bacteria are not capable of degrading these complex compounds [2,6]. 

Therefore, it is essential to look for alternative methods to reduce these refractory 

compounds and/or enhancing the biodegradability of the leachates.  

The application of white-rot fungi for the treatment and detoxification of landfill 

leachates has been considered as one of the most promising alternatives in recent years, 

due to its ability to synthetize powerful extracellular oxidative enzymes, including 

lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase (Lac), which degrade 

the complex contaminants present in landfill leachates [7,8]. Furthermore, fungi have 

greater tolerance to adverse environmental conditions than bacterial species, 

withstanding high temperature, low pH and high concentration of toxic and recalcitrant 

compounds [8–10].  

The effluent studied in this work has already been subjected to a nitrification-

denitrification process followed by an ultrafiltration stage, which separate the treated 

water (permeate) from the biological sludge. Although the chemical oxygen demand 

(COD) and ammonia concentration have been considerably reduced after biological and 

physical pre-treatments, the permeate still contains refractory compounds that must be 
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treated before discharge. In addition, the biological chemical demand (BOD5) of the 

permeate is very low (<30 mg O2 / L), which indicates that most of the organic matter is 

resistant to a conventional biological treatment [6]. Therefore, the use of fungi seems to 

be a good alternative for the degradation of recalcitrant organic matter in the permeate. 

Studies found in the literature are mainly focused on the use of fungi as pre-

treatment of landfill leachates [7,8,11,12]. Nevertheless, as far as we know, there is not 

any published work that reported the use of fungi to treat the permeate from a combined 

physical and biological treatment of landfill leachates.  

For these reasons, the aim of this work was to investigate the capacity of the 

white-rot fungus Phanerochaete chrysosporium to treat a landfill permeate to reduce its 

refractory chemical oxygen demand (COD) and colour. In addition, it has been studied 

the effect of different operational parameters such as the pH control, the dilution of the 

permeate and the addition of carbon and nitrogen sources, on the efficacy of fungal 

treatment and enzymatic synthesis. This information would be useful as an approach to 

determining the best operational conditions for futures fungal treatments of this effluent. 

2. MATERIAL AND METHODS 

2.1 Effluent description 

The sample used in this work was a permeate coming from the ultrafiltration 

stage after the nitrification-denitrification treatment of landfill leachates. The treatment 

plant is in the waste treatment centre, COGERSA (Asturias, Spain). For more details of 

the process, see Diaz et al. [2]. A detailed description of the effluent is shown in Table 

4.7. 

2.2. Fungal strain and pellets obtention 

The white-rot fungus, Phanerochaete chrysosporium Burdsall 1974 was used for 

the fungal treatment. The freeze-dried strain CECT 2798 was provided by Spanish Type 

Culture Collection (CECT). The recovery of freeze-dried strain as well as the obtention 

of the fungus pellets used for the treatment were carried out according to the 

methodology described by Díaz et al. [13]. 
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Tabla 4. 7. Characteristics of the initial permeate 

 

Parameter Value 

pH 6,78 ± 0,11 

Conductivity (µS/cm) 11723 ± 453 

sCOD (mg O2/L) 1265 ± 6 

sBOD5 (mg O2/L) 28 ± 3 

Biodegradability (BI) 0,02 ± 0,003 

Ammonium (mg/L) 21 ± 3 

Nitrate (mg/L) 469 ± 79 

Nitrite (mg/L) 1,5 ± 0,3 

Phosphate (mg/L) 9 ± 2 

TS (mg/L) 6,8 ± 0, 1 

  

 

2.3 Fungal treatment 

Eight batch tests were assayed with permeate inoculated with P. chrysosporium 

to study the effect of different operational parameters on the efficacy of fungal 

treatment. Firstly, the influence of pH during the fungal treatment was evaluated. 

Considering the parameters established by other authors who have previously treated 

landfill leachates by white-rot fungi [10,14], the pH of permeate was initially adjusted 

to 6.0 using NaOH 1M and HCl 1M. Afterwards, F1 and F2 tests were carried out 

without pH control and with pH controlled around pH 6 during the fungal treatment, 

respectively.  
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Tests from F3 to F6, were carried out to study the influence of the addition of 

easily assimilable carbon and nitrogen sources on the fungal treatment using glucose 

and ammonium tartrate as co-substrates. Taking into account the optimal glucose 

concentration obtained in a previous work, where an recalcitrant effluent from anaerobic 

digestion of sewage sludge was treated by P. chrysosporium [13], the supplementation 

with 1 g/L, 3 g/L, and 5 g/L of glucose was tested, corresponding to the tests F3, F4, 

and F5, respectively. Besides, an additional test, F6, was assayed with permeate 

supplemented with 1 g/L of glucose and 0.5 g/L of ammonium tartrate. In all cases, the 

pH of the permeate was initially adjusted to 6.0 and controlled between a range of 5.5-

6.2 during the fungal treatment using NaOH 1M and HCl 1M. 

Finally, to assess the influence of the permeate dilution, test F7 was carried out 

using as raw material the permeate mixed with distilled water in a ratio 1:1. As for 

undiluted effluent, the supplementation with glucose (1 g/L) and ammonium tartrate 

(0.5 g/L) for the diluted permeate was investigated, corresponding to test F8. In both 

cases, the pH was controlled during the treatment between values around 5.5-6.1.  

In all cases, the experiments were performed in 1 L Erlenmeyer flasks 

containing 200 mL of sample inoculated with 3 g/L (dry matter) of P. chrysosporium 

fungus. Erlenmeyer flasks were incubated at 26ºC for 15 days in an orbital shaking at 

135 rpm. For all the conditions tested, control experiments without fungus inoculation 

were assayed to evaluate the effect of P. chrysosporium in relation with the activity of 

the endogenous microbiota. These control experiments correspond to tests from C1 to 

C8. All the experiments were carried out in duplicate. The data shown are the average 

of the experimental data. A detailed description of each experiment is shown in Table 

4.8. 
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Tabla 4. 8. Experimental design for the fungal treatments (F1-F8) and control tests 

(C1-C8) 

Sample pH control P. chrysosporium Glucose Ammonium tartrate Dilution 

C1 - Non-inoculated - - - 

C2 5,8-6,1 Non-inoculated - - - 

C3 5,7-6,1 Non-inoculated 1 g/L - - 

C4 5,8-6,0 Non-inoculated 3 g/L - - 

C5 5,6-6,1 Non-inoculated 5 g/L - - 

C6 5,8-6,0 Non-inoculated 1 g/L 0,5 g/L - 

C7 5,7-6,2 Non-inoculated - - 50% 

C8 5,8-6,1 Non-inoculated 1 g/L 0,5 g/L 50% 

F1 - 3 g/L (dry matter) - - - 

F2 5,7-6,1 3 g/L (dry matter) - - - 

F3 5,5-6,0 3 g/L (dry matter) 1 g/L - - 

F4 5,5-6,1 3 g/L (dry matter) 3 g/L - - 

F5 5,5-6,1 3 g/L (dry matter) 5 g/L - - 

F6 5,5-6,0 3 g/L (dry matter) 1 g/L 0,5 g/L - 

F7 5,6-6,1 3 g/L (dry matter) - - 50% 

F8 5,7-6,1 3 g/L (dry matter) 1 g/L 0,5 g/L 50% 
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2.4 Analytical methods 

Samples was taken periodically each 24 h, centrifuged at 10000 g during 10 min, 

filtered by 0.45 μm filter (Millipore) and stored at -20 ºC until being analysed. All 

analytical measurements were done at least in triplicate.  

The concentration of soluble chemical oxygen demand (sCOD) and soluble 

biochemical oxygen demand (sBOD5), as well as the biodegradability index (BI) and 

the change in the colour, indicated by colour number (CN), were assessed according to 

Díaz et al. [13]. For the analysis of LiP and MnP enzymatic activities the methodology 

described by Lisboa et al. [15] was followed.  

The moisture of the fungus was analysed by oven-drying (105ºC) a determined 

amount of fungus pellets to constant weight. Finally, total solids (TS) of permeate were 

measured according to Standard Methods [16] and the value of pH was measured by 

means of a pH-meter. 

3. RESULTS AND DISCUSSION 

3.1 Effect of pH control 

The evolution of the sCOD concentration and colour during the fungal treatment 

for tests F1 and F2, as well as the pH evolution for F1 and C1 tests are shown in Fig. 4. 

25.  

For the inoculated tests, F1 and F2, the pH adjustment during the treatment 

proved to be a key parameter for the degradation of sCOD and colour. Therefore, as can 

be seen in Fig 4.25.A, the best degradations were achieved in the F2 test, which was 

performed at pH controlled around 6.0, reaching final sCOD and colour removals of 

12% and 13%, respectively. On the contrary, for F1 test, where the pH value increased 

from 6.0 to 7.8 during the first 2 days (see Fig. 1B), the colour remained almost 

constant and only 3% of sCOD degradation was obtained. Hu et al. [17], who studied 

the effect of pH on landfill leachate treatment by P. chrysosporium, reported a 

maximum total organic carbon (TOC) removal efficiency around 73% at pH 6. Lu et al. 

[18], also achieved the higher removal rates of COD and phenolics compounds at pH 

between 5.0-6.0 during the fungal treatment of a recalcitrant wastewater from the coke 

industry by P. chrysosporium. The low sCOD removal efficiencies obtained in this 
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study could be since the treated effluent came from a previous biological process, so the 

organic matter in the effluent is highly recalcitrant. Similar data were reported by 

Saetang et al. [19] who achieved COD removals around 15% after 12 days of landfill 

leachate treatment by the white-rot fungus Trametes versicolor. 

 

Figura 4. 25. A) sCOD (solid lines) and CN (dashed lines) evolution during the fungal 

treatment. Filled markers symbolize the inoculated tests F1 (●), F2 (▲) and empty 

markers symbolize the non-inoculated tests C1 ( ) and C2 ( ), used as control. B) pH 

evolution during the fungal treatment for C1 ( ) and F1 tests (●).  

As can be seen in Fig 4.25.B, although good results were not obtained after 

fungal treatment without pH control, the different evolution of pH between the F1 and 

C1 tests is noteworthy. In the C1 test (non-inoculated), the pH showed a progressive 

increase during the treatment, reaching values close to pH 9. However, for F1 test, a 

maximum pH value of 7.8 was reached after two days of treatment. Afterwards, the pH 

values decreased for 48 h until reaching a pH value of 7. For times longer than 4 days, 

the pH remained between a pH range of 7-7.5. Several authors have reported the 

capacity of fungi to synthesize different organic acids [20,21]. Comparing the evolution 

of the pH in C1 with the data obtained in F1, it seems that, although not significant 

changes were observed in colour and sCOD concentration, the fungus P. chrysosporium 

was able to produce compounds that acidified the environment, reducing the pH of the 

permeate during fungal treatment. 

Despite the increase in pH in C1, no significant differences were shown in terms 

of sCOD, and colour removal compared to C2. In both cases, the sCOD remained 
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almost constant and the colour increased after treatment. These results were expected 

since, as mentioned above, the permeate sample comes from an ultrafiltration stage, 

where the effluent is filtered by a membrane system with a pore size of 0.02 µm. 

Previous works have been reported a microbial concentration lower than 10 UFL/ml for 

ultrafiltration permeates coming from a landfill leachate treatment plant [2,22]. As most 

microorganisms were retained during the ultrafiltration stage, the impact of the 

endogenous microbiota on treatment was not significant. 

The capacity of white-rot fungi to remove colour and recalcitrant organic matter 

is very linked to its ability to synthetize extracellular enzymes such as MnP, LiP or Lac 

[23]. As can be seen in Fig. 4.26, MnP and LiP enzymatic activities in F2 test were 

quite higher than those obtained in F1, achieving a maximum activity of 72 ± 3 U/L for 

LiP and 79 ± 2 U/L for MnP, after 7 and 6 days, respectively. Thus, pH values higher 

than 6.0 showed not to be optimal for ligninolytic enzymes production, since in F1 test 

the production of MnP and LiP was very low, which considerably reduced the removals 

of sCOD and colour. Islam et al. [23], who investigated the effect of fungal enzymes on 

the treatment of mature landfill leachate reported MnP and LiP of 12.78 U/L and 8.59 

U/L, after 12 days of treatment by P. chrysosporium, respectively. The enzymatic 

activities measured in this work were quite higher than those previously reported. It 

should be noted that the ammonia concentration in the permeate used in this work was 

around 21 mg/L, since it was biologically pre-treated through a nitrification-

denitrification process. High concentrations of ammonia have been associated with 

significant reductions in fungal enzyme activities [24], which could explain the highest 

values here obtained.  

Regarding sBOD5 concentration, data were only measured at intermediate (8 

days) and final (15 days) of treatment. As can be seen in Table 4.9, not important 

changes were observed for both control and inoculated tests after 15 days the fungal 

treatment. However, it should be noted that for F2 test, the sBOD5 values after 8 days 

were higher than the initial ones, reaching values of 52 ± 1 mg/L and giving a treated 

effluent with a BI of 0.04. After this time, the sBOD5 values decreased to 23 ± 2 mg/L, 

which indicates that the fungus not only transformed non-biodegradable organic matter 

into biodegradable but also consumed it simultaneously with its generation. 
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Figura 4. 26. Evolution of LiP (A) and MnP (B) enzymatic activities during the 

treatment of permeate by P. chrysosporium. Solid lines correspond to tests carried out 

with undiluted permeate, whereas dashed lines show the data for the tests performed 

with diluted permeate. Besides, empty markers show the non-supplemented tests F1 

( ), F2 ( ) and F7 ( ), whereas solid lines and filled markers show the supplemented 

tests F3 (▲), F4 (▲), F5 (▲), F6 (■) and F8 (●). The percentage of standard deviation 

(SD) of the experimental data were in all cases less than 6% of mean value.  

Razarinah et al. [25], who evaluated the treatment of landfill leachate by 

immobilized Trametes menziesii, reported that fungus can not only reduce 50% of 

BOD5 but it also degraded 32% of COD after 7 days in a batch reactor at 28ºC and 150 

rpm. The fungi immobilization in different supports have been related with best 

decolourization and organic matter removal efficiencies [17,26]. The fungal treatment in 

this work was performed with free fungal granules, which could explain the lower 

removal efficiencies obtained in F2 compared to those reported by other authors who 

treat recalcitrant effluents. 

To evaluate the impact of pH on biomass accumulation, TS was measured at the 

beginning of the experiments and after 15 days (See Table 4.9). Due to the increase in 

TS for control tests (non-inoculated) were in all cases lower than 2% (data not shown), 

the increase of TS was directly related with fungal growth, dismissing the endogenous 

microbiota contribution. Hence, comparing the data obtained for the F1 and F2 tests, the 

TS concentration was approximately 4 times higher when the experiment was carried 

out at pH between 5.7-6.1. Taking all the above into account, subsequent studies 

focused on determining the effect of carbon and nitrogen supplementation as well as the 

influence of permeate dilution were carried out keeping the pH at a value around 6.  
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Tabla 4. 9. Effect of fungal treatment on sCOD, colour, sBOD5, BI and TS at intermediate (8 days) and final times (15 days) of treatment. 

Negative percentages of degradation indicate that the sample suffered an increase in the value of the parameter studied. 

Test Time    sCOD   Colour    sBOD5   BI   TS 

 (days)  (mg/L) % red.  (CN) % red.  (mg/L)     (g/L) % incr. 

F1 0  1265,5 ± 9,6    0,88 ± 0,01   28 ± 3  0,022 ± 0,001  3,02 ± 0,01  

 8  1241,4 ± 7,4  1,9 ± 0,3    0,85 ± 0,02 3,31 ± 0,01  25 ± 1  0,020 ± 0,002    

 15  1225,5 ± 5,4 3,1 ± 0,2  0,88 ± 0,02   -0,68 ± 0,05  23 ± 2  0,020 ± 0,002  3,10 ± 0,02 2,64 ± 0,02 

F2 0  1265,5 ± 9,6   0,88 ± 0,01   28 ± 3  0,022 ± 0,001  2,98 ± 0,03  

 8  1217,6 ± 6,3  3,8 ± 0,1  0,75 ± 0,06 14,37 ± 0,05 52 ± 1  0,043 ± 0,001    

 15  1110,0 ± 15,1   12,3 ± 0,5  0,73 ± 0,03 16,53 ± 0,11 26 ± 3  0,023 ± 0,005  3,31 ± 0,01 11,07 ± 0,02 

F3 0  2440,8 ± 13,2   0,87 ± 0,01   603 ± 3  0,247 ± 0,002  3,01 ± 0,05  

 8  1072,2 ± 8,5 15,3 ± 0,4  0,65 ± 0,07 25,28 ± 0,12 73 ± 2  0,068 ± 0,001    

 15  979,2 ± 9,4 22,6 ± 0,7  0,69 ± 0,03 20,82 ± 0,09 25 ± 2  0,026 ± 0,004  3,96 ± 0,06 31,56 ± 0,12  

F4 0  4551,1 ± 8,3   0,87 ± 0,01   1804 ± 5  0,396 ± 0,010  3,07 ± 0,04  

 8  1247,2 ±10,8 1,5 ± 0,1  0,63 ± 0,04 27,58 ± 0,01 78 ± 4  0,062 ± 0,002    

 15  998,4 ± 7,5 21,1 ± 0,9  0,68 ± 0,05 22,08 ± 0,08 29 ± 1  0,029 ± 0,003  4,19 ± 0,04 36,47 ± 0,03 
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Table 4.9. (continued) 

Test Time    sCOD   Colour    sBOD5   BI   TS 

 (days)  (mg/L) % red.  (CN) % red.  (mg/L)     (g/L) % incr. 

F5 0  6589,1 ± 13,8   0,87 ± 0,01   2513 ± 4  0,381 ± 0,005  2,99 ± 0,04  

 8  1347,5 ± 9,7 -6,5 ± 0,3  0,63 ± 0,01 23,68 ± 0,06 272 ± 5  0,202 ± 0,002    

 15  1064,3 ± 9,6 15,9 ± 0,5  0,72 ± 0,03 17,96 ± 0,18 31 ± 2  0,029 ± 0,002  4,36 ± 0,04 45,82 ± 0,11 

F6 0  2512,1 ± 7,9   0,84 ± 0,01   615 ± 3  0,245 ± 0,001  3,01 ± 0,06  

 8  917,1 ± 6,1 27,5 ± 0,1  0,63 ± 0,04 25,03 ± 0,01 112 ± 2  0,067 ± 0,001    

 15  845,2 ± 7,4 33,2 ± 0,9  0,53 ± 0,05 37,72 ± 0,16 41 ± 1  0,047 ± 0,003  4,02 ± 0,08 33,55 ± 0,15 

F7 0  618,2 ± 4,1   0,54 ± 0,03   13 ± 3  0,021 ± 0,002  3,01 ± 0,05  

 8  557,6 ± 6,7 9,8 ± 0,4  0,47 ± 0,02 2,61 ± 0,08  18 ± 4  0,032 ± 0,001    

 15  553,3 ± 5,2 10,5 ± 0,7  0,47 ± 0,08 12,87 ± 0,12 14 ± 3  0,025 ± 0,001  3,13 ± 0,01 3,98 ± 0,02 

F8 0  1790,5 ± 9,8   0,54 ± 0,01   586 ± 4  0,327 ± 0,001  3,02 ± 0,06  

 8  512,4 ± 6,6 17,1 ± 0,1  0,46 ± 0,05 14,74 ± 0,11 36 ± 2  0,070 ± 0,003    

 15  508,0 ± 11,3 17,8 ± 0,2  0,44 ± 0,06 17,54 ± 0,11 18 ± 2  0,035 ± 0,003  3,21 ± 0,01 6,29 ± 0,05 
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3.2 Effect of supplementation with carbon and nitrogen sources 

As can be seen in Table 4.7, the initial sBOD5 and ammonium concentrations in 

the permeate used in this work were 28 ± 5 mg O2/L and 21 ± 3 mg/L, respectively. 

These values are very low due to this effluent has been previously subjected to a 

nitrification-denitrification process. Considering the low removal efficiencies obtained 

for F2 test, and the scarcity of easily assimilable carbon and nitrogen sources in the 

permeate, the addition of glucose and ammonium tartrate as co-substrates was 

evaluated.  

Figura 4. 27. Evolution of sCOD concentration (A) and colour (B) during the treatment 

of permeate effluent by P. chrysosporium at controlled pH. In both cases, solid lines 

correspond to tests carried out with undiluted permeate, whereas dashed lines show the 

data for the experiments performed with diluted permeate. Besides, empty markers show 

the non-supplemented tests, F2 ( ) and F7 ( ), whereas solid lines and filled markers 

show the supplemented tests F3 (▲), F4 (▲), F5 (▲), F6 (■) and F8 (●). In F3, F4 and 

F5 tests, 1 g/L, 3 g/L and 5 g/L of glucose was added as co-substrate, respectively. In 

F6 and F8 tests, 1 g/L of glucose and 0,5 g/L of ammonium tartrate were supplied. The 

percentage of standard deviation (SD) of the experimental data were in all cases less 

than 8% of mean value.  

The supplementation with different carbon and nitrogen sources to improve the 

fungal treatment has been widely employed by previous authors to treat recalcitrant 

effluents [13,27,28]. As can be seen in Fig. 4.27.A, for the undiluted permeate, the 

evolution of sCOD concentration during the fungal treatment was very similar 

regardless the glucose concentration added. In all cases, the sCOD degradation was 

progressive until 9th day of treatment, and from this time on, concentration remained 

almost constant. For both F3 and F4 tests, final sCOD removal was very similar, 
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achieving values of 979 ± 9 mg/L and 998 ± 8 mg/L after 15 days of treatment, which 

corresponds with a 23% and 21% of sCOD degradation, respectively (See Table 4.9). 

This percentage was lower when 5 g/L of glucose were added, which indicated that 

concentration higher than 3 g/L of glucose was unfavourable for the fungal treatment.  

For colour removal, maximum decolourization efficiency (22%) was achieved 

when 3 g/L of glucose was added, however this decolourization efficiency is almost 

similar to that obtained using 1 g/L of glucose. Again, the supplementation of 5 g/L 

gave the worse results, removing only 18% of the colour in F5 test. In addition, it must 

be considered that in just 8 days, the addition of 1 g/L in the F3 test achieved sCOD and 

colour removals higher than those obtained after 15 days in F5, where the added glucose 

was not consumed at 8 days, since the sCOD values were higher than the initial ones.  

Regarding the MnP and LiP enzymatic activities, significant differences were 

observed according to the amount of glucose added, especially in the case of LiP. As 

can be seen in Fig. 4.26, the LiP activity measured during the treatment was inversely 

proportional to the concentration of glucose added, obtaining the highest values in F3 

test, which was reflected in the higher sCOD removals. This fact might explain the 

greater increase in the colour compared to F4 and F5, since the degradation of 

recalcitrant organic matter can give rise to by-products that increase the colour of the 

effluent [29]. In the case of MnP activity, mainly related to decolourization processes, 

F4 test showed the highest values, which was correlated with the highest colour 

removals obtained. Saetang et al. [19], reported a maximum LiP activity of 193 U/L and 

MnP activity 437 U/L, when a landfill leachate was treated without glucose addition, 

reaching a 12% of decolourization. Meanwhile, when the leachate was supplied with 3 

g/L of glucose, the enzymatic activities were increased until values of 384 U/L and 

1241 U/L for LiP and MnP, respectively. Consequently, a 40% of COD removal and 

58% of decolourization was achieved. In this work, for the tests where only glucose was 

added, the maximum enzymatic activity for LiP was measured in F3 test with values 

142 ± 3 U/L after 7 days, whereas the maximum MnP value was obtained in F4 test 

with a 187 ± 4 U/L after 6 days, which could explain the lower degradations of sCOD, 

and colour achieved. 

In both cases, the supplementation with 5 g/L of glucose was not effective, 

decreasing the enzymatic activity of the fungus. Radha et al. [30], who investigated the 
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treatment of an effluent from dye-based industries by P.chrysosporium, reported that 

glucose concentrations higher than 5 g/L decreased the decolourization rate. Results 

here obtained seem to indicate that when glucose concentrations are higher than 3 g/L, 

P. chrysosporium only consumes glucose and does not break down more complex 

compounds. This fact was reflected in a greater growth of the fungus when glucose 

concentrations were increased (see Table 4.9), without significantly improving of colour 

or sCOD removals, or even worsening fungal treatment, as in the case of F5. 

Regarding BOD5 concentration (Table 4.9), the behaviour was similar to that 

obtained without supplementation (F2). As soon as fungus broke recalcitrant 

compounds into by-products more biodegradable, they were consumed by the 

microorganisms. Final BI were also very low with final values between 0.02-0.03.  

However, it should be noted that if the values measured after 8 days are considered, the 

addition of 1 g/L allowed to obtain a treated permeate with a biodegradability index 3.5 

times higher than the initial one. In view of these results, the concentration of 1 g/L was 

considered the best option to enhance the fungal treatment.  

In addition to carbon sources, previous studies have reported that nitrogen and 

phosphorus concentrations in the effluent also play a key role in the production of 

fungal ligninolytic enzymes [24,30]. As can be seen in Fig. 4.26 and Fig. 4.27, the main 

differences observed between F3 test, where only 1 g/L of glucose was used, or F6, 

supplemented with 1 g/L of glucose and 0.5 g/L of ammonium tartrate, were observed 

with respect to the colour degradation and enzymatic activities synthesis, especially for 

MnP.  

For F6 test, decolourizations and sCOD degradations obtained in only 8 days 

were higher than those obtained for F3 after 15 days, achieving final removals of 38% 

and 33%, for colour and sCOD, respectively. So that, to supply the permeate with 0.5 

g/L of ammonium tartrate almost duplicated the final decolourization rate. Unlike F3 

test, where MnP activity abruptly decreased after 6 days of treatment, in F6 the 

concentration of MnP activity was slightly reduced. This fact could explain the slight 

increase in colour observed in F6 between the 6th and 9th days of fungal treatment. 

Moreover, it is important to note that although the sBOD5 values were also reduced 

during the fungal treatment, for F6 test a treated permeate with a BI of 0.07 and 0.05 

was obtained, after 8 and 15 days, respectively.  
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Finally, comparing the experiments where an external nutrient source was added 

(F3, F4, F5 and F6) with F2 test, where no carbon or nitrogen source was used, results 

indicate that some easily degradable carbon or nitrogen source is required to enhance 

the growth of P. chrysosporium and the release of ligninolytic enzymes; otherwise, 

growth and fungal activity are limited, and degradation efficiency is low. 

3.3 Effect of permeate dilution 

Landfill leachate can contain a large load of highly toxic compounds [31], so a 

fungal treatment with a diluted permeate was tested with the aim of reducing the 

concentration of some compounds that could hinder biological treatment. Results 

showed that the dilution of permeate did not affect the biodegradation process, 

achieving similar efficiencies than those obtained for F2 test, which was performed with 

undiluted effluent. Better results were showed when the diluted permeate was supplied 

with 1 g/L of glucose and 0.5 g/L of ammonium tartrate, showing higher enzymatic 

activity than those observed for F2 test, with final decolourizations and sCOD removals 

around 18%. However, these removal percentages were lower than those obtained in F6, 

which was carried out under the same operational conditions and using undiluted 

permeate.  

4. CONCLUSIONS 

In this work, an attempt to treat a biologically and physical-chemically pre-

treated landfill leachate with P. chrysosporium was carried out. Results showed that the 

addition of external nutrient sources were necessary for an optimal growth of the fungus 

as well as to improve the synthesis of ligninolytic enzymes. In this sense, it was shown 

that the addition of 1 g/L of glucose as a co-substrate was enough to significantly 

improve the sCOD and colour removals, while the use of a concentration of 5 g/L 

abruptly decreased the effectiveness of the fungal treatment. Moreover, when 0.5 g/L of 

ammonium tartrate were added, the decolourization rate was almost doubled. Finally, 

the dilution of the permeate did not show best results in sCOD and colour removal. 

Therefore, the treatment of the undiluted permeate supplemented with 1 g/L of glucose 

and 0.5 g/L of ammonium tartrate reported the best results, achieving final removals of 

38% and 33%, for colour and sCOD, respectively. 
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Consequently, the use of fungi may be hopeful technology for the removal of 

colour and recalcitrant organic matter of these type of effluents. Data obtained in this 

study could be used as basis for future research in order to optimize the most suitable 

operational parameters for the fungal treatment of ultrafiltration permeates from 

leachate treatment plants 
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4.3. Tratamiento de residuos agropecuarios 

En este apartado se recogen todas las investigaciones relacionadas con el 

tratamiento de residuos de origen agropecuario, concretamente de descartes alimentarios 

(tomate, patata y pimiento) y residuos agroalimentarios (alperujo y purines). Todos 

estos residuos destacan por su contenido en materia orgánica compleja que dificulta su 

tratamiento por métodos convencionales. Los estudios recogidos en este apartado, se 

han enfocado en la aplicación de tratamientos adicionales que permitan la degradación 

de estos compuestos complejos y/o valorización de los residuos para obtener productos 

de interés, como es el caso de los descartes alimentarios  

Por ello, esta sección está compuesta por tres apartados, en el 4.3.1 se ha llevado 

a cabo la evaluación de diferentes tratamientos de hidrólisis para la obtención de 

bioetanol empleando como materia prima descartes alimentarios, considerando los 

volúmenes de producción y descarte de un supermercado de la región. Estos resultados 

se recogen en un artículo publicado cuya cita se destaca al inicio del apartado. En el 

punto 4.3.2, se ha evaluado el empleo del hongo de pudrición blanca P. chrysosporium, 

para el tratamiento biológico del alperujo, un efluente procedente de la industria del 

aceite de oliva. Los resultados obtenidos muestran la capacidad del hongo para degradar 

compuestos fenólicos y amplían las aplicaciones biotecnológicas del mismo. Estos 

resultados se han publicado en un artículo cuya cita se destaca al inicio del apartado. 

Finalmente, en el apartado 4.3.3. se ha llevado a cabo un estudio sobre la aplicación del 

hongo en el tratamiento de purines procedentes de la una granja de cerdos, así como de 

dos purines pretratados biológicamente mediante digestión anaerobia, mostrando la 

posibilidad de acoplar este tratamiento fúngico a otros tratamiento convencionales.  
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mailto:mariodiaz@uniovi.es
https://doi.org/10.1016/j.wasman.2017.05.018


4. Resultados y Discusión 

220 

ABSTRACT 

Fruits and vegetables have the highest wastage rates at retail and consumer 

levels. These wastes have promising potential for being used as substrates in 

bioprocesses. However, an effective hydrolysis of carbohydrates that form these 

residues has to be developed before the biotransformation. 

In this work, vegetable wastes from supermarket (tomatoes, green peppers, and 

potatoes) have been separately treated by acid, thermal and enzymatic hydrolysis 

processes in order to maximise the concentration of fermentable sugars in the final 

broth. For all substrates, thermal and enzymatic processes have shown to be the most 

effective. A new combined hydrolysis procedure including these both treatments was 

also assayed, and the enzymatic step was successfully modelled. With this combined 

hydrolysis, the percentage of reducing sugars extracted was increased, in comparison 

with the amount extracted from non-hydrolysed samples, approximately by 30% in the 

case of tomato and green peeper wastes. For potato wastes this percentage increased 

from values lower than 1% to 77%. In addition, very low values of fermentation 

inhibitors were found in the final broth. 

Keywords: Thermal hydrolysis, enzymatic hydrolysis, vegetable food wastes, cellulase, 

starch, reducing sugars, fermentation inhibitors 

 

1. INTRODUCTION 

One-third of all food produced globally for human consumption, about 1.3 

billion tons, is lost each year according to the Food and Agriculture Organization 

(Gustavsson et al., 2011). Food is wasted throughout the food supply chain, from initial 

agricultural production down to final household consumption. Actually, in 

industrialized countries more than 40% of the food losses occur at retail and consumer 

levels. In the European Union this loss of produced food is attributed as: 5.5% by 

improper post-harvest handling, 20% by supermarkets and food industries, 7.5% due to 

expiring best-before-date, and 13% as consumer household garbage for not being 

consumed (Nanda et al., 2015). In fact, nowadays, food waste represents worldwide the 

single largest component of municipal solid waste reaching landfills (Kosseva, 2013).  
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In this context, fruits and vegetables have the highest wastage rates and, 

specifically, in the European Union, about 50% of all fruits and vegetables go to waste 

throughout the entire food chain (Gustavsson et al., 2011; Nanda et al., 2015). Food 

wastes are a significant global problem for economic, environmental and food security 

reasons. Therefore, government efforts have focused on diverting waste away from 

landfill through regulation, taxation, and public awareness. According to the European 

Landfill Directive (1999/31/EC), the amount of biodegradable waste sent to landfills in 

member countries by 2016 must be 35% of the levels reached in 1995 (Kosseva, 2013). 

The solid extract of these wastes is mainly constituted by carbohydrates, proteins, lipids 

and minor amounts of vitamins and minerals. Indeed, carbohydrates are the main 

component of fruit and vegetables and represent 70-90% of their dry weight. So, due to 

their high polysaccharide content, waste fruits and vegetable have promising potential 

for being converted into value-added products, such as fuels or chemicals, through 

thermochemical and biological pathways (Nanda et al., 2015).  

Several works have been carried out to transform these wastes to value added 

products like enzymes, organic acids, flavouring compounds, food colorants, 

bioethanol, bio-methane, etc. (Panda et al., 2016; Ravindran and Jaiswal, 2016). In the 

past decade, important issues about the world climate change, along with the rising 

demand for renewable energy, have led to the development of alternative technologies 

for the production of biofuels like ethanol or butanol (Aguiar et al., 2013). Current 

production of bioethanol relies on ethanol from starch and sugars but there has been 

considerable debate about its sustainability (Alvira et al., 2010). For this reason, 

biofuels produced from food vegetable wastes is an interesting alternative (Kennes et 

al., 2016). Many of vegetal carbohydrates are in polymeric form, so production of fuels 

and/or chemicals from these waste materials need to be accomplished by hydrolysing 

the starch, cellulose and/or hemicellulose to soluble sugars, which can be fermented to 

the desired products (Thulluri et al., 2013), such as ethanol and hydrogen (Han et al., 

2015; Han et al., 2017). Thereof, the pre-treatment of the wastes to facilitate the 

polysaccharides hydrolysis is a key step in the biotechnological procedure of 

revalorization.  

Nowadays various pre-treatment methods have been developed which include 

physical, chemical, biological, thermal approaches and even combined processes 

(Thulluri et al., 2013; Vavouraki et al., 2014; Wu et al., 2016). In addition, it is well 
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known that hydrolysis that require severe conditions (high temperatures, low pH…), 

may be limited to be used as pre-treatment for bioprocesses because of the formation of 

fermentation inhibitory by-products like furfural or 5-hydroxymethylfurfural (HMF) 

(Khawla et al., 2014; Wu et al., 2016). Hence, it can be concluded that a pre-treatment 

of vegetable wastes to facilitate the hydrolysis of polysaccharides into monomeric 

sugars results to be fundamental for revalorization processes via microbial ways. In this 

work, vegetable supermarket wastes (tomatoes, green peppers and potatoes) have been 

treated by different hydrolysis procedures with the purpose to maximise the 

concentration of fermentable sugars in the final broth.  

The assayed treatments were evaluated by means of monitoring the evolution of 

sugar concentrations and analysing the possible formation of fermentation inhibitors 

(furfural, HMF and acetic acid). The last aim was to optimise the hydrolysis process in 

order to use vegetable wastes as raw material for fermentation processes. 

2. MATERIALS AND METHODS 

2.1 Raw materials 

Vegetable wastes (tomatoes, green peppers, and potatoes) was selected as model 

vegetables taking into account three factors: 

i) These wastes represent a considerable percentage of total vegetable wastes 

generated at retail (the three usually sum up approximately 40% of total 

wastes in the local supermarket that supplied the raw materials).  

ii) The carbohydrates of these wastes are mainly complex polymers that need 

to be hydrolysed. 

iii) These vegetables are not seasonal products, and their wastes are available 

along all the year. 

Wastes were supplied by a local market and once in the laboratory they were 

washed with distilled water and stored at 4ºC during a maximum of three days until 

being treated. Additionally, nutritional composition and moisture content of these 

vegetables are shown in Table 4.10. 
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Table 4. 10. Nutritional composition of the vegetables employed as substrate (given per 100 g of fresh product). 

 
Carbohydrates 

(g)* 

Lipids 

(g)* 

Proteins 

(g)* 

Water content 

(g)** 

Vitamins 

(mg)* 

Minerals 

(mg)* 

Tomato 3.9 0.2 0.9 93.0 15.71 2721 

Pepper 4.6 0.2 0.9 93.5 1332 2182 

Potato 17 0.1 2.0 63.5 21.53 5213 

 

*Average values adapted from USDA (United States Department of Agriculture)              

**Average values of own data                                                                                            

1Vitamins (A, B1, B3, B6, C, E, K) / Minerals (Mg, Mn, P, K) 

2Vitamins (A, B1, B2, B3, B6, C, E, K) / Minerals (Ca, Fe, Mg, P, K, Na, Zn) 

3Vitamins (B1, B2, B3, B6, C) / Minerals (Ca, Fe, Mg, P, K, Na) 
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2.2 Determination of sugars in raw materials 

2.2.1 Potential reducing sugars 

For the determination of potential reducing sugars, samples were treated 

according to Lenihan et al. (2011). Samples were first ground in pieces under 2 mm. An 

amount of 0.3 g of minced sample was introduced into a test tube and 3 ml of 85% 

H2SO4 that has been cooled to 15ºC was added. Samples were stirred thoroughly before 

being placed in a water bath at 30ºC. This temperature was maintained for 2 h, stirring 

the samples every 10 minutes. After this time, the mixture was washed from the tube 

into an Erlenmeyer flask and distilled water was added to 89.11 g. The dilute solution 

was then autoclaved at 121ºC and 1 atm for 1 h. Finally, sample was cooled to room 

temperature, then bigger solids were removed passing the sample through a 1 mm mesh 

sieve and the liquid was centrifuged at 20ºC and 5000 rpm during 5 min (Kubota 6500 

High Speed Refrigerated Centrifuge) to remove the remaining particles. Supernatant 

was frozen and potential reducing sugars were determined in these samples according to 

the DNS method described in 2.4.1 section. 

2.2.2 Soluble sugars 

In order to determine the amount of total sugars and reducing sugars that can be 

extracted from the considered wastes just by using water, they were treated as follows. 

Distilled water was added to waste in a relation 1:2 (100 g of waste and 200 mL of 

water) and the mixture was homogenized in a kitchen blender during 3 min. Solids were 

removed with a sieve and the liquid phase was centrifuged at 20ºC and 5000 rpm during 

5 min (Kubota 6500 High Speed Refrigerated Centrifuge). The pellet was discarded, 

and the supernatant were frozen until being analysed, as described in section 2.4. 

2.3. Hydrolysis treatments 

Each treatment was assayed with each kind of waste separately carried out at 

least in triplicate using different batches of each residue. All reagents employed in the 

different hydrolysis were supplied by Sigma-Aldrich. 
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2.3.1 Thermal hydrolysis  

A) This treatment was modified from Del Campo et al. (2006) as follows, 100 g 

of each waste were minced in pieces smaller than 2 cm, and then this material was dried 

at 55ºC during 24 h in an incubator (Heidolph Unimax 2010). The dried material was 

grinded in a kitchen robot (Moulinex Minirobot D81) obtaining a particle size below 2 

mm. Distilled water was added to the grinded samples in a relation of 5% (w/v) in 250 

mL Pyrex bottles, which were treated in an autoclave at 110ºC and 1.5 atm during 5 

min. Solids were removed with a sieve and the liquid phase was adjusted to pH 6.5-7 

with 6 M NaOH or 1M HCl. Finally, samples were centrifuged at 20ºC and 5000 rpm 

during 5 min (Kubota 6500 High Speed Refrigerated Centrifuge) and supernatants were 

frozen until being analysed. 

B) According to Correa et al. (2012) procedure, distilled water was added to 10 

g of each waste in a relation 1:1 (w/v) and the mixture was homogenized in a kitchen 

blender. The samples were then treated in an autoclave at 135ºC and 3 atm during 5 

min. After that, samples were treated in the same way as described in A) section. 

2.3.2 Acid hydrolysis  

Lignin is the most recalcitrant component of the plant cell wall, and the higher 

the proportion of lignin, the higher the resistance to chemical and enzymatic 

degradation (Taherzadeh and Karimi, 2008). Indeed, lignin acts as a physical barrier 

that protects polysaccharides from enzyme action, so lignin removal increases enzyme 

effectiveness by eliminating non-productive adsorption sites and by increasing access to 

cellulose and hemicellulose (Kumar et al., 2009; Sun et al., 2011). Hence, with the aim 

of removing the lignin from the samples before the acid hydrolysis, 10 g of each sample 

was minced in the kitchen robot (Moulinex Minirobot D81) until a particle size below 2 

mm was obtained. Then, samples were immersed in 20 mL of NaOH 0.1N and, after 15 

min 0.8 g of CaSO4 were added and the mixtures were let stand for 3 hours at room 

temperature. After this time, liquid was removed employing a sieve and solid residue 

was washed twice with distilled water. 

Solid material was mixed with 5% H2SO4 in a relation 2:1 (w/v) and then it was 

treated in an autoclave at 125ºC and 2 atm during 15 min. Finally, solids were removed 
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with a sieve and the liquid phase was neutralized to pH 6.5-7 with NaOH 6M, 

centrifuged and supernatants were frozen until being analysed (Monsalve et al., 2006). 

2.3.3 Enzymatic hydrolysis  

The first step in the enzymatic hydrolysis consisted on the delignification of 

samples as it was described in section 2.3.2. After that, distilled water was added to 

solid residue in a 6% relation (w/v), pH was adjusted to 4.5 and the mixture was 

incubated in a bath at 75ºC during 5 min. Once samples were cooled to room 

temperature, the combination of enzymes was added as follows: 83 µl of cellulase from 

Trichoderma reesei (C2730) (enzymatic activity ≥ 700 Beta-Glucanase units/g, density 

1.10-1.30 g/mL), 50 µl of α-amylase from Aspergillus oryzae (A8220) (enzymatic 

activity ≥ 800 Fungal Alpha Amylase units/g, density 1.10-1.30 g/mL) and 8 µl of 

amyloglucosidase from Aspergillus niger (A7095) (enzymatic activity ≥ 260 units/mL, 

density 1.2 g/mL). Then, 250 mL Erlenmeyer flasks containing the samples were 

shaken to homogenize and incubated at 60ºC in static during 60 min. Afterwards, 

bottles were subjected to 95ºC during 5 min in a water bath in order to stop the 

enzymatic reaction. Finally, bottles were shaken and samples were taken and sieved, 

centrifuged and frozen as it was explained above for thermal hydrolyses. 

The mixture of enzymes was selected according to the nature of the complex 

polymers contained in the vegetable wastes (mainly cellulose in tomatoes and red 

peppers and starch in potatoes) (Van Dyk et al., 2013). Cellulase catalyses the 

breakdown of cellulose into glucose, cellobiose, and higher glucose polymers. α-

amylase and amyloglucosidase hydrolyze the α-(1,4) glucosidic bonds in starch into 

glucose. The pH and incubation conditions were set with the aim to be accurately for all 

the employed enzymes. 

2.3.4 Thermal-enzymatic hydrolysis 

In order to optimise the pre-treatment, a procedure that combined thermal and 

enzymatic hydrolysis was assayed. Lignin was removed from the samples as it was 

described in 2.3.2. Once solid material was obtained, water was added to solid residue 

in a relation 1:1 (w/v) and samples were then treated in an autoclave at 135ºC and 3 atm 

during 5 min. Afterwards, the mixture was cooled to room temperature and pH was 

adjusted to 4.7, then enzymes were added in the same way described above and the rest 
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of the procedure was the same as explained in the enzymatic hydrolysis section. 

Additionally, samples taken during the enzymatic step were subjected to 95ºC during 5 

min in a water bath in order to stop the reaction and then were centrifuged and 

supernatants were frozen until being analysed. Before taken each sample, Erlenmeyer 

flasks were shaken to homogenize. Along this process some weight of solids is lost, 

remaining a solid residue after extracting the reducing sugars. So, in order to establish 

the losses registered, samples were taken, and dry extract were analysed in triplicate. 

Solid weighed throughout the successive steps are shown in Table 4.11. 

Table 4. 11. Solids weights throughout the thermal-enzymatic hydrolysis expressed on 

dry weight basis (%). 

 
Initial solid 

weight 

Remaining solid weight 

after delignification 

process 

Remaining solids weight 

after thermal-enzymatic 

hydrolysis 

Tomato 100 94.9 48.7 

Pepper 100 82.1 30.5 

Potato 100 83.5 47.5 

 

2.4. Analytical methods 

All reagents were supplied by Sigma-Aldrich and analyses were carried out in 

triplicate. 

2.4.1 Dinitrosalicylic acid (DNS) method 

The percentage of total reducing sugars was determined with 1% dinitrosalicylic 

acid reagent (DNS) according to the Miller method (Zhang et al., 2011). This method 

has been selected because it is widely used to estimate the reducing sugars content of 

different samples. In this procedure, 0.5 mL of DNS reagent was added to 0.5 mL of 

sample to be analysed and the mixture was vortexed and incubated in a boiling water 

bath for 5 min. Afterwards, 5 mL of distilled water was added to the tubes and samples 
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were cooled down in ice bath to quench the oxidation reaction. The absorbance of 

samples was recorded at 540 nm against a reagent blank. Analyses were performed with 

an UV-Spectrophotometer (ThermoScientific Heλios γ). The concentration of reducing 

sugars was determined according to the standardisation performed on glucose. 

2.4.2 Phenol-sulfuric acid method 

To determine the amount of total sugars, the DuBois phenol-sulfuric acid assay 

modified as follows was employed (Hall et al, 2016). In this method, 0.5 mL of 5% 

phenol and 2.5 mL of 96% H2SO4 were added to 1 mL of sample and the mixture was 

incubated at room temperature for 1 h. Finally, the absorbance was recorded at 492 nm 

against a reagent blank. Measurements were performed with an UV-Spectrophotometer 

(ThermoScientific Heλios γ). The concentration of total sugars was determined 

according to the standardisation performed on glucose. 

2.4.3 Determination of fermentation inhibitors 

Concentrations of fermentation inhibitors, i.e., furfural, HMF and acetic acid, 

were analysed by high performance liquid chromatography (HPLC). To determine 

acetic acid concentration, the Agilent 1200 chromatograph (Agilent Technologies) was 

equipped with an ICSep ICE-ION-300 column (Transgenomic) coupled to a refractive 

index detector (RID). The mobile phase employed was sulphuric acid (0.450 mM, pH 

3.1) at a flow rate of 0.3 mL/min with the column temperature set at 75 C (Alonso et al., 

2014). To determine furfural and HMF, the method was modified from Abu-Bakar et al. 

(2014) and De Andrade et. al. (2016), the instrument was equipped with a Gemini-NX 

5μm C18 110A column (Phenomenex) coupled to a diode-array detection (DAD) 

system and the flow was fixed at 1 mL/min. The mobile phase was acetonitrile/water 

(20:90) and final UV detection was carried out at 260 nm for furfural, whereas 

methanol/water (10:90) and 285 nm were employed for HMF determination. Data 

acquisition and analysis were performed with ChemStation software (Agilent 

Technologies). All compounds were determined employing as reference external 

analytical standards (Sigma-Aldrich). 

 

 



4. Resultados y Discusión 

229 

3. RESULTS AND DISCUSSION 

3.1 Soluble and potential reducing sugars in raw wastes 

Firstly, the amount of sugars that could be extracted from raw materials just by 

using distilled water, i.e. soluble sugars, was determined. Figure 4.29 shows a 

comparison between reducing and total sugars extracted from several batches of 

vegetable wastes supplied by a local market at different dates. It is remarkable the small 

differences observed between batches. In fact, values are within the following ranges: 

21-25, 20-27 and 0.05-2 for soluble reducing sugars and 31-40, 24-31 and 1-3 for 

soluble total sugars in tomato, pepper and potato, respectively (given as g per100 g of 

waste dry weight). It can be observed that values of total and reducing sugars in case of 

tomato and pepper are in the same order of magnitude. On the contrary, the amount of 

sugars extracted from potato is in both cases much lower. Choi et al. (2016) described 

that the amount of total sugars (including, fructose, glucose and sucrose and excepting 

starch) found in potato was 0.9-1.5 g/100 g dry weight, whereas the amount of reducing 

sugars (fructose and glucose) was within the range 0.3-0.9 g/100 g dry weight. These 

values were in accordance with those extracted with water from potato waste in the 

present work as total and reducing sugars, as expected since potato native starch, the 

main carbohydrate in this vegetable, is not easily solubilized in water at room 

temperature (Hong et al., 2016). Likewise, values of available sugars of approximately 

28 g/100 g dry weight were reported by Guil-Guerrero et al. (2006) for pepper, almost 

the same than that obtained in our work for total sugars.  

Smoleń et al. (2015) found values of 22.8 g/100 g dry weight of fructose and 

glucose in tomato, values that are very similar to those we found for soluble reducing 

sugars (23.3 g/100 g dry weight), as fructose and glucose are the reducing sugars 

present in tomato. Regarding pepper, a value of 56 g/100 g dry weight of total sugars 

was found by Guil-Guerrero et al. (2006), value slightly higher than that reported in this 

work for potential reducing sugars (around 48 g/100 g dry weight). 
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A)                 B) 

 

C) 

 Figure 4. 29. Soluble reducing sugars (A), soluble total sugars (B) and potential 

reducing sugars (C) extracted from different batches of vegetable wastes 

 

Additionally, it was observed that more than a half of soluble total sugars were 

reducing sugars in case of tomato and pepper (around 64% and 86%, respectively), 

whereas only slightly more than a third (approximately 36%) of soluble total sugars 

were reducing sugars in case of potato. With the aim to determine the maximum amount 

of reducing sugars that could be recovered from these vegetable wastes by means of 

hydrolysis treatments, potential reducing sugars were quantified. Values obtained from 

several batches of tomato, pepper and potato, were within the ranges: 50-52, 46-51 and 

63-65 (g/100 g dry weight), respectively. Again, small differences were found between 

batches. In this case, the values obtained were in the same order of magnitude for all the 

tested wastes. Del campo et al. (2006) described a total content of carbohydrates in 
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tomato of around 56% (w/w) (4% sucrose and 35% lignin), value similar to that here 

measured for potential reducing sugars.  

It also should be noticed that the potential reducing sugars for tomato and pepper 

were approximately twofold the soluble reducing sugar values. With regards to potato, 

value of potential sugars was more than 60 times the value obtained in potato for 

soluble reducing sugars.  

Potential sugar values determined here for potato wastes is within the range (60-

80 g/100 g dry weight) reported by Raatz et al. (2016) for starch content in fresh 

potatoes. This means that employing only water as extraction agent nearly half of 

potential reducing sugars are extracted in case of tomato and pepper, however less than 

1% of potential reducing sugars are recovered in case of potato. Hence, these results 

showed the importance of pretreat these wastes as a key step in their revalorisation by 

fermentation processes, mainly in the case of potato wastes. 

3.2. Performance of hydrolysis methods 

Thermal, acid and enzymatic hydrolysis have been tested in order to maximise 

the amount of reducing sugars that can be obtained from wastes. In Fig 4.30 it is shown 

the comparison between reducing and total sugar extracted from the vegetable wastes 

after the different hydrolyses treatments.  

For each substrate, similar values of total and reducing sugars were obtained 

employing 110 ºC thermal and acid hydrolyses (Figure 4.30.A and 4.30.C). Del Campo 

et al. (2006), employing a 110 ºC hydrothermal hydrolysis with similar procedure as 

that developed in this work, recovered an amount of single sugars (glucose and 

fructose) of 35 g/100g for tomato and 50 g/100g for red pepper, values much higher 

than those obtained in this work for reducing sugars of tomato and green pepper (around 

18 and 14 g/100g, respectively).  

Summoogum-Utchanah and Swami (2015) employed fruit and vegetable wastes 

treated by dilute acid hydrolysis achieving a maximum extraction of 23 g/100 g (dry 

weight) of reducing sugars. This value is slightly higher than those obtained in this work 

with acid treatment for tomato and pepper (19 and 15 g/100 g, respectively). Better 

results were obtained with 135 ºC thermal and enzymatic treatments (Figure 4.30.B and 

https://www.scopus.com/authid/detail.uri?authorId=56891724300&amp;eid=2-s2.0-84943278008
https://www.scopus.com/authid/detail.uri?authorId=56891665600&amp;eid=2-s2.0-84943278008
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4.30.D). with these hydrolysis methods, the amount of reducing sugars recovered from 

tomato wastes were 25-30 g per 100 g of initial waste (dry weight) and around 37 g/100 

g for pepper.  

Table 4.12 shows the percentage of reducing sugars extracted with respect to the 

potential reducing sugars contained in each substrate. The higher percentages were 

obtained with 135 ºC thermal and enzymatic treatments for tomato and pepper. In case 

of pepper the amounts extracted were above 75% for both treatments. 

Concerning potato, it should be remarked that 110 ºC thermal and acid 

hydrolysis (Figure 4.30.A and 4.30.B) does not seem to be efficient enough to break 

down the starch contained in this substrate. In addition, 135 ºC thermal hydrolysis 

increased the total sugars extracted from potato but not the amount of reducing sugars. 

Higher temperatures favour the solubilisation of starch, as reported (Fuentes-Zaragoza 

et al., 2010). However, this treatment is not efficient enough to convert this polymer 

into reducing sugars.  

Finally, with enzymatic treatment an increase in total and reducing sugars in 

potato hydrolysate were achieved. Nevertheless, the amount of reducing sugars 

extracted was still far from the potential reducing sugars of potato wastes, and the 

percentage extracted hardly achieved 5% (see Table 4.12). 
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Figura 4. 30. Reducing and total sugars extracted from vegetable wastes after the 

hydrolyses: (A) thermal 110ºC, (B) thermal 135ºC, (C) acid, (D) enzymatic and (E) 

thermal-enzymatic. 
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Tabla 4. 12. Comparison of reducing sugars yield extraction of the different hydrolysis 

assayed. Average values are shown. 

Reducing sugars extracted with respect to reducing potential sugars (%)* 

          Tomato Pepper Potato 

Non-hydrolysed samples 45.5±0.0 49.0±0.1 0.72±0.01 

Hydrolysed samples    

• Thermic (110°C) 37.2±5.9 30.8±2.0 0.12±0.05 

• Thermic (135°C) 58.8±2.3 77.5±0.8 0.18±0.02 

• Acid 35.9±3.0 28.7±0.9 0.09±0.02 

• Enzymatic 49.5±1.0 75.5±0.7 4.93±0.02 

• Thermic-Enzymatic 75.4±2.1 83.7±1.0 77.4±0.7 

*Average values were used for reducing potential sugars. 

3.3. Thermic-enzymatic hydrolysis 

Considering data shown in Table 4.12 (excepting for potato thermally treated), 

the best results were achieved for all wastes with thermal (135 ºC) and enzymatic 

hydrolysis. For this reason, both treatments were combined in a two-step hydrolyses. 

Indeed, in all cases, the highest amount of reducing and also total sugars were achieved 

employing the thermal-enzymatic hydrolyses (Figure 4.30). Furthermore, this increment 

was notably higher in case of potato wastes (Figure 4.30.E). Moreover, as shown in 

Table 4.12, the highest percentages of extracted reducing sugars with respect to 

potential reducing sugars were obtained with the thermic-enzymatic hydrolyses for 

tomato, pepper and potato (in all cases higher than 75%). 

Cöpür et al. (2012) employed a mixture of tomato, pepper, and eggplant stalks as 

substrates for reducing sugars production. Stalks were chemically pre-treated with 

sodium borohydrate and then enzymatically hydrolysed. Best results achieved sugar 
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yields of 30% (w/w). This value is similar to those obtained here for tomato and pepper 

wastes in enzymatic treatment, whereas it is lower than the values obtained in the 

combined thermal-enzymatic treatment for these vegetables residues (around 40 g /100 

g dry weight). 

Potato residues can be compared with vegetable residues with high content in 

starch such as cassava. Indeed, tapioca starch factories generate a large amount of solid 

waste that contains a high level of starchy-lignocellulosic biomass, especially cassava 

pulp. This waste can be hydrolysed enzymatically achieving values of approximately 50 

g / 100 g dry extract (Virunanon et al., 2013), values very similar to those obtained in 

our work for thermal-enzymatic treatment of potato residues. 

In the hydrolysis treatments by chemical and/or physical technologies the 

temperature and time of reaction are determinant factors. Furthermore, the total content 

of hydrolysable biopolymers and the nature of these polysaccharides are also key 

factors. However, it is important to highlight that, in general, for vegetable wastes, 

specially, those that contain high levels of starch, best results are obtained with 

enzymatic processes with a previous pre-treatment (Patle and Lal, 2007; Preeti et al., 

2012; Virunanon et al., 2013). 

The differences observed in this work between enzymatic and thermal-

enzymatic results are due to the fact that a thermal treatment at 135 ºC previous to 

enzymatic treatment contributes to the solubilisation of carbohydrates making easier to 

the enzymes to break the complex polysaccharides. These differences found between 

these treatments were notably greater in case of potato waste. As it has been commented 

above, potato carbohydrates are mainly constituted by starch and starch in potatoes is 

generally 70-80% amylopectin with the remainder being amylose (Raatz et al., 2016). 

As in enzymatic hydrolyses a combination of cellulose, α-amylase and 

amyloglucosidase were employed, amylopectin and amylose can be easily degraded. It 

is difficult to solubilise potato native starch (Hong et al., 2016), nevertheless, the 

structure and properties of starch are altered upon hydrothermal treatment induced in 

excess water. This phenomenon is well recognised as gelatinisation which is an 

irreversible order-disorder transition (Somboonchan et al., 2016). Gelatinised starch is 

easily accessible to enzymes that can break the starch’s structural units, amylose and 

amylopectin, into glucose. 
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In order to acquire a deeper knowledge of the enzymatic step, samples were 

taken during the combined treatment and the evolution with time of extracted reducing 

and total sugars were measured. It is noticeable that the initial amount of reducing 

sugars after the thermic step was much lower in potato compared to tomato and pepper. 

As can be seen in Figure 4.31, along the enzymatic hydrolysis, the concentration of 

reducing sugars in tomato and pepper wastes increased slowly, whereas in case of 

potato residue this increment was notably sharper. During the enzymatic step the 

concentration of reducing sugars in the broth increased in all cases, just 21% and 15% 

for tomato and pepper (respectively), whereas for the potato the reducing sugars 

concentration increases 11 times. 

After the 60 min that the enzymatic step lasted, a percentage around 25, 16 and 

23 for tomato, pepper, and potato, respectively, of the potential reducing sugars initially 

measured for the wastes remained without being hydrolyzed into reducing sugars. It was 

observed that, in case of tomato and potato wastes a maximum content in reducing 

sugars was achieved at 45 min. On the contrary, in case of potato waste, the trend of the 

curve indicated that a higher amount of reducing sugars could be achieve if the 

enzymatic reaction goes on for some more time. 

The possible formation of fermentation inhibitors, i.e. furfural, HMF and acetic, 

was investigated by analyzing the final products and in all cases the amount of these 

sugar degradation products was below the detection limit (< 1 mg/L). For furfural or 

HMF, a concentration of 4 g/L has been reported to inhibit sugar fermentation by yeast. 

In addition, for acetic acid the reported inhibition level for S. cerevisiae was 6 g/L 

(Zheng et al., 2013). According to the results obtained in this work it can be assured that 

furfural, HMF and acetic acid concentrations are quite below those concentrations 

described as necessary to cause fermentation inhibition problems. 

  



4. Resultados y Discusión 

237 

 

Figura 4. 31. Evolution of solubilised reducing sugars (M: ), solubilised non-reducing 

sugar intermediates (D: ) and potential reducing sugars in solid phase (S: ) with 

time. Symbols correspond to experimental data (or calculated from experimental data) 

and lines correspond to model results. All concentrations are expressed as equivalent 

glucose. Vertical grey line divides the thermic and the enzymatic steps. In all cases, SD 

< 2.0 g/100 g. 
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3.4. Modelling 

A model based on irreversible first-order reactions was developed for the 

enzymatic step. It considers that solid carbohydrates are hydrolyzed into soluble 

intermediates that are subsequently degraded to monomers of glucose. So, S is the 

polymers in solid phase (estimated as potential reducing sugars minus dissolved total 

sugars), D is the dissolved non-reducing-sugar intermediates (estimated as dissolved 

total sugars minus dissolved reducing sugars) and M is the dissolved reducing sugars, 

all of them expressed as equivalent glucose. k1 is the solubilisation rate of polymers in 

solid phase and k2 is the hydrolysis rate of soluble intermediates into glucose. The 

inhibitors formation was not included in the model because, as it was commented 

above, the amount formed during the enzymatic hydrolysis is very low and can be 

considered negligible for modelling purpose.  

Parameters were determined by fitting the model to experimental data using 

Microsoft Excel software. Model reactions are represented below. 

 

                                         S               D               M 

  

The comparison between experimental and model data is shown in Figure 4.31. 

It can be observed that the fitting is very good in all cases. Furthermore, in Table 4.13 

are shown the values of kinetic constants k1 and k2 and also the r2 obtained from fitting 

by a linear regression experimental data and model data. It should be noticed that the 

correlations represented by r2 values were in all cases above 0.98 which indicated the 

high level of accuracy achieved by the model. Although all the constants values are of 

the same order, the solid polymers are solubilized to non-reducing-sugar intermediates 

in half time for tomato with respect to pepper and potato. However, the transformation 

of the solubilised non-reducing-sugar intermediates to solubilised reducing sugars takes 

place faster in pepper and potato residues than in case of tomato wastes. Lenihan et al. 

(2011), employed a similar model to analyze the kinetics of acid hydrolysis of 

lignocellulosic biomass and reported that the reaction rate of hydrolysis depends on a 

k2 k1 
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number of variables, i.e.: temperature, time, substrate concentration and substrate 

composition. 

Tabla 4. 13. Kinetic constant calculated from experimental data 

 k1 (min-1) k2 (min-1) r2 

Tomato 
0.0221 0.0121 0.993 

Pepper 
0.0106 0.0804 0.999 

Potato 
0.0108 0.0577 0.987 

r2 values were obtained from fitting by a linear regression 

experimental and model data. 

The particular behavior of potato wastes is determined by starch content which 

is the main carbohydrate found in potato. On the contrary, the principal polysaccharides 

contained in tomato and pepper are pectin and cellulose, hemicellulose is also present 

but in lower concentrations, around 2% (w/w) (Egüés et al., 2013; Deinychenko and 

Yudicheva; 2016). As the composition of these vegetables is very similar, the different 

behavior during the combined hydrolysis process may be defined by the specific 

structure and interactions between their compounds. In recent works, it was reported 

that the organization and interactions of vegetable wall components is not known with 

certainty, so the effect of treatments are determined by chemical components, physical 

properties and supermolecular structures (Cöpür et al., 2012; Sun et al., 2016). 

4. CONCLUSIONS 

The high content of carbohydrates in vegetable wastes indicates that these 

materials may be valuable recourses to be used as substrates for fermentation purpose. 

A pre-treatment to facilitate the polysaccharides solubilisation and hydrolysis is 

recommended for cellulose-containing materials, i.e. tomato and peppers, and essential 

for starchy wastes, i.e. potato. The combined thermic-enzymatic hydrolysis turned out 

as the most efficient method of the assayed procedures to obtain monomeric sugars 

from tomato, pepper and potato wastes. Specifically, with this combined pre-treatment 

the percentage of reducing sugars extracted (with respect to the reducing potential 

sugars) was increased in approximately 1.7 times for tomato and green peeper wastes 
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and in 107 times for potato wastes. It is remarkable that the obtained hydrolysates are 

suitable to be directly used as fermentation media due to the low concentrations of 

growth inhibitors, which allow avoiding the purification step. Additionally, it should be 

highlighted that, according to results reported here, and for the assayed enzymes, 45 

min was time enough to achieve the maximum concentration of reducing sugars for 

tomato and pepper wastes, whereas, in the case of potato waste, 1 hour did not allow to 

obtain the maximum yield of reducing sugars. So, the duration of the enzymatic process 

resulted to be an important parameter that should be adjusted depending on the specific 

composition of vegetable wastes mixture. The kinetic model developed for the 

enzymatic step showed a good fitting, so it could be employed in future technical 

studies. 
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ABSTRACT 

The liquid fraction from the two-phase extraction process in the olive industry 

(alperujo), is a waste that contains lignocellulosic organic matter and phenolic 

compounds, difficult to treat by conventional biological methods. Lignocellulosic 

enzymes from white-rot fungi can be an interesting solution to break down these 

recalcitrant compounds and advance the treatment of that waste. In the present work the 

ability of Phanerochaete chrysosporium to degrade the abovementioned liquid waste 

(AL) was studied. Experiments were carried out at 26 °C within the optimal pH range 

4–6 for 10 days and with and without the addition of glucose, measuring the evolution 

of COD, BOD5, biodegradability index, reducing sugars, total phenolic compounds, and 

colour. The results obtained in this study revealed the interest of Phanerochaete 

chrysosporium for an economical and eco-friendly treatment of alperujo, achieving 

COD and colour removals around 60%, and 32% of total phenolic compounds 

degradation, regardless of glucose addition. 

Keywords: alperujo; olive mill waste; bioremediation; Phanerochaete chrysosporium; 

fungal treatment 

 

1. INTRODUCTION 

The Mediterranean region is the main producer of olive oil, concentrating more 

than 95% of the world’s olive trees. Within this area, Spain represents around half of 

total world manufacturing, considering this industry as one of the most important agri-

food sectors for this country [1,2]. 

Presently, the main industrial process to obtain olive oil is continuous extraction 

by two-phase or three-phase systems. Depending on the oil extraction system used, 

considerable amounts of solid and liquid waste as final products are generated. 

Although the three-phase extraction process mainly generates alpechin and pomace as 

final residues, the main waste stream from two-phase extraction system is the alperujo 

(AL) [3]. The pomace is a solid waste composed of the pulp and pits of the olive, 

commonly employed as fertilizer, biofuel production, or animals feed. The alpechin 

corresponds with the liquid effluent, composed of water and minerals and characterized 
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by a high organic matter load. This waste stream is considered, together with the AL, a 

highly polluting residue, for which reuse is not an easy task so its revalorization is still 

being investigated [4,5]. Due to the global increase of olive oil demand, the excessive 

amount of waste streams generated throughout the olive oil industry is a growing 

problem that poses an environmental challenge [6]. 

In Spain, the two-phase olive oil extraction system is used in approximately 90% 

of olive mills [4]. The application of this extraction system generates about 800 kg of 

AL per ton of processed olive, which represents an annual production of around four 

million tons for the Spanish oil industry [3]. The AL obtained is a semi-solid waste 

stream composed of vegetable water and olive pomace with high moisture content 

(60%) that still contains a certain amount of oil [7]. The AL is subjected to a second 

centrifugation, to obtain a pomace oil. The resulting residue is usually dried in rotary 

heat dryers at high temperatures and the by-product is subjected to an extraction with 

hexane to recover more oil, which requires a large amount of energy and incurs high 

costs [8,9]. Dried or wet AL can also be used in composting processes. However, due to 

its low porosity, the addition of bulking agents such as bark chips or cotton gin is 

necessary [9,10]. In addition, its high content of lignocellulosic compounds and 

polyphenols, which are toxic to animal cells, plants, insects, and microorganisms, is an 

important drawback [11]. Discharging these wastes without treatment would cause 

serious damage to aquatic systems, such as the reduction of soluble oxygen. 

Furthermore, its strong odour would also cause serious problems for the population 

living near the discharge area [12,13]. Therefore, the removal of the pollutant 

compounds of the AL, and therefore favouring of the subsequent biological/physical 

treatment, is one of the main problems that the olive oil industry must confront. 

The literature has been mainly focused on the treatment of olive mill wastes 

coming from the three-phase extraction system, with the aim of removing the organic 

and phenolic compounds and improving the biodegradability of the effluent. Regarding 

biological methods, anaerobic digestion or aerobic activated sludge processes have 

mainly been applied for the treatment of olive mill wastewater (OMW). However, these 

methods are not usually applied directly to the effluent due to the presence of 

recalcitrant molecules, polyphenols, the low nutrient load, and the acidic pH of the 

waste, which make treatment difficult [14]. Previous studies have reported an 

improvement in the efficiency of these processes reducing the acidity, adding nutrients 
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such as cobalt, or extracting polyphenols before biodegradation [15]. Due to the high 

level of antimicrobial compounds present in OMW, the acclimatization of biomass or 

the use of physical CaCO3 supports has also been required to improve the 

biodegradation and methanization process [16]. Therefore, the traditional biological 

methods are not as effective as would be desirable. Physical–chemical methods such as 

nanofiltration, ultrafiltration, ultrasound, hydrothermal carbonization, and different 

advances oxidation processes have been reported for the treatment of OMW reducing its 

chemical oxygen demand (COD) and phenol content [17,18]. However, these 

techniques have several drawbacks, such as the addition of chemicals, fouling of the 

membrane, and high pressure and temperature conditions [5]. Therefore, the search for 

alternative methods that allow the treatment of OMW and AL in an economic and eco-

friendly way is crucial. 

The use of fungi has been described as a promising alternative over the use of 

bacteria for OMW treatment due to its ability to grow under adverse conditions and to 

produce a great variety of extracellular enzymes that make possible the degradation of 

recalcitrant compounds [19]. In this way, fungi can break down the complex recalcitrant 

compounds making them more assimilable to be used by themselves or by the bacteria 

in a subsequent treatment [20,21]. The OMW treatment by fungi has mainly focused of 

removing COD, phenolic content, and colour, as well as obtaining by-products with 

biotechnological interest, such as fungal enzymes [22,23]. White-rot fungi can degrade 

the lignin present in lignocellulosic wastes due to the release of enzymes, mainly lignin 

peroxidase and manganese peroxidase [24]. These fungi have been investigated for the 

treatment of recalcitrant compounds and colour degradation of OMW, obtaining good 

results. For example, Ntougias et al. [25], who studied the capacity of several strains of 

Pleurotus and Ganoderma fungi to treat OMW, reported significant removals of COD, 

TOC, and phenolic compounds, as well as a reduction of the toxicity of the effluent. 

COD degradations around 50% have been achieved by the fungus Phanerochaete 

chrysosporium immobilized on loofah [26]. Great removals of colour, phenolic 

compounds and COD have also been obtained when OMW was treated with fungi from 

genus Aspergillus [22,27]. 

As far as we know, the bioremediation with fungi has been mainly applied to 

treat OMW or pomace coming from the three-extraction system. However, its 

application to AL waste, obtained from the two-phase extraction system, has been 
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hardly studied. Therefore, the main objective of this study was to investigate the 

capability of the white-rot fungus Phanerochaete chrysosporium to treat AL waste, to 

reduce its COD, colour, and phenolic compounds. 

2. MATERIALS AND METHODS 

2.1. Sample Description 

The AL used for this work corresponds with the semi-solid effluent generated 

during olive oil extraction by a two-phase extraction system. 

 The sample was collected from an olive oil factory sited in Sevilla, Spain. For 

the fungal treatment, the sample was mixed with distilled water in a ratio 1:20 (p/v). The 

mix was filtered using a 1.5 mm mesh sieve to remove the rest of the peel and pit of the 

olives. After that, the effluent was centrifuged for 10 min at 9000 g and the supernatant 

was filtered by a cellulose filter (10–20 µm). This diluted AL was used for the 

subsequent fungal treatments. The characteristics of diluted AL are shown in Table 

4.14.  

Tabla 4. 14. Characteristics of the diluted AL. 

 

 

 

 

 

 

 

 

 

Parameter Value 

pH 4.6 ± 0.01 

sCOD (mg O2/L) 4854 ± 19 

sBOD (mg O2/L) 408 ± 14 

Biodegradability Index (B.I.) 0.080 ± 0.003 

Reducing sugars (mg/L) 578 ± 24 

Total phenolic compounds (mg/L) 134 ± 4 

Colour index (C.I.) 1.60 ± 0.04 

Total Suspended Solids (mg/L) 2475 ± 21 

Fixed Suspended Solids (mg/L) 375 ± 12 

Volatile Suspended Solids (mg/L) 2100 ± 28 
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2.2. Fungal Pellet Obtention 

The white-rot fungus, Phanerochaete chrysosporium Burdsall 1974 was used. 

The freeze-dried strain (CECT 2798 from Spanish Type Culture Collection) was 

recovered in aseptic conditions by adding 100 µl of the resuspended fungus to 10 mL of 

malt extract (ME). Then, a Petri plate of 1.5% malt extract agar (MEA) was inoculated 

with 100 µl of this suspension and incubated at 26 °C for 6 days. Two subcultures of the 

fungus were necessary before use in the biological treatment. Fungal subcultures were 

routinely made every month to conserve the strain.  

The methodology described by Díaz et al. [28] was followed to obtain the 

fungus pellets. To this aim, five cylinders of 1 cm diameter from the growing zone of 

inoculated plates were used to inoculate 500 mL Erlenmeyer flasks containing 150 mL 

of sterilised malt extract broth (VWR Chemicals BDH), with a pH between 4.5 and 5. 

The inoculated flasks were incubated at 26 °C and 135 rpm for 6 days. The fungal 

mycelial obtained after this process was separated with a sieve and homogenized with 

0.8% NaCl (w/v) in a ratio of 1:3 (w/v). An amount of 600 µL of resulting suspension 

was used to inoculate a 1 L Erlenmeyer flask with 250 mL of sterilised ME. Finally, the 

inoculated ME was incubated at 26 °C and 135 rpm for 6 days. After that time, pellets 

were obtained, removed with a sieve, and preserved in 0.8% NaCl (w/v) solution at 4 °C 

until use.  

2.3. Fungal Treatment 

Several batch tests were carried out to treat diluted AL with P. chrysosporium. 

All the experiments were performed using 1 L Erlenmeyer flask with 250 mL of AL 

effluent.  

Test E1 and E2 were inoculated with the fungus pellet (3 g/L of dry matter), 

with the only difference that E2 was supplied with 3 g/L of glucose.  

Test C1 and C2 were used as control without fungus inoculation, without and 

with glucose addition, respectively.  
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The flasks were incubated at 26 °C and in an orbital shaking (150 rpm) for 10 

days. During the treatment, the pH values were maintained within the range 5–7 by 

adding NaOH 0.5 M or HCl 0.5 M to ensure the optimal range for the fungus enzymatic 

system. Samples taken periodically were centrifuged at 15,000 g for 15 min and the 

supernatant were conserved at 4 °C until analysed. The experiments were carried out in 

duplicate. Data shown in Results and Discussion section are the average values of both 

experiments. In all cases, standard deviations were lower than 15% with respect to 

average value.  

2.4. Analytical Methods 

2.4.1. Determination of sCOD, sBOD5, and Biodegradability Index 

The concentration of soluble COD (sCOD) was spectrophotometrically 

measured (at 600 nm) by dichromate method according to Standard Methods [29], using 

a DR2500 spectrophotometer (Hach Company). Soluble biochemical oxygen demand 

(sBOD5) was determined using a manometric respirometry measurement system 

(Lovibond Water Testing BD 600) and biodegradability index (BI) was calculated as 

the ratio of sBOD5 over sCOD. 

2.4.2. Determination of Colour and pH 

The change in the colour of the AL was determined by means of the colour 

index (CI), which is defined according to Equation (1) [30].  

Spectral absorbance coefficients (SAC) are defined as the ratio of the values of 

the respective absorbance over the cell thickness. The absorbances were measured at 

436, 525 and 620 nm using a UV/vis spectrophotometer (Thermo Scientific, Heλios γ). 

The value of pH was measured by means of a pH-meter (Basic-20 Dilabo).  

 

 

CI=
SAC436

2 + SAC525
2 + SAC620

2

SAC436 + SAC525 + SAC620
 

(

1) 
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2.4.3. Determination of Total Reducing Sugars 

The total reducing sugars concentration was determined by the dinitrosalicylic 

acid (DNS) method with glucose as standard, according to the Miller’s method [31]. 

The absorbance of samples was measured at 540 nm. The glucose was used as standard.  

2.4.4. Determination of Total Phenolic Compounds 

The total phenolic compounds were determined by the Folin–Ciocalteu method 

in dark conditions, according to Moussi et al. [32], using gallic acid as standard. In this 

procedure, 400 µL of sample were mixed with 3 mL of Folin–Ciocalteu reagent 

(previously diluted 1:10 with distilled water). This mixture was maintained at 22 °C for 

5 min. After that, 3 mL of sodium bicarbonate (NaHCO3 6 g/100 mL) were added, and 

the sample was again incubated at 22 °C for 90 min. After incubation, the absorbance 

was measured at 725 nm. 

2.4.5. Determination of Moisture, TSS, FSS, and VSS.  

Total suspended solids (TSS), fixed suspended solids (FSS) and moisture were 

measured according to Standard Methods [29]. The volatile suspended solids were 

calculated as the difference between TSS and FSS.  

3. RESULTS AND DISCUSSION  

3.1. Removal of Organic Matter 

The evolution of sCOD concentration during the fungal treatments is shown in 

Figure 4.33. 

The initial sCOD value in the AL effluent was 4854 mg/L, which increased to 

9243 mg/L after glucose addition. For C1 and C2 test, which were carried out without 

fungal inoculation, minor sCOD removals were observed. This degradation was carried 

out by the endogenous microbiota present in the effluent. With respect to test C1, no 

change was observed during the first two days and a 27% elimination of sCOD was 

achieved after four days of incubation. Afterwards, the sCOD value remained almost 

constant, reaching a final sCOD degradation of 30%. In the case of C2, where glucose 
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where added, sCOD degradation did not occur until the 4th day. The final percentage of 

sCOD removal was similar to that achieved with C1.  

 

Figura 4. 33. Changes in sCOD concentration during biological treatment. The dashed 

lines shown the non-inoculated tests C1 (■) and C2 (■), used as controls. The solid 

lines shown the inoculated tests E1 (●) and E2 (●). The standard deviation (SD) of the 

experimental data were in all cases less than 6.5% of mean value. 

 

However, it is necessary to point out that in C2 the final sCOD concentration 

was higher than the sCOD of AL before being supplemented with glucose. Therefore, 

the endogenous microorganisms were not able to assimilate even the sCOD provided by 

glucose added. 

The addition of P. chrysosporium in E1 and E2, caused a fast decrease in sCOD 

from the beginning of the treatment, obtaining sCOD removals of 51% and 59%, 

respectively, after 10 days of treatment. In the experiment E1, carried out without the 

addition of glucose, 61% of the initial sCOD was degraded in only 4 days of treatment, 

which duplicate the degradation efficiency reached in C1 by endogenous 

microorganisms.  

Thus, the fungal inoculation gave an average rate of sCOD degradation of 0.51 

mg/(L min) during the first 4 days, whereas the average rate in C1 was only 0.22 mg/(L 

min). Regarding test E2, again higher sCOD removals were obtained compared with the 
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non-inoculated test C2. As in E1, the inoculation of the fungus duplicated the sCOD 

removal rate, which increased up to 0.61 mg/(L min) during first 8 days, whereas in C2 

it was only of 0.27 mg/(L min).  

To estimate the fungus growth, the TSS at the beginning of the experiments and 

after 10 days were measured. Data are shown in Table 4.15. As can be seen, in the 

control tests (C1 and C2), the supplementation with glucose increased the growth of the 

endogenous microbiota. Moreover, in the inoculated tests (E1 and E2), the TSS 

increases were higher than in the controls, which can be explained by the fungus 

growth.  

Comparing the increase in TSS observed in controls and inoculated tests, it can 

be estimated that fungus growth was similar in E1 and E2, around 0.6–0.7 g/L (dry 

matter), which is in agreement with the fact that final sCOD removals were similar to 

(E2) and without (E1) glucose addition. Therefore, in this case, the addition of glucose 

was not effective for the AL treatment.  

Tabla 4. 15. TSS for control (C1 and C2) and inoculated (E1 and E2) tests at initial and 

final times of the fungal treatment. 

Sample Initial TSS (g/L) Final TSS (g/L) Increase (g/L) 

C1 2.47 ± 0.01 3.06 ± 0.01 0.61 ± 0.01 

E1 6.87 ± 0.01 8.21 ± 0.01 1.34 ± 0.01 

C2 2.47 ± 0.01 5.16 ± 0.01 2.71 ± 0.01 

E2 6.87 ± 0.02 10.16 ± 0.02 3.29 ± 0.02 

 

Results for sCOD removals here obtained were higher than have been previously 

reported. Aloui et al. [33], reported that a 44% of COD removal was achieved by a 

solid-state fermentation of AL using P. chrysosporium in a support of sugarcane 

bagasse. Ahmadi et al. [26] achieved a COD degradation around 50% using this fungus 
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immobilized on loofah. Nogueira et al. [34] reported COD removals efficiencies lower 

than 44% for P. chrysosporium for an OMW pre-treat by photocatalytic oxidation.  

The initial concentration of sBOD5 was 408 mg/L, with a biodegradability index 

of 0.08 (See Figure 4.34), which means that AL effluent has very low biodegradability. 

In the experiments C2 and E2, the initial biodegradability index (BI) was higher (0.13), 

as a consequence of the glucose addition.  

In all cases, the sBOD5 concentration decreased throughout the fungal treatment, 

with final values lower than 100 mg/L. Moreover, the BI decreases with the treatment 

since biodegradable matter was consumed. The P. chrysosporium inoculated in E1 and 

E2 released enzymes able to break down recalcitrant organic matter into compounds 

more biodegradable. However, the fungus, as well as the endogenous microorganisms, 

consumed these compounds as they were produced, reducing the sCOD, the sBOD5, 

and the BI. 

 

 

Figura 4. 34. Changes in sBOD5 concentration and biodegradability index for the 

different experiments at initial, intermediate, and final time of the treatment. Bars 

corresponds with sBOD5 concentration for non-inoculated tests C1 (■) and C2 (■), and 

inoculated tests E1 (■) and E2 (■). The dashed lines shown the biodegradability index 

(BI) for non-inoculated tests C1 (■) and C2 (■), used as controls, whereas the solid 

lines represent the inoculated tests E1 (●) and E2 (●). 
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Regardless, the addition of the fungus gave final BI higher than in the controls, 

even though it was low. If the enhancing of biodegradability were the objective, for 

example, as the previous step for the biomethanization process, an alternative could be 

to directly use the enzymes produced by the fungus instead of inoculating the fungus 

strain. In this way, the recalcitrant compounds present in the AL effluent could be 

broken down without the fungus using this organic matter as a nutrient source [35,36]. 

A sterilisation process may also be necessary to inactivate the endogenous microflora. 

The evolution of reducing carbohydrates has been also measured, and results are 

shown in Figure 4.35. The reducing sugar concentration of the initial sample was 563 

mg/L, and the ratio sBOD5/reducing sugars was 0.7, indicating that a great part of the 

sBOD5 measured is due to the reducing sugars. As expected, in the samples 

supplemented with 3 g/L of glucose, the initial concentration increased until 3662 mg/L. 

For the non-inoculated sample C1, the amount of reducing sugars remained practically 

stable during the treatment. In contrast, the inoculated samples (E1 and E2) showed a 

significant decrease in the reducing sugars concentration, with final values of 176 and 

140 mg/L, respectively.  

 

 

Figura 4. 35. Changes in reducing sugars concentration during biological treatment. 

The dashed lines shown the non-inoculated tests C1 (■) and C2 (■), used as controls. 

The solid lines shown the inoculated tests E1 (●) and E2 (●). The standard deviation 

(SD) of the experimental data were in all cases less than 11% of mean value. 
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The initial reducing sugars concentration dropped abruptly in the experiments 

supplemented with glucose, especially in the one that had been inoculated with the 

fungus. In this sense, all the glucose that was practically added to test E2 was consumed 

during the first 24 h, whereas in the supplemented control (C2), the amount of reducing 

sugars dropped from 3663 mg/L to 1772 mg/L in 24 h, and afterwards remained almost 

constant, indicating that the endogenous microbiota was not able to degrade all the 

glucose added. Although the enzymatic activities of the fungus were not measured in 

this study, the literature has widely reported that the addition of glucose favours the 

synthesis of fungal enzymes, which in turn are related to the elimination of colour, COD 

and recalcitrant compounds [37–40]. This fact was reflected in E2, which showed a 

rapid degradation of reducing sugars, whereas sCOD removal was slower. Probably the 

fungus decomposed recalcitrant compounds that increased sCOD and, simultaneously, 

consumed them. 

3.2. Removal of Phenolic Compounds 

The concentration of total phenolic compounds in the initial AL effluent and in 

AL effluent after fungal treatment was analysed. The phenolic compounds cause severe 

pollution of surface and ground water, soils, and vegetation. Its presence has a negative 

effect on microorganisms due to its high antibacterial activity [35,36].  

As is shown in Figure 4.36, the best efficiencies of phenolic compound removal 

were reached with the inoculation of P. chrysosporium in E1, where around 30% of 

phenolic compounds were degraded after 10 days of treatment reaching values of 91 

mg/L. This percentage of removal was slightly lower when glucose was added (E2), 

obtaining final removals of 25%. For the non-inoculated samples with fungus (C1 and 

C2), the amount of phenolic compounds removed was lower, with removal percentage 

of 12% in both cases. Results proved that the fungus inoculation increases the 

degradation of phenolic compounds with removal percentages almost three times 

greater than in the non-inoculated samples. However, higher efficiencies have been 

reported by other authors when the AL effluent was previously sterilised.  
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Figura 4. 36.  Changes in total phenolic content for non-inoculated tests C1 (■) and C2 

(■), and inoculated tests E1 (■) and E2 (■). The standard deviation (SD) of the 

experimental data were in all cases less than 4% of mean value. 

 

Elisashvili et al. [23], who treated a diluted and sterilised olive pomace effluent 

by submerged fermentation with Cerrena unicolor, reported a removal of phenolic 

content of around 80%. Additionally, this fungus showed a good capacity to release 

laccases, which are involved in the degradation of phenolic compounds. The low 

removals achieved in this study it could be because a non-sterilised AL effluent. 

Moreover, low laccase activity has been reported for P. chrysosporium [24]. García et 

al. [35] reported a 92% total phenol degradation using P. chrysosporium to treat a 

sterilised OMW supplied with a nitrogen source. Additionally, great phenolic removals 

were obtained when AL was dried and the concentrate was treated. For example, 

Sampedro et al. [37] reported removals around 85% using the fungus Phlebia sp. 

immobilized in polyurethane sponge, while 43% was achieved when the effluent was 

treated by free mycelia.  

3.3. Removal of Colour 

AL waste has a dark brown colour, so its decolourization is important to avoid 

negative environmental and visual effects. Highly coloured wastewater reduces the 

passage of light through the water, causing a reduction in photosynthetic activity and, 

therefore, altering the flora and fauna of the water [38]. The colour index profile is 

shown in Figure 4.37.  
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Greater removals were obtained when the fungus was added. In the non-

inoculate experiments (C1 and C2), the colour index was also reduced by endogenous 

microflora, especially during the first 24 h. Afterwards, the C1 slightly changed up and 

down, reaching final percentages of removal around 20%. When the fungus was 

inoculated (E1 and E2) the colour index decreased more abruptly especially during the 

first 24 h. Removals around 70% were obtained in both cases after 4 days. Then, the 

colour removal slightly increased and remained approximately stable, finally reaching a 

60% reduction. The obtained results were in accordance with those found in the 

literature regarding the colour removals in recalcitrant wastewaters using white-rot 

fungi. Pakshirajan and Kheria [39] reported colour degradations of 64% after 

continuous fungal treatment with P. chrysosporium of industrial textile wastewaters. 

Ntougias et al. [25] reported colour removals around 60–65% in OMW using 

basidiomycetes fungus Pleurotus spp. Similar reductions were reported for olive mill 

effluent treated by an adapted strain of Trametes versicolor [40].  

 

Figura 4. 37. Changes in colour index during biological treatment. The dashed lines 

shown the non-inoculated tests C1 (■) and C2 (■), used as controls. The solid lines 

shown the inoculated tests E1 (●) and E2 (●). The standard deviation (SD) of the 

experimental data were in all cases less than 11.5% of mean value. 

Taking into account data reported by the literature and results obtained in this 

work, the use of white-rot fungi to treat AL could be considered to be a promising 

treatment technology. Although the removal efficiencies of sCOD, colour and phenolic 

compounds after treatment with fungi were slightly lower than those reported for OMW 

treated with physical–chemical treatments, it should be considered that these processes 
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usually present serious drawbacks such as their high cost, bad odour, addition of 

chemicals, or fouling of the membrane [4,18]. Additionally, chemical oxidation 

treatments can produce more recalcitrant or toxic intermediate compounds, reducing the 

effectiveness of the treatment. In contrast, the use of white-rot fungus allows the 

degradation of a wide range of recalcitrant contaminants due to its ability to release 

extracellular enzymes, as well as lead to the detoxification of wastewater [25]. 

4. CONCLUSIONS 

Biotreatment with white-rot fungus Phanerochaete chrysosporium is useful to 

degrade AL waste. When the non-inoculate AL was incubated at 26 °C, 27% of the 

sCOD was removed in 4 days, whereas the inoculation of fungus allowed the 

achievement of a sCOD degradation of 60% over the same time. The addition of 

glucose as an easy carbon source did not enhance the sCOD degradation. The addition 

of P. chrysosporium also allowed a reduction of the colour index of the residue close to 

60%. In all the conditions tested, including a control test without inoculation, a 

reduction in the sBOD5 and in the reducing sugar content was observed after the 

treatment. However, the biodegradability index decreased, more highly in the inoculated 

effluent than those in the absence of inoculation. Finally, the treatment of the diluted 

AL with the fungus allowed degradation of 32% of the total phenols initially present in 

the effluent, whereas the endogenous microflora could only degrade around 15% of 

phenolic content. Results obtained in this study open the possibility of using P. 

chrysosporium fungus in the bioremediation of low-biodegradable wastes from the olive 

oil industry. 
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ABSTRACT 

The swine slurry is a mixture of manure, urine, and cleaning water from pig 

livestock farms, characterized by its high chemical oxygen demand (COD) and 

ammonia concentration. This effluent needs to be treated before being spilled to avoid 

negative environmental impacts as eutrophication of surface water reservoirs. In this 

study, an untreated slurry and two pig slurries pre-treated by anaerobic digestion with 

and without ammonia trapping were treated biologically by Phanerochaete 

chrysosporium. The effect on the biological treatment of pre-treating the raw slurry by 

sieving and centrifugation was evaluated. Samples were inoculated with 3 g/L (dry 

matter) of fungus and incubated at 26°C during 10 days in a batch reactor. The activity 

of ligninolytic enzymes (LiP, MnP and Lac), colour, COD, total nitrogen and BOD5 

evolution during the treatment were analysed. For undigested slurries, the best results 

were obtained for sieved slurry, reaching removal efficiencies for soluble COD and 

colour around 68% and 78%, respectively. For digested effluents, the digestate coming 

from the reactor with ammonia trapping membrane showed the best results with 

efficiencies of 38% for soluble COD and 35% for colour. These results provide new 

insights into the application of this fungus as complementary method to treat swine 

wastewaters.  

Keywords: swine wastewater; white-rot fungi; biological treatment; 

bioremediation; organic removal.  
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1. INTRODUCTION  

The swine industry has expanded rapidly in Spain, currently reaching around 

40% of final livestock production [1]. Consequently, the volume of swine wastes 

generated by this sector has been increased. The slurry is a farming effluent resulting 

from the mixture of pig manure, urine and the water used to clean the pigsty, which is 

characterized for its high nitrogen, phosphorus, colour and organic matter concentration 

[2,3]. Normally, this wastewater is used as biofertilizer, precisely due to its high content 

of nutrients. However, because of the high slurry production in intensive farms, a large 

amount of this effluents needs to be managed and stored until be treated. Important 

environmental problems, such as acidification, soil contamination, water eutrophication, 

as well as the emission of gases that increase the greenhouse effect, results from a 

wrong management and discharge into the environment of this effluent [4,5]. This 

situation has encouraged the development of different technologies to treat this effluent 

at low costs and without environmental risks.  

Different physico-chemical techniques have been evaluated to treat this effluent 

in order to reduce its COD and nutrients concentration [6,7]. Nevertheless, most of 

these methods require high energy and the addition of chemicals to the process, 

increasing operational costs. Thus, the use of anaerobic and aerobic biological methods 

has drawn extensive attention. In particular, the anaerobic digestion (AD) of slurry to 

produce biogas has been applied worldwide [8]. However, it is difficult to make the 

process economically sustainable. The high concentration of pollutants, as well as the 

complexity of the lignocellulosic materials present in the slurry, make necessary a pre-

treatment to improve the final performance of the process. In addition, the digestate 

resulting from the process contains still high concentration of phosphorus, nitrogen and 

recalcitrant matter which needs to be treated before being discharged [9]. Besides, the 

aerobic treatment implies high cost of aeration. Recent research has focused on the use 

of microorganisms capable of growing under both aerobic and anoxic conditions, such 

as purple bacteria or phototrophic algae [3,10,11]. However, the problem of the wine 

slurry and wastewaters are still far to be solved. For this reason, some countries have 

promoted the creation of thermoelectric power plants using natural gas to dry the 

slurries. Nevertheless, this solution needs of the economic support of Government.  
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The use fungi as complement for biological treatments, has several advantages 

over the use of just bacteria since they can survive in more adverse conditions of pH and 

nutrient requirements. Fungi are able to synthesize extracellular enzymes such as lignin 

peroxidase (LiP), manganese peroxidase (MnP) or laccase (Lac), which allow them to 

degrade complex or recalcitrant compounds that could not be used for bacteria [12,13]. 

Regarding to the application of fungi for the processing of swine wastewaters and pig 

manures, research works have focused mainly on its use as pre-treatment to accelerate 

composting processes [14–16] or enhance biogas production [17–19]. Also, fungi has 

decribed as promising alternative to remove toxic metals, such as copper or zinc [20]. 

Other studies open the possibility of using swine wastewaters as growth medium for 

algae cultivation. In this regard, Liu et al. [21] reported a reduction of the endogenous 

microbial diversity in a digested piggery wastewater inoculated with Phanerochaete 

chrysosporium. This reduction increased the growth of algae around 70% in comparison 

to the growth obtained in untreated wastewater. In addition, various authors have 

employed the swine wastewaters as raw material for the production of fungal enzymes 

with important biotechnological applications [22,23]. 

The aim of this work was to evaluate the use of Phanerochaete chrysosporium 

fungus to treat three different effluents, a raw slurry and two anaerobically digested 

swine wastewaters. The effect of the fungal treatment on the high chemical oxygen 

demand (COD), colour, biological oxygen demand (BOD5), and total nitrogen 

concentration has been studied. Also, the Lac, MnP and LiP enzymatic activities were 

determined. In addition, the effect of a physical pre-treatment of the slurry on the fungus 

activity was also evaluated.  

2. MATERIAL AND METHODS 

2.1. Samples description 

Three different swine wastewaters were used for the experiments. Slurry 

resulting from the mixture of pig manure and pigsty washing water was collected from a 

pig farm sited in Castilla y Leon (Spain), and used for S1, S2 and S3. A digestate from a 

conventional anaerobic digestion process of pig slurry and a digestate from an AD 

process of pig slurry coupled with a gas-permeable membrane made of 

polytetrafluoroethylene (ePTFE), which allowed to recover ammonia [24], was used for 
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test S4 and S5, respectively. The initial characterization of these samples was showed in 

Table 4.16.  

Tabla 4. 16. Characteristics of the initial samples subjected to fungal treatment.  

 Swine wastewater Digested slurry 

 S1 S2 S3 D4 D5 

tCOD (mg O2/L) 21632 19442 3638 5362 4125 

sCOD (mg O2/L) 3916 3850 3638 3246 2852 

sBOD5 (mg O2/L) 724 695 672 213 234 

BI 0.18 0.18 0.18 0.07 0.08 

pH 8.63 8.59 8.55 7.58 8.03 

Colour (CN) 2.418 2.232 2.240 2.122 2.106 

 

2.2. Microorganisms 

The basidiomycete white-rot fungus, Phanerochaete chrysosporium Burdsall 

1974 (CECT 2798) was used for the biological treatment. The recovery of freeze-dried 

strain as well as the obtention and conservation of fungus pellets were carried out 

according to the methodology described by Díaz et al. [12].  

2.3. Fungal treatment 

Five batch tests were performed to evaluate the potential of Phanerochaete 

chrysosporium on the swine wastewaters bioremediation. Three experiments were 

carried out with fungus and a slurry directly coming from the pig farm. Firstly, this 

effluent was subjected to fungal treatment without any physical pre-treatment (Test S1). 

Then, with the aim of assess the influence of sieving or centrifugation processes as 

physical pre-treatments on subsequent biodegradation, two additional experiments were 

assayed using as raw materials the slurry sieved by 0.5 cm (Test S2) or the supernatant 

obtained from the slurry centrifugation at 10000 rpm during 15 min (Test S3).   

Finally, two test were carried out using P. chrysosporium to treat an 

anaerobically digestated slurry from a conventional AD process (Test D4) or a digested 



4. Resultados y Discusión 

271 

slurry from a digester with an ammonium trapping membrane (Test D5). Likewise, for 

all the conditions tested, control experiments without fungus addition were carried out 

to assess the impact of fungus addition in relation with the activity of the endogenous 

microbiota. These control experiments correspond to C1, C2, C3, C4, and C5.  

The experiments S1, S2 and S3 were carried out in 1 L Erlenmeyer flasks 

containing 200 mL of sample, while S4 and S5 were performed in 250 mL Erlenmeyer 

flasks with 50 mL of sample. Erlenmeyer flasks were incubated at 26ºC for 10 days in 

an orbital shaking at 135 rpm. In all cases, according to Hu et al. [25], the sample was 

initially adjusted to pH = 6.0 using 1 M NaOH or 1 M HCl. The amount of fungus 

inoculated was 3 g/L (dry matter) in all the conditions tested. The degradation tests were 

carried out in duplicate. The data shown are the average values of both experiments. In all 

cases, standard deviations were lower than 13% with respect to average value.  

The evolution of the following parameters in the supernatant were studied: 

chemical oxygen demand (COD), biological oxygen demand (BOD5), pH, colour, total 

nitrogen, and fungal enzymatic activities (lignin peroxidase, manganese peroxidase and 

laccase).  

2.4. Analytical methods  

Samples were taken periodically each 24 h and centrifuged at 10000 rpm during 

30 min. The pellet obtained after centrifugation process was dismissed, and the 

supernatant was used for the analytical measurements, which were done at least in 

triplicate.  

The concentration of soluble chemical oxygen demand (sCOD) was measured 

by dichromate method according to Standard Methods [26]. The soluble biochemical 

oxygen demand (sBOD5) was measured using the respirometric method by measuring 

oxygen pressure decrease by Oxitop bottles. The biodegradability index (BI) was 

calculated as the ratio of sBOD5 over sCOD.  

For the measurement of Lac, LiP and MnP enzymatic activities the methodology 

described by Lisboa et al. [27] was followed. 
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Concentrations of nitrogen as nitrites, nitrates, ammonium and organic nitrogen 

in the supernatant were measured using a Segmented Flow Self-Analyzer, SKALAR 

SAN PLUS, based on colourimetric reactions. 

Finally, the change in the colour of slurry, defined as colour number (CN), was 

assessed according to Diaz et al. [28] and the value of pH was measured by means of a 

pH-meter. 

3. RESULTS AND DISCUSSION 

3.1. Fungal treatment of undigested slurry  

The evolution of sCOD concentration during the fungal treatments, is shown in 

Fig 4.39.A and significant differences can be observed depending on the pretreatment. 

The highest sCOD removals were obtained for S3 test, where centrifuged slurry was 

used. In this case, a 59% of sCOD degradation was achieved just after three days of 

incubation. Then, the sCOD value remained almost constant, reaching final percentages 

of removal around 65%, whereas only 20% of the initial sCOD was removed in the 

control samples (without fungus inoculation).  

With respect to S1 and S2 tests, final sCOD removals of 41% and 55% were 

achieved, respectively, in relation with the initial value. As can be seen in Fig 4.39, 

during the first two days of treatment, an increase of sCOD was observed in both test S1 

and test S2, achieving values of 4685 ± 132 mg/L for and 5251 ± 202 mg/L, 

respectively. This effect was not observed in the control experiments.  

Slightly higher concentrations of soluble organic matter were measured in the 

slurry pre-treated by sieving (test S2). It seems that the removal of the biggest particles 

allowed a better contact of the remaining particles with the fungus, favoring the 

solubilization of the solids and increasing the sCOD of the sample [29,30]. However, 

the fungus, probably with certain contribution of endogenous microbiota, consumed 

these compounds as they were produced. 
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Figura 4. 39. Evolution of different parameters during the swine wastewater treatment 

by P. chrysosporium. A) pH B) soluble COD C) Colour number (CN) D) LiP enzymatic 

activity E) MnP enzymatic activity F) Lac enzymatic activity. The standard deviation 

(SD) of the experimental data were in all cases less than 10% of mean value. In A, B, 

and C, empty markers and dashed lines show the control test, C1 (●), C2 (▲) and C3 

(■) and filled markers and solid lines show the inoculated tests, S1 (●), S2 (▲) and S3 

(■). In D, E and F, solid lines show data of S1 (●), S2 (▲) and S3 (■), while columns 

show data of control samples C1 (green colour), C2 (blue colour) and C3 (grey colour).  
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It should be noted that, in S3, in just 5 hours, the fungus was able to drop the 

sCOD from 5251 mg/L to 1715 mg/L, which corresponds to a sCOD removal of 67%, 

similar to that obtained in S3. For non-inoculated samples, C2 and C3, sCOD 

degradation was a 23% and 30%, respectively, which proves that the observed 

degradation was mainly caused by the inoculated fungus.  

Regarding the sBOD5 concentration, a decrease throughout the fungal treatment 

was observed in all cases. From a value around 700 mg/L (Table 4.16), final values of 

244 ± 11 mg/L, 283 ± 17 mg/L and 143 ± 11 mg/L were achieved for S1, S2, and S3, 

respectively. These concentrations were higher than those reached for the control 

samples, with final values lower than 80 mg/L in all cases. Consequently, because of 

biodegradable matter consumption, the BI decreased with the treatment, giving final 

effluents with a BI values between 0.11 and 0.17 for inoculated tests and below to 0.03 

for controls.  

Significant differences were also observed in the pH evolution. For tests S1 and 

S2, where the fungal treatment was carried out in the presence of suspended solids, the 

pH value showed a slight increase after 24 hours of treatment and then remained almost 

constant, reaching maximum pH values of 6.6. However, for the S3 experiment, which 

was carried out with the centrifuged swine wastewater, the increase in pH was 

significantly greater reaching pH values around 9.0 after 48 hours of treatment, which 

progressively dropped to a pH value of 7.2. Regarding the control samples C1, C2 and 

C3, an increase in pH values was also observed, greater for the C3 sample, which 

reached values close to 9.0 after 48 hours of treatment. It seems that the activity of 

microorganisms tends to increase the pH values, but this basification is balance by the 

solubilization of solid that occurred in S1 and S2.  

With respect to the changes in CN (see Fig. 4.39.C), decolourizations over 65% 

were achieved in all the inoculated samples, reaching the highest removals in S2 test 

(78%), whereas for the control tests the decolourization efficacies were just 30%. These 

results revealed indicate that there was a synergistic effect between the fungus 

P.chrysosporium and the endogenous microorganisms present in the slurry. The 

extracellular enzymes released by the fungi allowed to break the complex organic 

compounds that then, could be degrade by fungus and endogenous microflora, reducing 

the colour. Lac, Lip and MnP activities have been measured and can be seen in 
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Fig.4.39. The inoculation of P. chrysosporium substantially increased the enzymatic 

activity. Lac and MnP enzymatic activities have mainly been related with colour 

removal and LiP with COD degradation processes [31].  

In this work, the highest enzymatic production corresponded to LiP. In the case 

of S1 and S2, where the sample contained solids, an increase in sCOD was observed 

during the first 2 days of treatment, which corresponded to the high LiP values 

measured. Surely, the breakdown and solubilization of the complex compounds present 

in the solids increased the sCOD. In addition, it was observed that from the 7th day on, 

LiP synthesis was reduced while sCOD degradation remained almost stable. In the case 

of S3, the highest sCOD removal also corresponded to the highest LiP values.  

The fungal enzymes production in the experiments carried out with the sieved 

slurry (S2) gave the highest values of LiP, MnP and Lac enzymatic activities, with a 

maximum activity achieved of 927 ± 11 U/L, 736 ± 17 U/L, and 39 ± 8 U/L, 

respectively. These results indicated that the sieving process was key for optimal 

enzyme synthesis and agree with the values reported by Meehnian et al [29]. These 

authors studied the influence of the particle size of cotton stalks on the synthesis of 

ligninolytic enzymes by the fungus Daedalea flavida. They reported higher enzyme 

activity when the particle size was 0.5 mm, while for particle sizes of 1 mm or 10 mm 

the activity was lower, which would explain the differences observed in this work for 

S1 and S2. 

Several authors have reported the pH range of 4.5-6 as optimal for the enzymatic 

synthesis by P. chrysosporium [12,25,32]. In this work, S1 and S2 test, remained within 

this pH values throughout the treatment, whereas in S3 pH was above 7 after the first 

day of treatment. This fact, together with the absence of solids, could explain the lower 

enzymatic activity measured in S3.  

Finally, regarding the total nitrogen (TN) concentrations in the treated samples 

(Table 4.17), the lowest concentrations were obtained for S3 with a final value of 487 

mg/L. Comparing this value with C3 (1456 mg/L), it can be observed that the 

inoculation of the fungus allowed a reduction in the final TN concentration of around 

67%. When the concentrations of the different nitrogen species are analyzed, it can be 

observed that the differences between TN concentrations in S3 and C3 were mainly due 
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to the removal of inorganic nitrogen by P. chrysosporium, with ammonium and nitrates 

concentration 4 times and 10 times lower, respectively, in S3 than in C3. In S1 and S2, 

final TN concentration were also lower than in the controls, but the differences were 

less marked. In these cases, the lower TN concentration were due to the degradation of 

dissolved organic nitrogen. Hu et al. [25], who evaluated the effect of pH on the 

efficiency of ammonium removal by P. chrysosporium for landfill leachates, described 

greater removals when the fungal treatment was performed at pH values higher than 7.0. 

This fact could explain the higher NH3 removals obtained in S3 compared to S1 and S2.  

Tabla 4. 17. Concentrations of nitrites (NO2
-), nitrates (NO3

-), ammonium (NH3), total 

inorganic nitrogen (TIN), dissolved organic nitrogen (DON) and total nitrogen (TN) for 

the inoculated (S1-S3) and control (C1-C3) samples after 10 days of swine wastewater 

treatment.  

Sample 
NO3

- 

(mg/L) 

NO2
- 

(mg/L) 

NH3 

(mg/L) 

TIN 

(mg/L) 

DON 

(mg/L) 

TN 

(mg/L) 

S1 174 72 817 1063 97 1160 

S2 117 51 789 957 53 1010 

S3 13 0,3 207 221 266 487 

C1 87 1,1 910 998 728 1726 

C2 32 0,7 859 892 506 1398 

C3 163 1,3 874 1039 417 1456 

 

A pretreatment of centrifugation to remove the solids, followed by fungus 

treatment allowed decreases higher than 60% in COD, TN and colour. These results 

open the possibility of using P. chrysosporium to treat pig slurries in an economical and 

eco-friendly way. The effluent obtained could be employed for irrigation or being 

incorporated to aerobic conventional biological treatments Other possible utility of the 

fungal treatment would be to use it as a pretreatment with the aim of increasing the 

dissolved organic matter in the effluent so that the biogas production is improved in a 

subsequent anaerobic digestion process [15,19,33]. As can be observed in Fig 4.39.A, a 

fungal treatment of sieved slurry (S2) for just 48 h increased the sCOD concentration in 

around 30%.  
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3.2. Fungal treatment of digested slurry  

The treatment of swine wastewater by anaerobic digestion as well as its co-

digestion with other agri-food wastes to produce biogas has been widely studied 

[19,34,35]. However, the resulting digestate still contains a high recalcitrant organic 

load that could not be degraded by anaerobic bacteria during the anaerobic digestion 

process. Considering the ability of P. chrysosporium to synthesize fungal enzymes 

capable of breaking down these recalcitrant compounds, the fungal treatment could be 

an interesting alternative [12].  

Regarding the results obtained for sCOD concentration (Fig.4.40.B), both 

digestates showed very similar trends, reaching greater degradations in the inoculated 

samples (D4 and D5) than in the control samples (C4 and C5). With respect to the 

sCOD removal for D5 test, carried out with the digestate from the membrane reactor, a 

degradation of 32% was achieved after four days of treatment. Afterwards, the sCOD 

concentration decreased slowly until achieving a final percentage of removal of 38%, 

substantially higher than the 11% reached in the control sample (C5). Regarding to the 

digestate from the conventional AD process, removals of 23% and 9% were achieved 

for D4 and C4, respectively. These results seem to indicate that the presence of an 

ammonium trapping membrane in the reactor favors the subsequent fungal treatment 

process, with final COD concentrations lower than those obtained with the conventional 

digestate (1780 mg/L for D5 and 2500 mg/L for D4).  
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Figura 4. 40. Evolution of different parameters during the digestated slurry treatment 

by P. chrysosporium. A) soluble COD B) pH C) Colour number (CN) D) LiP enzymatic 

activity E) MnP enzymatic activity. The standard deviation (SD) of the experimental 

data were in all cases less than 13% of mean value. Empty markers and dashed lines 

show the control test C4 (■) and C5 (●), and filled markers and solid lines show the 

inoculated tests, D4 (■) and D5 (●).  
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With respect to the concentration of BOD5, the values were reduced in all cases, 

reaching final values around 80 mg/L in the inoculated samples (D4 and D5) and 

around 170 mg/L in the controls (C4 and C5). In this case, the final inoculated samples 

showed lower BOD5 values than the control samples, and in all cases the final effluents 

are low biodegradable with a BI values lower than 0.07.  

Accordingly to the removal of colour (Fig.4.40.C), again higher degradations 

was obtained when the effluent was treated by P. chrysosporium. However, the colour 

removals achieved with the anaerobic digestates were lower than those obtained for the 

undigested slurry, with percentages around 30% for D4 and D5.  

The LiP and MnP enzymatic activities are shown in Fig 4.40.D and Fig 4.40.E, 

respectively. For D5, the digestate from the membrane reactor, slightly higher values of 

LiP and MnP were obtained than for the conventional digestate, whereas Lac enzymatic 

activity was undetectable for all cases. The values obtained with the digestates were 

quite lower than those obtained for the undigested slurry. In the treatment of recalcitrant 

effluent by fungi, the importance of counting with easily assimilable carbon sources to 

favor enzymatic synthesis has been described by several authors [12,36]. It should be 

noted that the digested slurries were less biodegradable than the undigested ones, as 

indicated by the sBOD5 shown in Table 4.16. In addition, pH was not controlled during 

the treatment, reaching values higher than 6.5 in all cases, which could also decrease the 

synthesis of fungal enzymes (see Fig. 4.40.B), as pH values were above the range 

reported as optimal.  

4. CONCLUSIONS  

Results obtained in this work showed the potential of P. chrysosporium to treat 

swine slurries and wastewaters, either effluents directly from the pig farm or effluents 

previously subjected to anaerobic digestion processes. A short fungal treatment of the 

raw slurry (2 days) caused the solubilization of solids, increasing the sCOD 

concentration for a subsequent anaerobic treatment. If the fungal treatment continues for 

7 days, percentages of sCOD removal (calculated with respect to the initial 

concentration) of 41% were achieved. Additionally, the use of centrifugation as 

previous step allowed decreases higher than 60% in COD, TN and colour, so that the 

effluent can be more easily used for irrigation or treated in conventional processes. 
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Moreover, high enzymatic activities of LiP and MnP were measured after 2 days of 

fungal treatment, in particular the highest values were obtained when the sieved slurry 

was treated, which opens the possibility of using this residue as a raw material to 

synthetize fungal ligninolytic enzymes with large industrial applications. Regarding the 

treated digestates, even though they were low-biodegradable effluents (BI < 0.1), the 

fungal treatment was able to eliminate 23-32% of the initial sCOD concentration and 

around 30% of the colour. The possibilities of coupling fungal treatment with other 

biological processes are wide, however further specifical research should be carried out. 
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4.4. Tratamiento de efluentes de la industria 

papelera 

En este apartado se recogen todas las investigaciones relacionadas con el 

tratamiento de residuos procedentes de la industria papelera, como es el licor negro. 

Este efluente se caracteriza por su olor, su elevado grado de color y su alto contenido en 

lignina, siendo por tanto altamente recalcitrante. La búsqueda de alternativas de 

tratamiento más sostenibles ha impulsado las investigaciones llevadas a cabo en esta 

sección.  

Por ello, en el apartado 4.4.1 se ha evaluado el empleo del hongo basidiomiceto 

P. chrysosporium y el hongo ascomiceto A. uvarum para el tratamiento biológico del 

licor negro. Los resultados obtenidos mostraron la capacidad de ambos hongos para 

eliminar los compuestos fenólicos presentes en el licor de biometanización, así como el 

color y la materia orgánica recalcitrante. Así mismo se ha evaluado la influencia de la 

presencia de sólidos y del valor del pH en la efectividad del tratamiento biológico y en 

la capacidad de síntesis enzimática por parte de ambos hongos. Los resultados obtenidos 

en esta etapa de investigación son prometedores en cuanto a la aplicabilidad de los 

hongos para procesos de biorremediación de efluentes industriales, especialmente para 

el hongo A. uvuram, del que no se ha encontrado bibliografía previa que describa su 

influencia en los procesos de degradación de licores procedentes de la industria 

papelera.    
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ABSTRACT 

The Kraft Black Liquor effluent generated by the pulp and paper industry is a 

highly alkaline solution with high chemical oxygen demand (COD), phenolic content, 

toxicity, and low biodegradability. In this work, fungi have been assayed to treat this 

pollutant wastewater. The experiments were carried out at 25 ºC and 150 rpm for 10 

days in a batch reactor. Two fungi capable of releasing suitable enzymes have been 

tested, i.e., the ascomycete fungus Aspergillus uvarum and the basidiomycete fungus 

Phanerochaete chrysosporium. The effluent was treated with and without solids 

(centrifuged and filtered by 0.45 μm filter), at two different initial pH values (4 and 6) 

and with and without pH control. In all cases, the evolution of COD, biological oxygen 

demand (BOD5), colour index, and the concentration of reducing sugars and phenolic 

compounds were analysed. Besides, the enzymatic activities manganese peroxidase 

(MnP), lignin peroxidase (LiP), and laccase (Lac) were measured throughout the 

experiments. Results showed that the presence or absence of solid did not affect the 

biodegradation process, achieving similar efficiencies. Bioremediation with P. 

chrysosporium allowed to obtain removals of COD, colour and phenolic compounds of 

65%, 37% and 56%, respectively, while A. uvarum achieved 61%, 81% and 67%, for 

the best conditions tested. These results give good perspectives for application of both 

fungi for problematic industrial wastewaters, such as black liquor. It is especially 

interesting the good results obtained with A. uvarum, which has not been previously 

tested for the treatment of effluents from the paper industry. 

 

Keywords: kraft black liquor; Phanerochaete chrysosporium; Aspergillus uvarum; 

biological treatment; phenolics removal. 

 

Abbreviations: KBL, Kraft black liquor; COD, Chemical oxygen demand; 

BOD, Biological oxygen demand; MnP, Manganese peroxidase; LiP, Lignin 

peroxidase; Lac, Laccase; PHAs, Polycyclic aromatic hydrocarbons; MEA, Malt extract 

agar; SD, Standard deviation; DNS, dinitrosalicylic acid; CN, colour number; SAC, 

Spectral absorbance coefficient; ABS, absorbance.  
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1. INTRODUCTION 

The pulp and paper production entails huge amounts of water consumption, 

which depends on the characteristics of the raw material and the type of produced paper. 

Consequently, huge amounts of complex, toxic and low biodegradable wastewater, that 

needs to be treated, are produced. Among these wastewaters, the Kraft Black Liquor 

(KBL) effluent, generated during the kraft pulping process, is considered the most 

problematic waste stream [1,2].  

During the kraft pulping process the wood chips are digested at high temperature 

and pressure in a solution of sodium hydroxide and sodium sulphide called white liquor. 

This solution dissociates the lignin and cellulose fibres, giving a solid pulp and a liquid 

residue as final products. The solid pulp obtained is washed and continues to the 

manufacture process, while the liquid phase is mixed with the liquid residue from the 

pulp washing process to form the KBL [3]. This effluent is a dark colour and highly 

alkaline solution with high chemical oxygen demand and toxicity, and low 

biodegradability [4]. It is mainly composed by lignin, chlorophenols, tannins, fatty 

acids, and soluble sodium salts, among others [5]. Hence, this effluent must be 

adequately treated before being discharged to avoid adverse environmental damages on 

natural flora, fauna as well as aquatic bodies [6].  

The KBL is normally subjected to a chemical process so that inorganic 

chemicals are recovered and the lignin is used as energy source [7,8]. For this, the KBL 

is concentrated at least up to 65% of solids and subsequently burned. The ashes are used 

to form the green liquor by adding water. Then, this solution is causticized and turns 

into white liquor, which after a filtration process is recirculated to the digestion stage. 

Although this is the most widely employed method, its use entails important operational 

and environmental problems, i.e., the increase in KBL viscosity during the first stages 

that favours the plugging of pipelines, the formation of deposits and fumes of inorganics 

salts in evaporators and furnaces or the emission of odours and hazardous gases [9,10].  

Other physic-chemical techniques such as wet air oxidation, ozonation, 

electrocoagulation, or membrane technologies have been studied in order to reduce its 

colour or its concentration of recalcitrant compounds [11–14]. Although the application 

of these methods has been shown to be effective in removing COD, many disadvantages 
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are related to their use, mainly associated to the high operating cost. In addition, it has 

been reported that undesirable by-products such as aliphatic acids or phenolic 

compounds could be generated during some of these treatments [15]. For these reasons, 

the interest for searching alternative methods to treat KBL, which allow the removal of 

recalcitrant pollutants in an economical and eco-friendly way is still at its peak.   

It is frequent that biological methods can suitably overcome some of the 

drawbacks of physic-chemical techniques since the allow the transformation of the toxic 

chemicals to less harmful forms [16]. Both aerobic and anaerobic treatment techniques 

have been described previously for the treatment of pulp and paper industry achieving a 

partial removal of organic matter and phenolics compounds [17–19]. However, the 

composition of KBL makes impossible to treat it by a conventional biological process. 

The removal of KBL recalcitrant pollutants in not an easy task for bacteria, mainly 

because of the presence of complex structures such as lignin or chlorinated lignin 

compounds [15]. In this sense, some researchers have focused on the research of 

suitable microorganisms that allow the degradation of these complex compounds, 

improving the effectiveness of the biological treatment process [20,21]. 

Fungal treatment has been considered a promising alternative for the treatment 

of complex industrial effluents due to the capability of some fungi to synthetize 

extracellular enzymes, including lignin peroxidases (LiP), manganese peroxidases 

(MnP) and laccases (Lac) [22]. Unlike bacteria, fungi have strong adaptability and can 

resist adverse conditions of temperature and pH, as well as limited nutrient availability 

[23]. The release of these nonspecific enzymes allows them to degrade a wide variety of 

recalcitrant contaminants such as pesticides, fuels, polycyclic aromatic hydrocarbons 

(PAHs), and synthetic dyes [24]. 

The use of fungi to treat industrial wastewaters in order to degrade complex 

compounds such as humic acids, phenols, azo dyes or pharmaceutical products have 

been deeply studied in the last decades [25–27]. Specifically, some authors have tested 

the application of white-rot fungi and its enzymes for the treatment of KBL. Font et al. 

[28], have reported reductions in COD and colour higher than 60% after the treatment 

of black liquor by Trametes versicolor in the form of pellets in aerated reactors. Costa et 

al. [29] have studied the capacity of Phanerochaete chrysosporium and Bierkandera 

adusta to degrade lignin, reaching removal values up to 74% and 97%, respectively, in 
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synthetic pulp mill wastewater. Moreover, both fungi were able to achieve 100% of 

delignification when real pulp mill wastewater was used. The fungi within the black 

Aspergillus group have been also described as good degraders for the wastewaters from 

the paper industry. Regarding phenolic compounds, an elimination around 60% was 

accomplished using Aspergillus niger in batch treatment of real pulp mill effluent 

[30,31].  

The aim of this study was to evaluate the capacity of the ascomycete fungus 

Aspergillus uvarum and the basidiomycete fungus Phanerochaete chrysosporium to 

remove phenolic compounds, reducing sugar, colour, recalcitrant organic matter and/or 

enhance the biodegradability of KBL. As far as we know, the application of A. uvarum 

to treat this industrial wastewater has not been previously reported. Its behaviour is 

compared with the use of P.chrysosporium that has previously given good results for 

the treatment of pulp and paper mill effluents. The presence of solids and the influence 

of pH during the treatment were also evaluated in order to optimize and select the most 

suitable operating conditions for the bioremediation process. 

2. MATERIAL AND METHODS 

2.1. Sample description 

The kraft black liquor (KBL) corresponds with the waste stream obtained after 

the cooking step from Eucalyptus wood, which was provided by a paper mill located in 

Asturias (Spain). A detailed information about it physicochemical composition can be 

seen in Pola et al. [4]. The pH value of the raw KBL was 12.7, for the biological 

treatment, the raw KBL was diluted with distilled water in a ratio of 1:24 (v/v) and the 

pH was adjusted to a value of 6.0 (KBL 1) or 4.0 (KBL 2), using NaOH 1M and HCl 

1M. The characterization of the diluted and pH adjusted KBL used for the experiments 

is showed in Table 4.18.  
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Tabla 4. 18. Characteristics of KBL diluted 1:24 after pH adjusting. 

Parameter Value 

 KBL 1 KBL 2 

pH 6,03 ± 0,01 4,03 ± 0,03 

sCOD (mg O2/L) 5792 ± 68 3590 ± 44 

sBOD5 (mg O2/L) 443 ± 10 291 ± 13 

Biodegradability (BI) 0,08 ± 0,001 0,06 ± 0,001 

Soluble reducing sugars (mg/L) 393 ± 16 380 ± 13 

Soluble phenolic compounds (mg/L) 629 ± 11 587 ± 8 

Colour Number (CN) 3,4 ± 0,1 2,0 ± 0,1 

Dry matter (mg/L) 7 ± 0,1 9 ± 0,1 

2.2. Microorganisms and culture conditions 

Aspergillus uvarum MUM 08.01 and Phanerochaete chrysosporium MUM 

95.01 were obtained from MUM culture collection (University of Minho, Braga, 

Portugal). The fungi were grown on 2% of malt extract agar (MEA) at 26 ºC for 7 days.  

To obtain the A. uvarum fungal pellets, a small portion of fungal biomass from 

the growing zone of petri dish was scraped with a smear loop and used to inoculate a 

250 mL Erlenmeyer flask with 150 mL of Czapek-Yeast medium (1.3 g/L of K2HPO4, 5 

g/L of yeast extract, 30 g/L of sucrose and 5 mL of a Czapeck concentrate), previously 

sterilized at 121 ºC for 20 min. The Czapeck concentrate consisted of 300 g/L of 

NaNO3, 50 g/L of KCl, 50 g/L of MgSO4·7H2O, 1 g/L of FeSO4·7H2O, 1 g/L of 

ZnSO4·7H2O and 0.5 g/L of CuSO4·5H2O. After 6 days, the pellets were obtained. For 

the obtention of P. chrysosporium fungal pellets, the procedure described by Díaz et al. 

[32] was followed.  To determine the moisture of the pellets, the fungal biomass was 

oven-dried to constant weight at 105ºC. 
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2.3. Batch experimental procedure 

Six different batch experiments were carried out to treat non-sterile diluted KBL. 

In all cases, the media were supplemented with 3 g/L of glucose to promote fungi 

growth, enzymatic activity and improve the degradation process of recalcitrant matter  

[32,33]. The operational conditions are shown in Table 4.19. Two experiments were 

carried out with P. chrysosporium using diluted KBL with solids and keeping the pH 

constant at a value of 4.0 (P4) and 6.0 (P6) by adding NaOH 1M or HCL 1M during the 

treatments.  

The experiments were carried out in 1 L Erlenmeyer flasks containing 200 mL 

of sample inoculated with 3 g/L (dry matter) of fungus. Erlenmeyer flasks were 

incubated at 25ºC for 10 days in an orbital shaking at 150 rpm. Two experiments were 

also carried out with A. uvarum in 500 mL Erlenmeyer flasks containing 100 mL of 

sample at pH 4.0 (U4) and pH 6.0 (U6). In both cases, the pH was controlled during the 

treatment. The inoculation and incubation conditions were the same as in the case of P. 

chrysosporium.   

Finally, with the aim to evaluate the influence of pH control during the 

treatment, two additional experiments similar to U6 were carried out using diluted KBL 

adjusted initially to pH 6, with solids (US) and without solids (UL) and without pH 

control during the treatment. To remove the solids, the sample was centrifuged for 20 

min at 9000 rpm and filtered by 0.45 μm filter (Millipore). 

For all the conditions tested, control experiments without fungus addition were 

assayed with the aim of evaluating the effect of fungus addition in relation with the 

activity of the endogenous microbiota. These control tests correspond to C-P4, C-P6, C-

U4, C-U6, CL and CS.  

In all cases, the experiments were carried out in duplicate. The data shown are 

the average of the experimental data. In each particular case, the percentage of standard 

deviation (SD) with respect to the mean value is shown. Periodically, samples were 

taken for the analysis of COD, total phenolic content, reducing sugars concentration, 

colour number, pH, BOD5 and enzymatic activities (Lac, MnP and LiP).  
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Tabla 4. 19. Experimental design for the biological treatments. In all cases, the medium 

used was diluted KBL and the amount of inoculated fungus was 3 g/L (dry matter).  

Test Fungus  Initial pH Glucose pH control Solids 

P4 P. chrysosporium 4.0 3 g/L Yes Yes 

C-P4 Non inoculated 4.0 3 g/L Yes Yes 

P6 P. chrysosporium 6.0 3 g/L Yes Yes 

C-P6 Non inoculated 6.0 3 g/L Yes Yes 

U4 A. uvarum 4.0 3 g/L Yes Yes 

C-U4 Non inoculated 4.0 3 g/L Yes Yes 

U6 A. uvarum 6.0 3 g/L Yes Yes 

C-U6 Non inoculated 6.0 3 g/L Yes Yes 

US A. uvarum 6.0 3 g/L No Yes 

CS Non inoculated 6.0 3 g/L No Yes 

UL A. uvarum 6.0 3 g/L No No 

CL Non inoculated 6.0 3 g/L No No 

 

2.4. Analytical methods 

Samples were centrifuged at 9000 rpm during 10 min, filtered by 0.45 µm filter 

(Millipore) and stored at -20ºC until being analysed. All analytical measurements were 

done at least in triplicate.  

Soluble biochemical oxygen demand (sBOD5) was determined using a 

manometric respirometry measurement system (Lovibond® Water Testing BD 600). 



4. Resultados y Discusión 

295 

For soluble COD (sCOD) determination, the test kit Hach Lange LCK 514 was used, 

and samples was spectrophotometrically measured at 600 nm. The biodegradability 

index (BI) was calculated as the ratio of soluble sBOD5 over soluble sCOD. 

The concentration of reducing sugars was determined by the Miller method, 

using dinitrosalicylic acid (DNS), according to the methodology described by Díaz et al. 

[34]. Glucose was used as standard. The absorbance was measured at 540 nm using a 

UV/vis spectrophotometer (Thermo Scientific, Heλios γ).  

Total phenolic content was measured using by the Folin–Ciocalteu’s phenol 

method following the procedures of Moussi et al. [35]. In this procedure, 400 µL of 

sample were mixed with 3 mL of Folin-Ciocalteu reagents (previously diluted 1:10 with 

distilled water). This mixture was maintained at 22ºC for 5 min. After that, 3 mL of 

sodium bicarbonate (NaHCO3 0.6 g/L) were added, and the sample was again incubated 

at 22ºC for 90 min. After incubation, the absorbance was measured at 725 nm against a 

blank. Gallic acid was used as standard.  

The change in the colour of the KBL was indicated by the colour number (CN), 

which is defined according to Equation (1), where  spectral absorbance coefficients 

(SAC) are defined as the ratio of the values of the absorbances (Abs) measured at 436, 

525 and 620 nm over the cell thickness (x) [36].  

CN=
SAC436

2 + SAC525
2 + SAC620

2

SAC436 + SAC525 + SAC620
                     Eq (1) 

For the analysis of Lac, LiP and MnP enzymatic activities the methodology 

described by Lisboa et al. [37] was followed. For Lac activity the reaction mixture was: 

0.8 mL of ABTS (0.03 % v/v), 0.1 mL sodium acetate buffer (0.1M, pH 5.0) and 0.1 

mL of sample. The oxidation of ABTS was measured at 420 nm with a molar extinction 

coefficient (ε) of 3.6 × 104 M-1cm-1.  The LiP activity was assessed by mixing 1 mL of 

sodium tartrate buffer solution (125 mM, pH 3.0), 500 µL of veratryl alcohol (10 mM), 

500 µL of hydrogen peroxide (2 mM) and 500 µL of sample. The production of 

veratraldehyde was measured at 310 nm (ε = 9.3 × 103 M-1cm-1).  The measurement of 

MnP activity was carried out using the Phenol Red’ method by mixing 500 µL of 

sample, 100 µL of phenol red (0.01% p/v), 100 µL of sodium lactate (250 mM), 200 µL 

of bovine albumin (0.5% w/v), 50 µL of sulphate manganese (2 mM), 50 µL of 
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hydrogen peroxide (2 mM) and 1.0 mL of sodium succinate buffer (20 mM, pH 4.0). 

All the reactions were performed at 30ºC for 5 minutes and were stopped by adding 40 

µL of 2 N NaOH. One unit of enzyme (U) was defined as the release of 1 µmol product 

formed per min under the assay conditions.  

Finally, total solids (TS) were analysed by oven-drying (105ºC) a determined 

volume of sample to constant weight and the value of pH was measured by means of a 

pH-meter.  

3. RESULTS AND DISCUSSION 

3.1. KBL biodegradation by P. chrysosporium with pH control  

Diluted KBL was biotreated by P. chrysosporium at pH 4 (P4) and pH 6 (P6). 

As can be seen in Table 4.18, the characteristics of the raw material were different 

according to the initial pH, especially for sCOD, sBOD5 and colour, due to the 

precipitation of lignin as a consequence of the pH adjustment. This fact was reflected in 

the increase in dry matter at pH 4. The evolution of soluble COD, soluble reducing 

sugars, soluble phenolic compounds, colour number (CN), soluble BOD5 and enzymatic 

activities (LiP, MnP and Lac) for each experiment and control (CP4 and CP6), is shown 

in Fig 4.42. 

In relation to sCOD degradation (Fig 4.42.A), for the non-inoculated tests, the 

sCOD concentration of test C-P4 remained almost constant during the treatment, 

whereas test C-P6 showed a slight reduction, carried out by the endogenous microbiota 

from KBL. Despite of the high alkalinity of Kraft paper effluents, microorganisms 

capable to survive in these wastewaters, mainly within Firmicutes and Proteobacteria 

phyla have been identified and isolated in previous studies [20]. In both cases, the final 

sCOD concentration was higher than the KBL before being supplemented with glucose. 

With respect to experiments inoculated with fungus (P4 and P6), a similar behaviour 

was observed, very different from controls. In both cases, a fast decrease of sCOD was 

observed during the first 24 h followed by a progressive degradation until the 4th day of 

treatment with a final concentration around 2000 mg/L. Afterwards, the sCOD 

concentration remained almost constant. However, as the initial sCOD was not the same 

in both cases, due to the lignin precipitation caused for the pH adjustment, the final 

COD removal achieved in relation with the initial sCOD concentration of the KBL 
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before glucose addition, was much higher at pH 6 than at pH 4 (65% and 35%, 

respectively). Results here obtained were higher than the COD removals reported by 

Wu et al. [38], who achieved COD removals less than 50% after the treatment of diluted 

black liquor by P. chrysosporium and others white-rot fungi after 16 days of treatment 

at pH 6 and 28ºC.  

Regarding soluble reducing sugars evolution easily used by microorganisms (Fig. 

4.42.B), the addition of glucose increased the initial values from around 400 mg/L to 

3800 mg/L. For the control test at pH 4, these values remained almost constant during 

the biological treatment, probably due to the protection of the acid pH, which avoid that 

glucose is consumed by environmental bacteria. At pH 6 a rapid decrease of reducing 

sugars was observed during the first 24 hours, which corresponds with the reduction 

observed in sCOD. So, it can be concluded that the removal of sCOD observed in CP-6 

was due to the consumption of the added glucose. It is important to keep in mind that 

the samples used in this work were not sterilized, so the endogenous microbiota from 

KBL could consume reducing carbohydrates. However, it is important to point out that 

even at pH 6 remained without being consumed around 2700 mg/L of reducing 

carbohydrates, probably due to the presence of inhibitory compounds, such as 

phenolics, which are in a concentration around 600 mg/L.  

For the experiments inoculated with the fungus (P4 and P6), significant 

removals of reducing sugars were achieved compared with the initial one, reaching final 

values of 73% and 64% for P6 and P4, respectively. In both cases the elimination of 

reducing carbohydrates occurred mainly during the first 24 hours (see Fig, 4.42.B), with 

apparent consumption of 2.34 ± 0.02 mg/Lmin and 1.72 ± 0.07 mg /Lmin, at pH 6 and 

pH 4, respectively. It is necessary to take into account that the real consumption rate is 

higher because reducing sugars were producing at the same time as they are consumed 

thanks to the fungal enzymes that broke complex carbohydrates. In this work, it was 

observed that regardless of the pH adjustment, the highest enzymatic activity was 

reached at around 96 h (see Fig. 4.42.C), when most of the reducing carbohydrates had 

been consumed. According to results previously commented, the greatest activities were 

obtained at pH 6 with 625 ± 11 U/L and 497 ± 8 U/L for MnP and LiP, respectively. 

These enzymes are responsible for delignification, breaking down the lignin into by-

products that the fungus can use as source of nutrients [31]. In addition, the removal of 
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COD and colour has been mainly related with the release of these enzymes by white-rot 

fungi [39]. Lac activity was lower than 5 ± 0.6 U/L for both values.  

Accordingly to the consumption of reducing sugars, a reduction of sBOD5 

concentration was obtained in all cases, reaching 172 ± 8 mg/L for test P4 and 196 ± 7 

mg/L for P6 (Fig. 4.42.D). However, due to COD removal, the use of P. chrysosporium 

gave final biodegradability index slightly higher than in the initial KBL, 0.07 and 0.09 

for P4 and P6, respectively. Regarding control test, a certain reduction of sBOD5 values 

was obtained because of glucose consumption by endogenous microbiota. However, 

these values were higher than the initial sBOD5 of KBL, according to the fact that 

endogenous microorganisms could not degrade even the glucose added.  

The evolution of phenolics concentration is shown in Fig 4.42.E. The removal of 

phenolic compounds is crucial because of  its grave toxic effects on humans, animals 

and natural environment [40]. Again, the highest removals were reached for the 

experiment carried out at pH 6, where P. chrysosporium could degrade 56% of 

phenolics after 8 days of treatment, with final concentration below 300 m/L. At pH 4, 

44% of phenolics were removed just in 3 days. For both control tests the degradation 

was lower than 4%. 

Although the dephenolization process is mainly related to the activity of Lac, 

this study probes that other ligninolytic enzymes, such LiP and MnP, also contributes to 

the degradation of these compounds. Results here obtained agree with other studies on 

the degradation of phenolics by white-rot fungi, i.e., Sampedro et al. [41] reported 

removals around 43% using free mycelia of Phlebia sp. to treat an olive mill effluent.  
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Figura 4. 42. Evolution of different parameters during the treatment of KBL with P. 

chrysosporium and pH control. A) Soluble COD B) Reducing sugars C) Enzymatic 

activities D) BOD5 and biodegradability index (BI) E) Phenolic compounds. F) Colour 

number (CN). The standard deviation (SD) of the experimental data were in all cases 

less than 11% of mean value. In A, B, E and F, empty markers show the inoculated 

tests, P6 (▲) and P4 (●) and filled markers show the non-inoculated tests, C-P6 (▲) 

and C-P4 (●). In C, filled markers and empty markers show data of P6 and P4, 

respectively. MnP (●, ), LiP (■, ) and Lac (▲, ). In D, initial BOD5 is shown in 

dark columns, final BOD5 in light columns and final BI in circle markers.  
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The colour removal achieved by the treatment with P. chrysosporium, was lower 

than 30% for both pH values. It should be noted that for both the pH values here 

assayed the colour of the sample was higher than the initial one during the first 96 hours 

of treatment, which coincided with the drop of sCOD and the maximum enzymatic 

activity. Junnarkar et al. [42]  observed the production of a dark brown colour during 

the treatment of wheat straw by P. chrysosporium. This colour was related with 

secondary products formed during lignocellulosic material biodegradation. This fact 

might explain the behaviour here obtained, since P. chrysosporium could generate 

coloured by-products from lignin degradation. 

3.2. KBL biodegradation by A. uvarum with pH control  

The industrial application of A. uvarum has hardly been studied. Therefore, its 

use for the treatment of KBL effluents has not been previously reported. This fungus 

was selected based on the good results reported by Salgado et al. [43] for the treatment 

of olive mill and winery wastewaters, in terms of colour and phenolic compounds 

removal. A. uvarum belongs to the group of black Aspergilli and has the capacity to 

produce secalonic acid, asteric acid, geodyn, erdine and dihydrogeodyine [44]. 

The evolution of sCOD for the KBL treatment by A. uvarum is shown in Fig. 

4.43.A. In this case, the degradation of sCOD was progressive during the treatment with 

the inoculated fungus, whereas in the control tests sCOD remained almost constant at 

pH 4 and decreased slightly at pH 6. As occurred with P. chrysosporium, final sCOD 

was similar at both pH values. However, as the initial sCOD was higher at pH 6, the 

percentage of sCOD removal was higher at this pH. So, A. uvarum accomplished 61% 

and 43% of sCOD degradation at pH 6 and pH 4, respectively. Liu et al. [45] reported 

similar results with a maximum COD removal of 60% at pH 6.0 when an alkaline 

pulping effluent was treated by Aspergillus niger.  

Regarding the evolution of reducing sugars concentration (Fig 4.43.B), again an 

abrupt decrease was observed during the first 72 h with degradation rates of 1.49 ± 0.11 

mg/Lmin and 2.02 ± 0.08 mg/Lmin for U4 and U6, respectively. Compared to P. 

chrysosporium, the consumption of reducing sugars attained after 10 days was slightly 

higher, without significant differences between U4 and U6 (78% and 75%, 

respectively). 
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Figura 4. 43. Evolution of different parameters during the treatment of KBL with A. 

uvarum and pH control. A) Soluble COD B) Reducing sugars C) Enzymatic activities 

D) BOD5 and biodegradability index (BI) E) Phenolic compounds. F) Colour number 

(CN). The standard deviation (SD) of the experimental data were in all cases less than 

12% of mean value. In A, B, E and F, empty markers show the inoculated tests, U6 ( ) 

and U4 ( ) and filled markers show the non-inoculated tests, C-U6 (▲) and C-U4 (●). 

In C, filled markers and empty markers show data of U6 and U4, respectively. MnP (●, 

), LiP (■, ) and Lac (▲, ). In D, initial BOD5 is shown in dark columns, final 

BOD5 in light columns and final BI in circle markers. 
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Compared to P. chrysosporium, the fungus A. uvuarum showed a lower capacity 

to synthesize LiP and MnP, with maximum activities achieved at pH 6 of 98 ± 9 U/L 

and 122 ± 6 U/L, respectively (see Fig. 4.43.C). On the contrary, enzymatic activity of 

Lac was much higher with A. uvarum, reaching values of 210 ± 7 U/L and 164 ± 12 U/L 

for U6 and U4, after 168 h of treatment. Salgado et al. [43], reported the ability of A. 

uvarum to synthesize other enzymes with proteolytic, lipolytic, and tannase activities, 

which together with the commented MnP, LiP and Lac, allowed the high efficacy of 

sCOD degradation. 

Regarding BOD5 concentration (Fig. 4.43.D), the behaviour was similar to that 

obtained with P. chrysosporium. As soon as enzymes broke recalcitrant organic matter 

into compounds more biodegradable, they were consumed by the microorganisms. Final 

BI were also very low with values of 0.08 and 0.09 for U6 and U4, respectively. The 

main different observed between the inoculation of P. chrysosporium or A. uvarum was 

observed with respect to the degradation of phenolic compounds, A. uvarum allowed to 

obtain higher removals for these kinds of pollutants, especially at pH 6 where 67% of 

the phenolics were degraded (see Fig. 4.43.E). At both pH values, the degradation 

process of phenolics was progressive until 96 h, and from this time on, concentration 

remained almost constant. The higher dephenolization observed is likely to be related 

with the higher Lac activity achieved with A. uvarum.  

For both pH values, the use of A. uvarum gave better results in decolourization 

than those achieved with P. chrysosporium (Fig. 4.43.F). The use of A. uvarum, gave a 

removal of 76% and 81% for U4 and U6 after 10 days, respectively. In both cases (U4 

and U6), the reduction in the CN was in parallel with the reduction in phenolics 

concentration, with the only exception of the slight decolourization observed after 168 h 

of treatment at pH 6. This confirms the fact that the main responsible for the dark colour 

of KBL are phenolic compounds. Gulzar et al. [46] reported decolourization efficacies 

of 78% in synthetic textile effluent after 72 hours of treatment by Aspergillus niger, 

whereas only 52% was achieved for real wastewater, results quite lower than that here 

achieved. 
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3.3 Biodegradation of KBL with and without solids, and without pH control by A. 

uvarum. 

As results obtained in terms of sCOD degradation were similar for both 

microorganisms assayed, and phenolics degradation and consequently decolourization, 

was better with A. uvarum, this last fungus was selected for the next experiments. The 

qualities of the final effluents obtained at controlled pH 4 and 6 were quite similar, 

except for the concentration in phenolics that was lower at pH 6. Taking these results 

into account and in order to know if the control of pH during the treatment was 

necessary, the treatment of KBL with A. uvarum adjusting the initial pH at 6 and with 

free pH evolution during the treatment was carried out. Diluted KBL with solids (US) 

and without solids (UL) were used for these experiments.  

The pH profiles are shown in Fig. 4.44.A, as can be observed, a reduction of pH 

took place in all cases. The control tests (CS and CL) suffered a reduction of just one 

unit, reaching final values around 5.0 in both cases. On the contrary, in both inoculated 

test (US and UL), the pH value showed a fast drop during the first 96 h, reaching values 

below 2. After this time, pH continued to decrease progressively until reaching pH 

values around 1.0 after 10 days of treatment. The genus Aspergillus has been widely 

studied for its ability to produce organic acids such as citric, gluconic, or fumaric acid, 

using lignocellulosic materials as substrates [47]. The organics acids may be responsible 

for the acidification observed in this work.  

In Fig 4.44.B, the change of the concentration of soluble reducing carbohydrates 

is shown, with a behaviour very similar to that obtained with pH controlled at pH 6. It 

must be noted that, even for pH values below, sugars consumption was observed. 

Similar final BOD5 values were observed for US and UL, with a BI of 0.08, as in U6 

test (Fig. 4.44.D).  

With respect to the enzymatic activity, the values obtained without pH control 

was much lower than those obtained in the pH-controlled test. As can be seen in Fig. 

4.44.C, the enzymatic activities were slightly higher for the US test, with maximum 

values of 47 ± 6 U/L for MnP and 31 ± 4 U/L LiP after 72 h, and 53 ± 5 U/L for Lac 

after 24 h. Then, the enzymatic activity drastically decreased, especially for Lac. This 

abrupt reduction in Lac activity happened when pH was less than 3.0. 
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Figura 4. 44. Evolution of different parameters during the treatment of KBL with and 

without solids, and without pH control with A. uvarum. A) Soluble COD (solid lines) 

and pH (dashed lines) B) Reducing sugars C) Enzymatic activities D) BOD5 and 

biodegradability index (BI) E) Phenolic compounds. F) Colour number (CN). The 

standard deviation (SD) of the experimental data were in all cases less than 12% of 

mean value. In A, B, E and F, empty markers show the inoculated tests, UL ( ) and US 

( ) and filled markers show the non-inoculated tests, CL (▲) and CS (●). In C, filled 

markers and empty markers show data of U6 and U4, respectively. MnP (●, ), LiP (■, 

) and Lac (▲, ). In D, initial BOD5 is shown in dark columns, final BOD5 in light 

columns and final BI in circle markers. 
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Dhakar et al., (2015) who studied the effect of temperature and pH on the 

production of ligninolytic enzymes (MnP, LiP and Lac) by A. niger, reported that the 

minimum production of Lac (0.8 U/L) corresponded to a pH 3.5, while at pH 7.5 the 

measured activity was 8.9 U/L. In addition, an increment in MnP and LiP production 

was described when pH increased considering pH 5.5 and pH 9.5 as optimum for MnP 

(1737 U/L) and LiP (215 U/L) production, respectively. In this work, the drop of pH 

suffered in UL and US, explains the low fungal enzymatic activities with respect to tests 

carried out at controlled.  

Surprisingly, despite the pH drop and the low enzymatic activities, the sCOD 

degradation observed (Fig. 4.44.A) in US and UL was very similar to that obtained with 

the controlled pH (U6). Removals over 60% were achieved in presence or absence of 

solids, indicating that the enzymatic activities achieved in the first three days are enough 

to break most part of complex carbohydrates.  

Some differences were observed for phenolics removal compared to tests carried 

out with pH control, where the enzymatic activity, especially Lac, was higher. In this 

case, efficiencies around 40% were obtained for US and UL after 4 days of treatment 

(see Fig.4.44.E), whereas with pH controlled at pH 6 a percentage of 67% was 

achieved. As stated before, the low pH significantly affected the enzymatic production 

by fungus and therefore the dephenolization process.  

Finally, the changes in CN can be seen in Fig 4.44.F. In control samples (CS and 

CL) a colour removal close to 30% took place, whereas the inoculation of the fungus 

allowed to obtain a colour removal of 94%. In this case decolourization was due to 

phenolics degradation, but also by the acidification occurred during the treatment. In 

fact, acid precipitation is the most widely used technique to extract lignin. Normally 

strong acids such as sulfuric or hydrochloric are used to precipitate Kraft lignin 

obtaining a the treated effluent with lower COD and CN [48]. In this work CN 

decreased until 72 h, indicating that a pH around 2 is enough to achieve almost a total 

decolourization. To sum up, similar results were obtained with and without solids and, 

with and without pH control (with the exception of phenolics concentration). So, a KBL 

treatment with A. uvarum without previous filtration and without pH control, which 

reduces operational costs, seems to be a good option to considerably reduce COD, 

phenolics and colour.  
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4. CONCLUSIONS 

The white-rot fungus P. chrysosporium and the ascomycete fungus A. uvarum 

were tested for the treatment of non-sterilized KBL effluent. Whereas very low 

biodegradations were observed in non-inoculated control test, both fungi were effective 

for the treatment of KBL, with higher efficiencies for the experiments carried out at pH 

6, especially for phenolics degradations. In these controlled-pH tests, the fungus P. 

chrysosporium allowed to obtain removal efficiencies of 65%, 50% and 37% for COD, 

phenolic compounds, and colour, respectively, whereas 61%, 67%, and 81% were 

obtained when A. uvarum was used. The higher efficiencies obtained with A. uvarum 

for phenolics degradation and decolourization are related with the capacity of this 

fungus to produce Lac with enzymatic activities of around 200 U/L. Regarding the test 

carried out with and without solids by A. uvarum, no significant differences were 

observed, so it is not necessary to remove the solids before the biological treatment. 

Additionally, when pH was initially adjusted to 6, allowing it evolved freely during the 

treatment, a fast drop of pH occurred (below 3 after 3 day) and sCOD, colour and 

phenolics removals of 65%, 94% and 44%, were obtained respectively. MnP, LiP and 

Lac enzymatic activities were notably lower due to the acidification, which was 

reflected in the lower phenolics degradation obtained in the test without pH control. 

Nevertheless, pH did not affect sCOD degradation and even allowed a higher 

decolourization thanks to lignin precipitation. Results obtained in this work probed the 

interest of using these fungi, especially A. uvarum, to treat KBL effluent in an economic 

and eco-friendly way.  
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CONCLUSIONES 

• Las técnicas fisicoquímicas (oxidación húmeda, hidrólisis térmica, ozonización 

y ultrasonidos) y biológicas (tratamientos con hongos) ensayadas en esta tesis 

doctoral han resultado adecuadas para el tratamiento de residuos con compuestos 

fenólicos complejos, consiguiendo reducir el contenido en materia orgánica y/o 

aumentar la biodegradabilidad del efluente final.  

 

• El análisis metagenómico de los efluentes resultantes de la centrifugación y 

decantación del digestato procedente de la biometanización de lodos de 

depuradora indicó una mayor predisposición de los microorganismos del filo 

Proteobacteria hacia la fase sólida y del filo Firmicutes hacia la fase líquida. La 

alta presencia de bacterias hidrolíticas en esta última fracción indica que la 

recirculación de parte de este licor al reactor anaerobio puede resultar una 

opción ventajosa.  

 

• La clasificación taxonómica realizada en el proceso biológico de tratamiento de 

lixiviados indicó que no existían diferencias significativas entre las corrientes 

analizadas procedentes de los reactores de nitrificación y desnitrificación. Así, la 

alta recirculación logró mantener una composición microbiológica homogénea 

entre los reactores óxicos y anóxicos, tanto a nivel de filo como de clases.  

 

• Todos los métodos fisicoquímicos evaluados para el tratamiento del licor de 

biometanización lograron aumentar significativamente la biodegradabilidad del 

efluente. Además, los métodos de oxidación avanzada (ozonización y oxidación 

húmeda) fueron óptimos para la degradación de la materia orgánica, mientras 

que la hidrólisis térmica y el tratamiento con ultrasonidos sólo fueron efectivas 

en términos de solubilización. Las mejores eficacias en lo que respecta a la 

eliminación de materia orgánica fueron obtenidas mediante el tratamiento por 

oxidación húmeda a 200ºC y 60 bar durante 8 h, consiguiéndose reducciones en 

la DQO y el color del 71% y 91%, respectivamente.  

 

• Los métodos de hidrólisis térmica, ácida y enzimática ensayados se mostraron 

efectivos para el tratamiento de residuos de verduras en cuanto a la obtención de 
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azúcares reductores. Los mejores resultados se observaron al aplicar un proceso 

combinado de hidrólisis térmica (135ºC, 5 min) y enzimática (60ºC, 60 min), 

que permitió hidrolizar tanto los compuestos lignocelulósicos (tomate y 

pimiento) como el almidón procedente del residuo de patata, lográndose extraer 

en todos los casos más del 75% de los azúcares potenciales del residuo. Además, 

los residuos hidrolizados resultaron aptos para ser utilizados directamente como 

medio de fermentación ya que las concentraciones de inhibidores analizadas 

fueron muy bajas.  

 

• La degradación de materia orgánica recalcitrante mediante el empleo del hongo 

Phanerochaete chrysosporium ha demostrado ser una técnica de gran 

versatilidad ya que se ha empleado para el tratamiento de efluentes de 

composiciones muy diferentes (licor de biometanización, permeado de 

ultrafiltración, alperujo, purines y licor negro), y en todos los casos se han 

conseguido eliminaciones significativas de DQO y color (entre el 30% y el 75%, 

dependiendo del tipo de residuo).  

 

• El empleo de hongos ascomicetos, en concreto de Aspergillus uvarum, para el 

tratamiento de licor negro proporcionó resultados muy prometedores, 

alcanzando degradaciones del 61%, 67%, y 81% para la DQO, los compuestos 

fenólicos y el color, respectivamente. Los resultados obtenidos adquieren 

especial interés al no existir apenas referencias bibliográficas sobre la aplicación 

biotecnológica de este microorganismo para el tratamiento de residuos.  

 

• Un aspecto clave para optimizar el tratamiento fúngico de residuos ha sido el 

pH. Así, el control del pH en valores próximos a la neutralidad permitió 

aumentar la eficacia de degradación de la materia orgánica recalcitrante, gracias 

al efecto sinérgico del hongo y la microbiota endógena. Por ejemplo, cuando se 

trató el licor de biometanización a pH 6, se alcanzó un 77% de eliminación de 

DQO, de la que sólo el 59% de DQO se debía a la acción del hongo.  

 

• La presencia de una fuente de carbono fácilmente biodegradable resultó 

conveniente para la activación del hongo. De esta manera, en el caso de los 
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tratamientos de permeado de lixiviado y licor de biometanización, la 

suplementación con glucosa permitió aumentar significativamente las 

eliminaciones de DQO. En particular, la adición de 3 g/L de glucosa al licor de 

biometanización proporcionó degradaciones de DQO superiores al 70%, 

mientras que sólo un 20% fue eliminado sin suplementación.  
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CONCLUSIONS 

• The physico-chemical (wet air oxidation, thermal hydrolysis, ozonation and 

ultrasound) and biological (fungal treatments) techniques tested in this PhD 

thesis have turned out to be suitable for the treatment of wastes containing 

complex phenolic compounds. For all the waste effluents tested the organic 

matter content could be reduced and/or the biodegradability increased.  

 

• The metagenomic analysis of the effluents from the centrifugation and 

decantation of a digestate from a sewage sludge biomethanization showed that 

microorganisms belonging to the phylum Proteobacteria had a greater 

predisposition towards the solid phase and the phylum Firmicutes towards the 

liquid phase. The high presence of hydrolytic bacteria in this last fraction 

indicates that recirculating part of this liquor to the anaerobic reactor may be an 

advantageous option.  

 

• The taxonomic classification carried out throughout the biological treatment of 

landfill leachates indicated that there were not significant differences between 

the analysed samples taken from the nitrification and denitrification reactors. 

Thus, the high recirculation employed was able to maintain a similar 

microbiological composition, at phylum and class level, between the oxic and 

anoxic reactors.  

 

• All the physico-chemical methods evaluated for the treatment of a 

biomethanization liquor significantly increased the effluent biodegradability. 

Additionally, the advanced oxidation methods (ozonation and wet air 

oxidation) were optimal for degrading the organic matter, while thermal 

hydrolysis and ultrasound treatments were only effective in terms of 

solubilization. The best efficiencies with respect to the organic matter removal 

were obtained when the wet oxidation treatment was used at 200°C and 60 bar 

for 8 h, achieving COD and colour removals of 71% and 91%, respectively.  
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• The assayed thermal, acid and enzymatic hydrolysis were effective for the 

treatment of vegetable wastes to obtain reducing sugars. The best results were 

obtained when a process combining thermal (135ºC, 5 min) and enzymatic 

hydrolysis (60ºC, 60 min) was used. This treatment allowed the hydrolysis of 

both lignocellulosic compounds (tomato and pepper) and starch from potato 

wastes, extracting in all cases more than 75% of the potential sugars of the 

waste. Moreover, the hydrolyzed wastes were suitable to be used directly as 

fermentation media since the measured concentrations of inhibitors were very 

low.  

 

• The employment of the fungus Phanerochaete chrysosporium to remove the 

recalcitrant organic matter has proven to be a highly versatile technique. So, it 

has been used for the treatment of effluents with very different compositions 

(biomethanization liquor, leachate permeate, olive processing waste, slurry and 

black liquor) and, in all cases, significant eliminations of COD and colour have 

been achieved (between 30% and 75%, depending on the type of waste).  

 

• Promising results have been obtained when the ascomycete fungus Aspergillus 

uvarum was used to treat black liquor, achieving degradations of 61%, 67%, 

and 81% for COD, phenolic compounds and colour, respectively. The results 

obtained are particularly interesting as there is hardly any bibliographical 

reference on the biotechnological application of this microorganism for waste 

treatment.  

 

• A key aspect to optimise the fungal treatment of wastes has been pH. Thus, by 

controlling the pH at values close to neutrality the degradation efficiency of 

recalcitrant organic matter increased, thanks to the synergistic effect of the 

fungus and the endogenous microbiota. For example, when the 

biomethanization liquor was treated at pH 6, 77% of initial COD was removed 

and only 59% of removal was due to the action of the fungus.  

 

• The presence of a readily biodegradable carbon source turned out to be 

advisable for fungal activation. Thus, in the case of the treatments of leachate 
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permeate and biomethanization liquor, the supplementation with glucose 

allowed an important increase in the COD removal. In particular, the addition 

of 3 g/L of glucose to the biomethanization liquor provided COD degradations 

higher than 70%, whereas only 20% was removed without supplementation. 
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ANEXO I: Supplementary material for “Impact of anaerobic digestion 

and centrifugation/decanting processes in bacterial communities 

fractions” 

Authors: Ana Isabel Díaz1, Paula Oulego1, Sergio Collado1, Adriana Laca1, J. Manuel 

González2  and Mario Díaz1*  

1Department of Chemical and Environmental Engineering. University of Oviedo. 

Oviedo. Spain      

2R&D, COGERSA SAU. Gijón, Asturias, Spain E-33697  

*Corresponding author’s e-mail: mariodiaz@uniovi.es   

Phone: +34 985 10 34 39; Fax: +34 985 10 34 34 

Table of contents 

 

1- Fig.S1: Taxonomic classification for initial leachate (S1)         

2- Fig.S2: Taxonomic classification for digestate (S2)         

3- Fig.S3: Taxonomic classification for initial solid phase (S3)         

4- Fig.S4: Taxonomic classification for clarified (S4)         

5- Fig.S5: Taxonomic classification for decanted product (S5)         
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Figure S1: Taxonomic classification for initial leachate (S1) 
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Figure S2: Taxonomic classification for digestate (S2)          
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Figure S3: Taxonomic classification for initial solid phase (S3)
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Figure S4: Taxonomic classification for clarified (S4) 
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Figure S5: Taxonomic classification for decanted product (S5) 
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ANEXO II: Supplementary material for “Physico-chemical pre-treatments 

of anaerobic digestion liquor for aerobic treatment” 

 

Authors: Ana Isabel Díaz1, Paula Oulego1, Adriana Laca1*, José Manuel 

González2, and Mario Díaz1 

1Department of Chemical and Environmental Engineering, University of 

Oviedo, Oviedo, Spain 

2 R&D, COGERSA SAU, Gijón, Asturias, Spain  

 

Correspondence: Dr. A. Laca, Department of Chemical and Environmental 

Engineering, University of Oviedo, Oviedo, Spain 

Email: lacaadriana@uniovi.es 

 

Supplementary material:  

• Figure 5.1.S1: Comparison between model and experimental data for ultrasound 

• Figure 5.1.S2. Comparison between model and experimental data for ozonation 

• Figure 5.1.S3. Comparison between model and experimental data for hydrolysis 

• Figure 5.1.S4. Comparison between model and experimental data for WAO 
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Figure 5.1.S1: Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during ultrasound treatment at 50% of amplitude and 90% of amplitude. The lines 

shown the theoretical data obtained with the kinetic model proposed and markers shown 

the experimental data. 

 

Figure 5.1.S2: Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during ozonation treatment. The experiment A corresponds to the sample with 

solids and the experiment B (orange colour) corresponds to the sample without solids. 

The lines shown the theoretical data obtained with the kinetic model proposed and 

markers shown the experimental data. 
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Figure 5.1.S3: Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during hydrolysis treatment at 160 ⁰C, at 180 ⁰C and at 200 ⁰C. The lines shown 

the theoretical data obtained with the kinetic model proposed and markers shown the 

experimental data. 

 

 

Figure 5.1.S4: Changes of tCOD (dashed lines), sCOD (solid lines) and nsCOD (dotted 

lines) during wet air oxidation treatment at 160 ⁰C, at 180 ⁰C and at 200 ⁰C. The lines 

shown the theoretical data obtained with the kinetic model proposed and markers shown 

the experimental data. 
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ANEXO III. Supplementary material for “Metagenomic analysis of 

bacterial communities from a nitrification-denitrification treatment of 

landfill leachates”. 

 

Authors: Ana Isabel Díaz1, Paula Oulego1, Adriana Laca1*, José Manuel González2, 

and Mario Díaz1 

1Department of Chemical and Environmental Engineering, University of Oviedo, 

Oviedo, Spain 

2 R&D, COGERSA SAU, Gijón, Asturias, Spain  

 

Correspondence: Dr. A. Laca, Department of Chemical and Environmental 

Engineering, University of Oviedo, Oviedo, Spain 

Email: lacaadriana@uniovi.es 

 

Supplementary material:  

• Figure 5.2.S1: Taxonomic classification for raw leachate (S1) 

• Figure 5.2.S2. Taxonomic classification for denitrification reactor output (S2) 

• Figure 5.2.S3. Taxonomic classification for nitrification reactor output (S3) 

• Figure 5.2.S4. Taxonomic classification for nitrification reactor output (S4) 

• Figure 5.2.S5. Taxonomic classification for ultrafiltration sludge (S5) 

  

mailto:lacaadriana@uniovi.es


 Anexos 

333 

 

 

Figure S1: Taxonomic classification for raw leachate (S1) 
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Figure S2. Taxonomic classification for denitrification reactor output (S2) 
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Figure S3. Taxonomic classification for nitrification reactor output (S3) 
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Figure S4. Taxonomic classification for nitrification reactor output (S4) 
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Figure S5. Taxonomic classification for ultrafiltration sludge (S5).  
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