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RESUMEN 

La presencia de moléculas orgánicas comercialmente valiosas es un factor común en efluentes 

de distintas actividades industriales o de gestión medioambiental. Sin embargo, a pesar de la 

creciente importancia de los sistemas circulares de gestión de residuos, la mayor parte del valor 

de las aguas residuales no se aprovecha, perdiendo la oportunidad de recuperar una gran 

cantidad de compuestos valiosos. La recuperación de estos compuestos podría generar un valor 

añadido durante el tratamiento de las corrientes que los contienen e incrementar la 

sostenibilidad del proceso. El problema que plantea la recuperación de estos compuestos es que 

están contenidos en matrices de gran complejidad, por lo que es preciso analizar diversos 

métodos de separación para optimizar su recuperación y purificación. 

En esta tesis se han estudiado y optimizado diversos procesos de recuperación y purificación de 

varios compuestos de interés (ácidos orgánicos, lignina, ácidos húmicos, proteínas y 

carbohidratos) mediante tecnologías de membranas y extracción líquido-líquido a partir de 

varias biomasas residuales líquidas (lixiviado de vertedero, licor negro Kraft y lodos 

secundarios de depuradora). Asimismo, se ha estudiado la influencia de la matriz de la corriente 

en dichos procesos de recuperación y purificación y de la aplicación de un tratamiento 

hidrotérmico previo para la mejora de los rendimientos de extracción de estos compuestos de 

interés.  

Por una parte, se ultrafiltraron lixiviados de vertedero y se estudió el efecto de su edad en 

términos de ensuciamiento y retención de ácidos húmicos y de varios parámetros 

fisicoquímicos. Se observó que la maduración del lixiviado tiene un efecto positivo en su 

ultrafiltración. La pérdida de permeabilidad de las membranas se debió principalmente al 

ensuciamiento reversible, causado por la formación de una torta de ensuciamiento en la 

superficie de la membrana. Además, la oxidación húmeda resultó ser una tecnología efectiva 

para la reducción del ensuciamiento en lixiviados estabilizados (maduro y tratado 

biológicamente), logrando incrementos de hasta el 66% en los flujos de permeado. El 

tratamiento combinado de oxidación húmeda seguido de ultrafiltración resultó adecuado para la 
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recuperación de ácidos húmicos a partir de lixiviados estabilizados, así como para obtener un 

agua tratada que cumpla en su mayor parte los límites nacionales de descarga a sistemas de 

saneamiento público requeridos. 

Con respecto al licor negro, se estudiaron distintas estrategias para la recuperación de ácidos 

orgánicos de cadena corta, consistentes en la aplicación de distintos pretratamientos 

(deslignificación y oxidación húmeda), filtración con membranas y extracción líquido-líquido. 

La deslignificación fue el pretratamiento más efectivo, consiguiéndose recuperar el 29.4% de 

los ácidos orgánicos totales utilizando trioctilamina al 30% en heptano (v/v) como extractante. 

Se observó que un aumento de temperatura hasta los 55 ºC tuvo un efecto positivo en la 

extracción. 

Por último, en cuanto a los lodos secundarios de depuradora, se realizó una revisión 

bibliográfica sobre los distintos métodos de separación y purificación de biomoléculas de 

interés que puedan ser aplicados a los lodos, proponiéndose un proceso integrado para optimizar 

la recuperación de compuestos valiosos de los lodos. Se emplearon dos estrategias distintas de 

oxidación húmeda: una de condiciones más suaves para conseguir la solubilización de los lodos, 

y otra con condiciones más fuertes con el objetivo de oxidar parcialmente los lodos y producir 

ácidos orgánicos de cadena corta. En cuanto a la primera estrategia, tras la oxidación húmeda se 

fraccionó el lodo empleando membranas de distintos materiales y tamaños, llegando a conseguir 

una separación parcial entre proteínas y carbohidratos y ácidos húmicos tras filtrar 

sucesivamente con una membrana de polietersulfona de tamaño de corte de 50 kDa y otra del 

mismo material con tamaño de corte de 3 kDa. Se caracterizó en profundidad el ensuciamiento 

de las membranas, atendiendo a la reversibilidad del ensuciamiento y a la hidrofobicidad, la 

rugosidad y la morfología de la membrana. Se observó que las membranas de 50 kDa retenían 

altos porcentajes de metales pesados, y se determinó que el mecanismo por el cual ocurría esto 

era mediante la complejación con los ácidos húmicos y las proteínas presentes en el lodo. 

En cuanto a la producción de ácidos orgánicos a través de la oxidación parcial de los lodos, se 

obtuvo una concentración máxima de 6.07 g/L de ácidos tras oxidar a 160 ºC durante 240 
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minutos. Posteriormente, se obtuvo una corriente pre-purificada de ácidos orgánicos mediante 

dos filtraciones sucesivas con membranas cerámicas de 50 y 1 kDa de tamaño de corte. Las 

mayores extracciones de ácidos orgánicos a temperatura ambiente se lograron con una mezcla 

de trioctilamina y tributilfosfato al 10% en octan-1-ol, extrayendo el 34% del total de los ácidos 

presentes en el permeado de 1 kDa. El aumento de la temperatura dentro del rango de 25 a 50 ºC 

tuvo un efecto favorable en la extracción. La matriz del lodo oxidado afectó de manera negativa 

al rendimiento de la extracción. 
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ABSTRACT 

The presence of commercially valuable organic molecules is a common factor in effluents from 

different industrial or environmental management activities. However, despite the growing 

importance of circular waste management systems, most of the value of wastewater is not 

utilized, losing the opportunity to recover a large amount of valuable compounds. The recovery 

of these compounds could generate added value during the treatment of the streams that contain 

them and increase the sustainability of the process. The problem posed by the recovery of these 

materials is that they are contained in highly complex matrices, so it is necessary to analyse 

various separation methods to optimize their recovery and purification. 

In this thesis, several recovery and purification processes of various compounds of interest 

(organic acids, lignin, humic acids, proteins and carbohydrates) have been studied and 

optimized using membrane technologies and liquid-liquid extraction from various liquid 

residual biomasses (landfill leachate, Kraft black liquor and waste activated sludge). 

Additionally, the influence of the current matrix on those recovery and purification processes 

and the application of a prior hydrothermal treatment to improve the extraction yields of these 

compounds of interest has been studied. 

On the one hand, landfill leachates were ultrafiltered and the effect of their age was studied in 

terms of fouling and retention of humic acids and various physicochemical parameters. It was 

observed that the aging of the leachate had a positive effect on its ultrafiltration. The loss of 

permeability of the membranes was mainly due to reversible fouling, caused by the formation of 

cake fouling on the membrane surface. Furthermore, wet oxidation proved to be an effective 

technology for reducing fouling in stabilized leachates (mature and biologically treated), 

resulting in increases of up to 66% in permeate fluxes. The combined treatment of wet oxidation 

followed by ultrafiltration was suitable for humic acid recovery from stabilized leachates, as 

well as for obtaining treated water that meets required national discharge limits. 

With respect to black liquor, different strategies were studied for the recovery of short-chain 

organic acids, consisting of the application of different pretreatments (delignification and wet 
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oxidation), membrane filtration and liquid-liquid extraction. Delignification was the most 

effective pretreatment, recovering 29.4% of the total organic acids using 30% trioctylamide in 

heptane (v/v) as extractant. It was observed that an increase in temperature to 55 ºC had a 

positive effect on the extraction. 

Finally, regarding waste activated sludge, a bibliographic review was carried out on the different 

methods of separation and purification of biomolecules of interest that can be applied to the 

sludge, proposing an integrated process to optimize the recovery of valuable compounds from 

the sludge. Two different wet oxidation strategies were used: one with milder conditions to 

achieve solubilization of the sludge, and another with more severe conditions with the aim of 

partially oxidizing the sludge and producing short-chain organic acids. Regarding the first 

strategy, the solubilised sludge was fractionated using membranes of different materials and 

sizes, achieving a partial separation between proteins and carbohydrates and humic acids after 

successively filtering with a polyethersulfone membrane with a cut-off size of 50 kDa and 

another of the same material with a cutoff size of 3 kDa. Membrane fouling was characterized 

in depth, taking into account the reversibility of the fouling and the hydrophobicity, surface 

roughness and morphology of the membrane. It was observed that the 50 kDa membranes 

retained high percentages of heavy metals, the mechanism by which this occurred being through 

complexation with humic acids and proteins present in the sludge. 

Regarding the production of organic acids through the partial oxidation of the sludge, a 

maximum concentration of 6.07 g/L of acids was obtained after oxidizing at 160 ºC for 240 

minutes. Subsequently, a prepurified stream of organic acids was obtained through two 

successive filtrations with ceramic membranes of 50 and 1 kDa cut-off size. The highest 

extractions of organic acids at room temperature were achieved with a mixture of trioctylamine 

and tributylphosphate at 10% in octan-1-ol, extracting 34% of the total acids present in the 1 

kDa permeate. Increasing the temperature within the range of 25 to 50 °C had a favorable effect 

on the extraction. The oxidized sludge matrix negatively affected the extraction yields. 
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1.1. Consideraciones previas 

La correcta gestión de las aguas residuales, tanto urbanas como industriales, se ha convertido en 

un tema de gran relevancia debido al rápido aumento de la población y de la creciente 

concienciación ambiental tanto a nivel público como gubernamental. Las estrategias actuales de 

gestión buscan alejarse del modelo tradicional de economía lineal, centrado en la extracción de 

materias primas para fabricar productos que finalmente terminan como residuos y se desechan, 

en favor de modelos de economía circular. Dichos modelos circulares buscan crear un flujo de 

material de circuito cerrado, donde los subproductos de una operación se conviertan en materias 

primas para otra, conservando así el valor de todos los materiales del proceso. Con ello, se 

pretende que los modelos de producción y consumo sean más sostenibles al tratar de aprovechar 

al máximo las materias primas de las que se dispone alargando el ciclo de vida de los productos. 

Sin embargo, las aguas residuales también presentan compuestos de interés que no se 

aprovechan en la mayoría de los casos, perdiendo así la oportunidad de recuperar una gran 

cantidad de productos de valor añadido. Cabe destacar que la presencia de biomoléculas 

comercialmente valiosas es un factor común en efluentes de distintas actividades tanto de tipo 

industrial como de gestión medioambiental. Así, por ejemplo, el licor negro de la industria 

papelera contiene ácidos orgánicos y lignina; los lixiviados de vertedero presentan ácidos 

húmicos; y los lodos de depuradora presentan en su composición proteínas, ácidos húmicos y 

carbohidratos, que además pueden ser oxidados a ácidos orgánicos). Todos estos compuestos 

pueden resultar de interés en sectores como el agroalimentario, la química fina o la cosmética. 

Asimismo, la recuperación de estos compuestos podría mejorar significativamente la gestión de 

este tipo corrientes e incrementar la sostenibilidad del proceso. Por tanto, la reutilización y 

valorización de estas aguas residuales urbanas e industriales se presenta como un área de trabajo 

fundamental para alcanzar una economía y una sociedad sostenibles. El problema que plantea la 

recuperación de estos compuestos es que están contenidos en matrices de gran complejidad, por 

lo que es preciso analizar diversos métodos de separación para optimizar su recuperación y 

purificación. 
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Por ello, en esta tesis se han estudiado y optimizado diferentes procesos de recuperación y 

purificación de estas biomoléculas (ácidos orgánicos, lignina, ácidos húmicos, proteínas y 

carbohidratos) mediante técnicas separativas de aplicación industrial, como son la tecnología de 

membranas y la extracción líquido-líquido. Además, se ha estudiado la influencia de la matriz 

de la corriente en dichos procesos de recuperación y purificación, así como la aplicación de un 

tratamiento hidrotérmico previo para la mejora de los rendimientos de extracción de estos 

compuestos de interés. 

1.2. Objetivos de la tesis doctoral 

Los objetivos generales de la tesis doctoral son los siguientes: i) el análisis del empleo de 

distintos tipos de procesos separativos para optimizar la recuperación y/o purificación de 

biomoléculas de interés, haciendo hincapié en el uso de la tecnología de membranas dado su 

elevado uso a nivel industrial, ii) el estudio de la influencia de la composición de la matriz en la 

eficacia del proceso de separación empleado y iii) el estudio del efecto de los tratamientos 

hidrotérmicos en el rendimiento de la obtención de biomoléculas. 

Así, los objetivos específicos a cumplir son los siguientes: 

¶ El análisis bibliográfico de las tecnologías de separación existentes para la 

revalorización de lodos secundarios de depuradora mediante la recuperación de 

biomoléculas de valor añadido, incluyendo el diseño de una estrategia de valorización 

del lodo por etapas. 

¶ El estudio de la eficacia de recuperación de biomoléculas (proteínas, carbohidratos y 

ácidos húmicos) de lodos de depuradora tratados hidrotérmicamente mediante procesos 

de membrana centrándose en el contenido en materia orgánica (matriz) y el material y 

tamaño de corte de las membranas. 

¶ El estudio de la retención de metales pesados presentes en lodos de depuradora 

mediante procesos de membrana centrándose en el contenido en materia orgánica 
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(matriz) y en el material de las membranas, así como en la determinación del 

mecanismo por el que es posible esta retención. 

¶ El estudio del efecto de un tratamiento hidrotérmico previo de tipo oxidativo del lodo 

secundario de depuradora en términos de generación de ácidos orgánicos de cadena 

corta y de la recuperación de estos ácidos mediante procesos de membrana y extracción 

líquido-líquido. 

¶ La recuperación de ácidos orgánicos de cadena corta a partir de licor negro mediante 

procesos de membrana y extracción líquido-líquido atendiendo al contenido en lignina y 

a la influencia de un tratamiento hidrotérmico previo. 

¶ El estudio de la eficacia de la recuperación de ácidos húmicos a partir de lixiviados de 

vertedero mediante filtración con membranas haciendo hincapié en la influencia del 

modo de operación, contenido en materia orgánica (matriz), edad de lixiviado y la 

existencia de un tratamiento biológico y/o hidrotérmico previo. 

¶ El estudio del ensuciamiento de las membranas durante la operación con las diferentes 

corrientes estudiadas (lixiviado de vertedero, licor negro y lodos de depuradora) 

mediante análisis de estas con distintas técnicas de microscopía y modelización de los 

flujos obtenidos, a fin de optimizar los ciclos de operación y la vida útil de la 

membrana. 

 

1.3. Estructura de la tesis doctoral 

A lo largo de la presente tesis, el trabajo realizado a lo largo de la misma se ha ido recogiendo 

en artículos de investigación, la mayoría de los cuales han sido publicados en revistas incluidas 

en Science Citation Index Expanded. Por tanto, se ha decidido presentar esta tesis como un 

compendio de artículos. 

El contenido de la tesis se ha dividido en cinco capítulos:  
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El Capítulo 1 se corresponde con la introducción, donde se exponen las consideraciones previas 

al trabajo, se recogen los objetivos generales y específicos de la tesis y se justifica la estructura 

del documento.  

En el Capítulo 2 se desarrollan las consideraciones teóricas, donde se detallan los aspectos 

teóricos de los elementos presentes a lo largo de la tesis, incluyendo las corrientes tratadas, los 

tratamientos hidrotérmicos y los métodos de separación empleados.  

En el Capítulo 3 se recogen de forma general los materiales y métodos utilizados a lo largo de 

toda la tesis. Los detalles específicos de cada artículo pueden ser consultados en sus 

correspondientes secciones de Materials and Methods.  

El Capítulo 4 incluye todos los artículos de investigación escritos durante la presente tesis, que 

constituyen la sección de resultados y discusión. Al comienzo del capítulo se incluye una 

justificación de la organización de los artículos. Por otro lado, al final del mismo se desarrolla 

una discusión general y se proponen futuros trabajos para continuar con lo desarrollado en esta 

tesis.  

Por último, en el Capítulo 5 se exponen las principales conclusiones obtenidas tras la tesis. 

 

Se incluye también un anexo donde se detalla la difusión de la tesis doctoral a través de 

publicaciones en revistas científicas y comunicaciones en congresos y seminarios.  

La bibliografía de cada capítulo se incluye al final del mismo, salvo en el capítulo 4, donde se 

mantiene al final de cada subapartado, al tratarse de una compilación de artículos 

independientes.  
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2.1. Corrientes residuales en economía circular 

En las últimas décadas, la creciente actividad económica y demográfica global ha traído consigo 

un aumento exponencial de la generación de residuos a nivel mundial poniendo de relieve la 

necesidad de desarrollar estrategias eficientes de gestión de residuos. A medida que han ido 

aumentando los esfuerzos para reducir el impacto causado por el ser humano en el medio 

ambiente [1,2], el concepto de economía circular se ha convertido en una estrategia prometedora 

para lograr alcanzar una economía sostenible. En este sentido, la Directiva Marco de residuos de 

la Unión Europea ha buscado desligar el crecimiento económico de la producción de residuos 

mediante el establecimiento del principio de jerarquía de los residuos [1]. Según dicho 

principio, las políticas de gestión de residuos deben priorizar la prevención, reutilización y 

reciclado de los residuos, así como otros tipos de valorización de los mismos, incluyendo la 

energética, antes que su eliminación. Esta estrategia de gestión busca transformar la Unión 

Europea en una ñsociedad del recicladoò y circularizar su econom²a de manera eficaz. Siguiendo 

esta Directiva, en España se ha aprobado la Ley 7/2022, de 8 de abril, de residuos y suelos 

contaminados para una economía circular, que complementa la legislación anteriormente 

publicada en la que se introdujeron conceptos como subproducto (producto que se obtiene en un 

proceso industrial cuyo fin no es la producción del mismo, y que puede ser utilizado sin tener 

que someterse a ulteriores procesos de transformación) o fin de la condición de residuo 

(criterios específicos que determinados residuos deben seguir para dejar de ser considerados 

como tal, tras haber sido sometidos a alguna operación de valorización) y refuerza la legislación 

concerniente a la gestión circular de los residuos. Por estas razones, la economía circular, 

entendida como el aprovechamiento de subproductos derivados de la actividad industrial con el 

fin de revalorizar los residuos generados y reducir el consumo de materias primas [2,3], está 

cobrando cada vez más interés dentro del ámbito industrial y medioambiental.  

A pesar de estas directrices comunitarias, se estima que el 60-70% del valor de las aguas 

residuales en la Unión Europea aún permanece desaprovechado, desperdiciando grandes 

cantidades de calor, energía, nutrientes, minerales, metales, químicos, etc. [4]; incluyendo el 
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caso particular de España, en la que la gestión de residuos aún se basa mayoritariamente en la 

deposición en vertedero [1]. Por ello, el desarrollo en el campo de la valorización de las aguas 

residuales tales como los lodos secundarios de depuradora, el licor negro, o los lixiviados de 

vertedero es una gran oportunidad para poder seguir avanzando en materia de economía circular 

(Fig. 2.1).  

 

Figura 2.1. Gestión de residuos en modelos de economía lineal y circular. 

 

2.1.1. Lodos de depuradora. Composición. Aprovechamiento actual 

Los lodos secundarios de depuradora son residuos generados durante la decantación secundaria 

tras el tratamiento biológico de las aguas residuales en las Estaciones Depuradoras de Aguas 

Residuales (EDAR) (Fig. 2.2). Estos lodos son el resultado del crecimiento biológico de los 

microorganismos empleados para el tratamiento de las aguas residuales, y por tanto están 

compuestos principalmente por flóculos de células bacterianas, los cuales están formados por 

interacciones físico-químicas débiles con sustancias poliméricas extracelulares [5]. Dichas 

sustancias son una mezcla compleja de polímeros excretados por las bacterias, liberados tras la 

lisis de las bacterias o presentes en las aguas residuales a tratar [6]. La composición de los lodos 
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es muy variable, dependiendo de las características del agua residual inicial y de los 

tratamientos realizados en la EDAR. Por lo general, es una corriente con un gran contenido 

acuoso (>95%), con materia suspendida o disuelta tanto con valor agronómico (materia 

orgánica, nitrógeno, fósforo y varios micronutrientes) como con potencial contaminante 

(metales pesados, patógenos y contaminantes orgánicos) [7]. 

 

Figura 2.2. Generación y tratamiento de los lodos secundarios de depuradora. Adaptado de [7]. 

 

En Europa se producen anualmente unas 10 millones de toneladas en peso seco de lodos de 

depuradora [8], de los cuales 1.2 millones de toneladas son generadas en España. La gestión de 

estos lodos es uno de los aspectos más críticos de las EDAR, pudiendo llegar a suponer hasta el 

65% de los costes de operación de las mismas [9]. Actualmente, el método principal de gestión 

de dichos lodos es la aplicación en suelo agrícola, siendo destinados a este fin aproximadamente 

el 80% de los lodos producidos en España. Le siguen el depósito en vertedero (8%) y la 

incineración (4%) [7], aunque también se han empleado en menor medida en suelos no agrícolas 

(reforestación, recuperación de suelos) y en co-compostaje [10,11]. Estos procesos de gestión 

presentan una serie de inconvenientes entre los que se incluyen poder causar emisiones de gases 

de efecto invernadero [12] y contaminación del aire [13]; acidificación y eutrofización terrestre 
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[14]; incremento de la presencia de genes de resistencia a antibióticos en la microbiota del suelo 

[15] y contaminación del suelo por patógenos [16], contaminantes orgánicos [17] o metales 

pesados [18]. Además, desperdician el gran potencial que tienen los lodos de depuradora como 

materia prima de biorrefinería, ya que son una fuente de distintas biomoléculas, como proteínas, 

lípidos, ácidos orgánicos, carbohidratos y ácidos húmicos; fósforo; bioplásticos; biopesticidas; y 

energía en forma de biodiésel o biogás [19ï25]. La recuperación de las biomoléculas citadas es 

una vía novedosa para la valorización del lodo de depuradora y para conseguir su inclusión 

completa en un modelo económico circular.  

El principal problema que se debe afrontar al intentar obtener dichas biomoléculas es el hecho 

de que se encuentran contenidas en las células que conforman los lodos y en sus estructuras 

poliméricas extracelulares. Esto hace que sea necesario un pretratamiento para la solubilización 

de los lodos, para lo cual se han estudiado varias técnicas, tales como la sonicación [26,27], 

cavitación [28], tratamiento alcalino [27,29], ozonólisis [30], oxidación húmeda e hidrólisis 

térmica [31]. La oxidación húmeda es una tecnología particularmente interesante, ya que la 

modificación de los parámetros de la operación permite variar la severidad del tratamiento, 

pudiendo tanto simplemente solubilizar el lodo rompiendo las estructuras poliméricas 

extracelulares y las paredes celulares, como convertir los biocompuestos más complejos y 

menos oxidados en otros compuestos de valor, como ácidos orgánicos de cadena corta. 

Por último, hay que tener en cuenta que la solubilización de los lodos da lugar a una matriz 

compleja en la que están contenidas todas las biomoléculas de interés, por lo que son necesarios 

uno o varios procesos de separación para recuperar y purificar cada uno de los compuestos 

objetivo. 

2.1.3. Lixiviados de vertedero 

De acuerdo con la jerarquía actual de gestión de residuos a nivel comunitario, la deposición de 

residuos en vertedero es la opción menos preferible, y debería ser reducida al mínimo. El 

objetivo marcado por la Unión Europea es que menos de un 10% de los residuos urbanos 

generados sean depositados en vertederos para el 2035. Sin embargo, y a pesar de que en la 
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última década se ha conseguido disminuir la tasa de vertido, la gestión de los residuos urbanos a 

través de la deposición en vertedero sigue suponiendo un 16% de media en la Unión Europea 

[32]. En España las cifras resultan muy superiores a la media, con un 52% de los residuos 

urbanos depositados en vertederos en 2020 [33]. Por otro lado, la composición de estos residuos 

es muy variable, pudiendo clasificarse como residuos biodegradables de comida y otros; papel y 

cartón; vidrios; plásticos y composites; domésticos peligrosos (medicamentos, bombillas, 

latasé); e inertes (de construcci·n, piedrasé) [34]. 

Los lixiviados de vertedero son una corriente residual que se genera por la percolación del agua 

de lluvia a través de la capa de residuos del vertedero durante el proceso de descomposición de 

los residuos sólidos [35] (Fig. 2.3). 

 

Figura 2.3. Esquema de un vertedero. 

 

Estos lixiviados presentan una gran variabilidad en sus características, las cuales dependen de 

factores como el clima local, la estación del año, la profundidad del vertedero y, especialmente, 

la composición de los vertidos y la edad del lixiviado [36ï38]. En función de su edad, los 

lixiviados son clasificados como jóvenes si proceden de un vertedero de menos de un año, y 

maduros si proceden de un vertedero de más de cinco años. Los lixiviados jóvenes poseen una 

elevada carga de materia orgánica (demanda química de oxígeno [DQO] >15 g/L O2), 

proveniente de compuestos altamente biodegradables. En los vertederos jóvenes ocurre una 

primera fermentación anaerobia rápida (fase acidogénica), cuyo producto principal son los 
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ácidos grasos volátiles. Durante esta fase, hasta el 95% de la materia orgánica es convertida en 

ácidos grasos volátiles libres. Posteriormente, durante la etapa metanogénica, estos ácidos 

grasos volátiles son transformados en biogás (CH4 y CO2) por organismos metanogénicos. Así, 

la fracción orgánica restante en el lixiviado maduro presenta valores de DQO que no superan los 

3 g/L O2, estando formada mayoritariamente por compuestos refractarios, principalmente 

sustancias húmicas [39,40]. Además, el tamaño medio de los biocompuestos y su 

biodegradabilidad (relación entre la demanda biológica y química de oxígeno: DBO/DQO), que 

suele presentar valores de 0.6-0.4 a 0.2-0.05 [41], también disminuye rápidamente durante el 

envejecimiento del vertedero. 

Debido a esta alta variabilidad de los lixiviados, no es posible disponer de una metodología de 

tratamiento estándar, debiendo esta adecuarse a las características de cada corriente. Las 

técnicas de tratamiento convencionales de dichas corrientes residuales son la recirculación al 

vertedero y su tratamiento conjunto con las aguas residuales urbanas en las EDAR. Asimismo, 

los lixiviados también pueden ser tratados por diferentes métodos de tipo biológico, químico o 

fisicoquímico [41]. En la Tabla 2.1, se recoge una comparativa de dichos tratamientos.  

Además de estos métodos de tratamiento, se ha propuesto valorizar el lixiviado por medio de 

diferentes vías, como la generación de energía [43]; la recuperación de sustancias húmicas para 

la elaboración de fertilizantes [44]; recuperación de nutrientes mediante operaciones como 

filtración con membranas, coagulación-floculación, precipitación, stripping o electrodiálisis 

[45]; co-compostaje [46]; o la obtención post-tratamiento de un subproducto semisólido que 

puede ser usado para la elaboración de productos cerámicos [47]. 

Tal y como se ha había indicado, debido a la alta variabilidad de los lixiviados no se puede 

elaborar una metodología de tratamiento o valorización general, debiendo atender a factores 

críticos como la edad del vertedero a la hora de decidir la mejor opción en cada caso. 
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Tabla 2.1. Comparativa de las técnicas para el tratamiento de lixiviados de vertedero [42]. 

Método  Principio Ventajas Inconvenientes 

Tratamientos 

convencionales 

Recirculación 

Devolución del 

lixiviado de 

vertedero 

recogido al propio 

vertedero. El 

relleno del 

vertedero actúa 

como biofiltro. 

Acelera la 

estabilización de los 

residuos del 

vertedero; aumenta 

la cantidad de 

residuos degradada; 

reduce el volumen 

de lixiviado. 

Acumulación de materia 

orgánica disuelta, la cual 

es más difícil de tratar. 

Co-

tratamiento 

Tratamiento del 

lixiviado en una 

EDAR. 

Conveniencia; bajo 

coste. 

Hace inefectivo el 

proceso de desinfección. 

Tratamientos 

biológicos 
 

Degradación de 

contaminantes 

orgánicos en el 

lixiviado 

mediante 

reacciones 

aerobias o 

anaerobias. 

Simplicidad; 

fiabilidad; buena 

relación coste-

eficiencia. 

No efectivo para 

eliminar la materia 

orgánica disuelta no 

biodegradable. 

Tratamientos 

químicos 

Precipitación 

química 

Reacción entre 

químicos y 

sustancias 

solubles del 

lixiviado para 

formar 

precipitados. 

Gran capacidad; 

simplicidad; bajos 

costes de operación. 

Baja eficiencia en la 

eliminación de DQO; 

dependiente del pH; 

empleo de grandes 

cantidades de reactivos; 

elevada generación de 

lodos. 

Procesos 

avanzados de 

oxidación 

Destrucción de la 

materia orgánica 

mediante 

radicales libres y 

degradación a 

moléculas más 

simples o 

mineralización a 

CO2 y H2O. 

Fuerte poder 

oxidativo; alta 

eficiencia; 

condiciones suaves 

de operación; 

facilidad de 

operación y poca 

necesidad de 

mantenimiento; 

rápida velocidad de 

reacción. 

Alto consumo de 

reactivos químicos; alto 

consumo de energía; no 

renovable 

Coagulación / 

floculación 

Compresión de la 

doble capa, 

neutralización de 

cargas, adsorción 

y puente, y 

atrapamiento de 

partículas en un 

precipitado. 

Bajo coste; alta 

eficiencia. 

Elevada generación de 

lodos; contaminación 

secundaria; dependiente 

del pH. 
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Tabla 2.1. Comparativa de las técnicas para el tratamiento de lixiviados de vertedero [42] 

(continuación). 

Tratamientos 

físicoquímicos 

Adsorción 

Los contaminantes 

son transferidos de 

la fase líquida a la 

superficie de un 

sólido mediante 

interacciones físicas 

y/o químicas. 

Bajo coste; alta 

eficiencia. 

Regeneración de los 

adsorbentes; alto 

consumo de adsorbentes. 

Desorción 

por aire 

Transferencia del 

NH3-N de la fase 

líquida a una 

corriente de aire o 

vapor pasada a 

través del lixiviado. 

Simplicidad y 

estabilidad del 

proceso; gran 

adaptabilidad; bajos 

costes de inversión. 

Fugas de NH3; baja 

eficiencia en la 

eliminación de DQO, 

incrustaciones de 

carbonato de calcio de la 

torre de extracción. 

Tratamiento 

con 

membranas 

Separación 

mediante tamaño e 

interacciones 

electroquímicas 

entre las membranas 

y las moléculas. 

Alta efectividad; 

bajo coste; requisitos 

de equipamiento 

simples; condiciones 

suaves. 

Ensuciamiento de las 

membranas y 

producción de lixiviado 

concentrado. 

2.1.4. Licor negro de papelera  

El consumo de madera en Europa por fábricas de pulpa de papel ascendió a cerca de 154.9 

millones de toneladas en 2018 [48]. De entre los procesos de obtención de pulpa de celulosa, el 

método Kraft es el más utilizado, correspondiendo aproximadamente al 75% de la producción 

total [49].  

El licor negro es un subproducto derivado de este proceso, y generado durante la etapa de 

cocción de la madera con licor blanco (una disolución formada principalmente por compuestos 

como NaOH y Na2S) (Fig. 2.4). Esta corriente es resultado de la disolución de diversos 

compuestos orgánicos e inorgánicos presentes en la madera (tales como resinas, ligninas, 

hemicelulosas, carbohidratos, metanol, ácidos orgánicos y otros cientos de compuestos) en el 

licor blanco [50,51]. Por cada tonelada de pulpa producida mediante el proceso Kraft, se 

generan 7 toneladas de licor negro con aproximadamente un 15% de sólidos totales (10% 

compuestos orgánicos y 5% inorgánicos), elevados valores de DQO (>70 g/L), un pH altamente 

básico (>11) y un contenido calórico total de 13.5ï14.5 MJ por kg de sólido [52].  
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Figura 2.4. Esquema del proceso Kraft. 

 

Actualmente, el licor negro se está aprovechando para la generación de vapor dentro de la 

misma planta mediante combustión, previa concentración por evaporación hasta un contenido 

en sólidos totales de 60-85%. Sin embargo, este método de gestión conlleva problemas como la 

liberación de malos olores durante la evaporación [53] y la generación de gases efecto 

invernadero, materia particulada, NOX y SO2 durante la combustión [54,55]. Además, este 

procedimiento se puede considerar subóptimo desde un punto de vista económico, ya que el 

valor específico de la lignina y de otros compuestos orgánicos de valor añadido empleados 

como combustible es menor que cuando actúan de materias primas para otros procesos o como 

precursores de otros compuestos valiosos [56].  

Las estrategias más recientes de revalorización del licor negro incluyen la producción de 

polihidroxialcanoatos, biodiésel, hidrógeno, biogás o ácidos orgánicos mediante procesos 

biológicos, aunque la alta toxicidad del licor negro exige un tratamiento previo para poder 

usarlo como sustrato, e.g., mediante otros organismos como Pleurotus ostreatus o Pichia 

pastoris, fotocatálisis con CuO/TiO2, hidrólisis enzimática empleando lacasa, adsorción o 

sobreencalado. Asimismo, también se ha estudiado la generación de biocarbón, bioaceite, 

sing§s, metanol, dimetil®ter, compuestos arom§ticos (benceno, tolueno, furfural, fenolé), 
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plásticos, poliuretanos, poliésteres, ácidos orgánicos, metano o hidrógeno mediante métodos 

químicos como pirólisis, tratamiento con BTX (benceno, tolueno y xileno), oxidación húmeda o 

gasificación [57]. 

 

2.2. Técnicas de aprovechamiento 

En los últimos años, como se ha desarrollado en el apartado 2.1, se están realizando esfuerzos 

con el fin de cambiar la gestión de residuos desde una filosofía de eliminación a una de reciclaje 

y valorización, siguiendo los principios de la economía circular. Para ello, se pueden considerar 

varias estrategias, que pueden estar dirigidas a la valorización del residuo sin necesidad de 

pretratamiento, al tratamiento parcial de las corrientes para generar compuestos intermedios de 

valor añadido, o a una degradación más completa para la producción de biocombustibles.  

Mediante una degradación parcial de las corrientes estudiadas, pueden obtenerse una gran 

variedad de compuestos biológicos de valor, como proteínas, enzimas, lípidos, ácidos húmicos, 

carbohidratos, o ácidos orgánicos. Sin embargo, las corrientes residuales suelen ser muy 

complejas, por lo que es necesario aplicar pasos de separación y purificación para recuperar los 

compuestos de interés.  

2.2.1. Tratamientos hidrotérmicos 

Los tratamientos hidrotérmicos se llevan a cabo a presión y temperatura elevadas empleando un 

medio acuoso de reacción [58], lo que los convierte en métodos adecuados para tratar corrientes 

residuales acuosas como las estudiadas en esta tesis. Esta tecnología ofrece varias ventajas, 

como poder emplear una alimentación mixta, no tener que secar el residuo a tratar o no generar 

apenas emisiones contaminantes gaseosas [59,60]. En función de los parámetros de presión y 

temperatura empleados, esta operación puede dirigirse a la obtención de corrientes acuosas 

susceptibles de ser valorizadas, ya sea en ausencia (hidrólisis térmica) o en presencia (oxidación 

húmeda) de oxígeno. Las condiciones típicas de estas operaciones son una temperatura de 150-

350ºC para la oxidación húmeda [61], y una temperatura menor, ente 100 y 200ºC, para la 
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hidrólisis térmica [58]. En cuanto a la presión, no se trata de un factor tan crítico como la 

temperatura, pudiendo ir desde los 3 a los 70 bar [62]. 

Los tratamientos hidrotérmicos degradan la materia orgánica mediante una serie de mecanismos 

[63]:  

¶ Formación de radicales libres: tanto durante la hidrólisis térmica como durante la oxidación 

húmeda, se producen sendas reacciones en cadena propagada por radicales libres, siendo el 

mecanismo distinto en cada caso (Tabla 2.2). Se ha investigado el uso de catalizadores 

metálicos para reducir los altos requerimientos térmicos necesarios para iniciar dichas 

reacciones de formación de radicales libres [60]. 

Tabla 2.2. Mecanismos de degradación de la materia orgánica mediante la formación de 

radicales libres durante los tratamientos de hidrólisis térmica y oxidación húmeda. 

Hidrólisis térmica [63]  Oxidación húmeda [60]  

ὙὌ
Ў
ᴼὙ· Ὄ· (1) ὙὌ ὕ

Ў
ᴼὙ· Ὄὕ· (1) 

Ὄ· ὌὕᴼὌὕ· Ὄ  (2) ὕ Ὑ·ᴼὙὕὕ· (2) 

ὙὌ Ὄὕ·ᴼὙ· Ὄὕ (3) ὙὌ Ὄὕ·ᴼὙ· Ὄὕ  (3) 

ὙὔὌ Ὄὕ·ᴼὙὔ· Ὄὕ (4) Ὄὕ ᴼςὌὕ· (4) 

  Ὑὕὕ·  ὙὌO Ὑ· ὙὕὕὌ (5) 

¶ Hidrólisis: la temperatura aplicada durante los tratamientos hidrotérmicos aumenta la 

reactividad del agua, lo que la lleva a destruir enlaces de moléculas complejas para dar lugar 

a otras más simples, de acuerdo con la siguiente reacción [64,65]:  

ὃ ὄ Ὄὕ
Ў
ᴼὃ Ὄ ὄ ὕὌ 

¶ Reacción de Maillard: a las temperaturas a las que se realizan los tratamientos hidrotérmicos, 

es posible que se formen polímeros refractarios por la reacción de Maillard, que es un 
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conjunto de reacciones no enzimáticas entre grupos carbonilo y grupos amino presentes en 

las proteínas y carbohidratos [66]. Por debajo de los 140 ºC se pueden formar productos 

Amadori, con tamaños generalmente por debajo de los 70 kDa, fruto de la polimerización de 

aminoácidos de cadena corta y de carbohidratos. A partir de esta temperatura pueden 

formarse otros polímeros de mayor tamaño (>100 kDa), como las melanoidinas, que son el 

producto final de la reacción de Maillard [63]. 

Este tratamiento se ha empleado para obtener ácidos orgánicos a partir de licor negro [57], así 

como para valorizar la lignina proveniente del mismo [67]. En cuanto a los lodos de depuradora, 

se ha propuesto como pretratamiento para solubilizar los lodos para posteriormente producir 

biogás [63] o recuperar proteínas [31], lípidos, carbohidratos o ácidos grasos volátiles [68]. 

2.2.2. Métodos de separación 

2.2.2.1. Separación por membranas 

El concepto detrás de los procesos de separación por membranas es relativamente simple: las 

membranas pueden describirse como filtros convencionales, pero con un tamaño de malla o 

poro mucho más pequeño, lo que permite la separación de partículas del orden de micras o 

nanómetros [69]. Los procesos de membranas más estandarizados son aquellos que usan la 

presión como fuerza impulsora [70]. Así, dependiendo del peso molecular que permite rechazar 

el 90% del soluto macromolecular o lo que es lo mismo del tamaño de corte de la membrana, 

[71], esta tecnología puede clasificarse como microfiltración, ultrafiltración, nanofiltración u 

ósmosis inversa (Fig. 2.5). Por otro lado, las membranas se pueden producir en una amplia 

gama de materiales (cerámicos o poliméricos) y geometrías (planas, en espiral, tubulares o de 

fibra hueca [72]), los cuales determinan características operativas como el flujo, la vida útil o la 

selectividad de la membrana [73,74]. 
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Figura 2.5. Rango de aplicación de distintos procesos de separación por membranas basado en 

tamaños de partícula [69]. 

 

Esta tecnología ha experimentado un significativo crecimiento en los últimos años debido a sus 

múltiples ventajas al tratarse de una tecnología flexible, limpia, con bajos costes energéticos, 

que permite sustituir a otros procesos convencionales y que puede acoplarse a otras tecnologías 

como un proceso híbrido [75]. 

El principal inconveniente de esta tecnología es la pérdida de flujo debida al ensuciamiento de 

membrana. Dicho ensuciamiento es causado por interacciones físicas, químicas o biológicas 

entre la membrana y los distintos solutos o materia suspendida de la corriente filtrada, lo que 

conduce a una pérdida de permeabilidad y/o selectividad de la membrana [76]. Comprender los 

mecanismos de ensuciamiento y la naturaleza de las partículas que causan el ensuciamiento es 

fundamental para abordar correctamente este importante problema [77]. Para este fin, pueden 

encontrarse varios modelos en la literatura, como los modelos de Hermia [78], el modelo de 

Mehta [79] o el modelo de resistencias en serie [80]. 

La tecnología de membranas se ha estudiado en lodos secundarios para obtener concentrados de 

ácidos húmicos mediante microfiltración o ultrafiltración [26,81ï83]. En cuanto al licor negro, 

se ha estudiado la obtención de retenidos concentrados en lignina y hemicelulosas mediante 

microfiltración, ultrafiltración y nanofiltración, y la recuperación de ácidos orgánicos de cadena 
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corta y sales inorgánicas mediante ósmosis inversa [84]. Por último, también se ha estudiado la 

recuperación de fósforo y nitrógeno de los lixiviados mediante nanofiltración y ósmosis inversa 

para elaborar fertilizantes [85]. 

En el contexto de esta tesis, la tecnología de membranas permite fraccionar una corriente 

empleando membranas de distinto tamaño de corte, pudiendo separar así los distintos 

compuestos presentes en el residuo a valorizar; o bien prepurificar dicha corriente con el fin de 

facilitar una etapa posterior de separación y mejorar su eficacia. 

2.2.2.2. Extracción líquido-líquido 

La extracción por disolventes consiste en el proceso de recuperación de un soluto contenido en 

una matriz mediante un disolvente. Cuando tanto la matriz como el disolvente son líquidos, el 

proceso se denomina extracción líquido-líquido, y el principio en que se basa es la diferencia 

entre las solubilidades de un soluto en dos disolventes inmiscibles o poco miscibles entre ellos. 

Al poner en contacto la matriz en la que está contenida el soluto con el disolvente adecuado, la 

mayor afinidad por este último hará que el soluto migre de la matriz al disolvente [86]. La 

extracción con disolventes presenta una serie de ventajas, tales como un mejor efecto de 

separación que la precipitación, una mayor selectividad y velocidad de transferencia de masa 

que el intercambio iónico, o un menor consumo de energía y una operación continua a gran 

escala más fácil que la destilación [87]. Una correcta elección del disolvente es crítica en la 

idoneidad de la operación y debe tener en cuenta factores como la selectividad y el coeficiente 

de distribución según el compuesto de interés, la inmiscibilidad con la fase líquida contraria, la 

facilidad de recuperación, la densidad, la tensión interfacial, la reactividad química, la 

viscosidad, la presión de vapor y el punto de congelación, y la disponibilidad y coste [88]. Los 

disolventes pueden ser físicos o reactivos. Estos últimos forman complejos con el soluto, y 

suelen ser compuestos, formados por un agente extractante que forma los complejos, y un 

diluyente que facilita el contacto entre el soluto y el extractante [88]. 

Esta tecnología se ha empleado en lodos de depuradora para la recuperación de lípidos [89ï92] 

y biodiésel [93]; en licor negro para la recuperación de biocrudo, ácidos orgánicos, compuestos 
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aromáticos y lignina [84]; y en lixiviados de vertedero para la recuperación de ácidos grasos 

volátiles [94,95]. 
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3.1. Corrientes residuales 

Las corrientes residuales utilizadas durante esta tesis fueron lodos secundarios de depuradora, 

licor negro Kraft y lixiviados de vertedero. En este apartado se indican los intervalos de valores 

que presentan los distintos parámetros, ya que se utilizaron diferentes lotes de partida durante la 

experimentación. La caracterización concreta de cada corriente se encuentra en los subapartados 

correspondientes del Capítulo 4.  

3.1.1. Lodos secundarios de depuradora 

Los lodos secundarios de depuradora empleados se recogieron en la estación depuradora de 

aguas residuales situada en Baíña, (Asturias, España) una vez sometidos al tratamiento de 

espesamiento llevado a cabo por flotación con aire disuelto. Tras su recogida se almacenaron a  

4 ºC hasta su tratamiento hidrotérmico, que en ningún caso superó más de tres días desde su 

recogida. En la Tabla 3.1, se indican los intervalos de valores de los principales parámetros 

fisicoquímicos de los lodos utilizados. 

Tabla 3.1. Características fisicoquímicas de los lodos secundarios de depuradora. 

Parámetro Valor 

pH 6.5 ï 6.8 

Demanda química de oxígeno total (mg O2/L) 37121 ï 37200 

Demanda química de oxígeno soluble (mg O2/L) 200 ï 507 

Carbono orgánico total (mg C/L) 373 ï 484 

Sólidos suspendidos totales (g/L) 32 ï 33.5 

Sólidos suspendidos volátiles (g/L) 26.5 ï 27.2 

Proteínas (mg/L) (1) 26 ï181 

Ácidos húmicos (mg/L) (1) 104 ï 281 

Carbohidratos (mg/L) (1) 17 ï82 

(1) Referido a la concentración soluble 
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3.1.2. Lixiviados 

Los lixiviados estudiados durante esta tesis fueron obtenidos del vertedero de La Zoreda y 

proporcionados por el Consorcio para la Gestión de Residuos Sólidos de Asturias (COGERSA, 

S.A.U, Asturias, España). Durante la experimentación se emplearon diferentes lotes de tres tipos 

distintos de lixiviados: joven, maduro y tratado biológicamente. El lixiviado joven se obtuvo de 

una nueva área del vertedero que se encuentra en expansión, mientras que el lixiviado maduro 

procede de una zona del vertedero en la que no se depositan residuos desde 2010. El lixiviado 

tratado biológicamente procede del tratamiento combinado de tipo biológico y fisicoquímico de 

los lixiviados jóvenes y maduros, que está basado en la tecnología BIOMEMBRAT®. Así, estos 

efluentes son sometidos a procesos biológicos de nitrificación y desnitrificación para la 

eliminación de la materia orgánica y amonio, seguidos de un tratamiento con membranas de 

tamaño de poro 0.02 mm. Como efluentes se obtienen el lixiviado tratado y los lodos biológicos. 

En la Tabla 3.2 se recogen los intervalos de valores de los principales parámetros fisicoquímicos 

de los lixiviados utilizados. Todos los lixiviados fueron prefiltrados con un filtro de malla 

metálica de 250 µm de tamaño de poro y 200 mm de diámetro para eliminar las partículas 

gruesas. Las muestras se almacenaron a 5ºC antes de ser utilizadas. 
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Tabla 3.2. Características fisicoquímicas de los lixiviados maduros, jóvenes y tratados 

biológicamente. 

Parámetro 

Tipo de lixiviado 

Maduro Joven 
Tratado 

biológicamente 

pH 7.8 ï 8.6 8.6 ï 9.0 6.7 ï 6.9 

Demanda química de oxígeno 

soluble (mg O2/L) 
3413 ï 4597 5145 ï 9973 1255 ï 1271 

Demanda biológica de oxígeno (mg 

O2/L) 
279 ï 839 1461 ï 3409 25 ï 31 

Sólidos suspendidos totales (mg/L) 5 ï 53 27 ï 157 6 ï 7 

Amonio (mg/L) 1832 ï 2568 2532ï 3386 18 ï 24 

Cloruros (mg/L) 1832 ï 2568 2147 ï 4511 n/a(1) 

Nitratos (mg/L) 4 ï 6 1 ï 5 390 ï 548 

Nitritos (mg/L) 0.5 ï 1.5 1 ï 3 1 ï 2 

Alcalinidad (mg CaCO3/L) 184 ï 240 222 ï 294 n/a(1) 

Conductividad (mS/cm) 16532 ï 25646 22414 ï 29060 11270 ï 12176 

(1) n/a: datos no disponibles 

 

3.1.3. Licor negro 

El licor negro Kraft empleado en esta tesis procede de la cocción de madera de Eucalyptus sp., y 

fue proporcionado por la empresa ENCE Energía y Celulosa S.A. (España). Tras su recogida, 

el licor negro fue almacenado a 4ºC hasta su uso posterior. Durante la experimentación, se 

emplearon diferentes lotes. Por ello, en la Tabla 3.3 se recogen los intervalos de valores de los 

principales parámetros fisicoquímicos del licor negro.  
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Tabla 3.3. Características fisicoquímicas del licor negro. 

Parámetro Valor  

pH 12 ï 13 

Demanda química de oxígeno (g O2/L) 110 ï 150 

Carbono orgánico total (g C/L) 40 ï 60 

Materia seca (%) 12 ï 18 

Número de color (cm-1) 140 ï 160 

          

3.2. Procedimientos experimentales 

A lo largo de esta tesis, las corrientes a estudiar fueron tratadas mediante tratamientos 

hidrotérmicos (oxidación húmeda), procesos de membrana y extracción líquido-líquido. 

3.2.1. Oxidación húmeda 

Los experimentos de oxidación húmeda se realizaron en un reactor semicontinuo de acero 

inoxidable 316 (Parr Instrument Co., Moline, IL.) de 1 L de capacidad, equipado con 

controladores de presión, temperatura, agitación y caudal de oxígeno, sus correspondientes 

indicadores, un sistema de muestreo y una chaqueta calefactora. El contenido del reactor se 

mantuvo agitado durante todas las operaciones gracias a dos agitadores de turbina magnéticos 

de seis hojas. El oxígeno necesario para la oxidación húmeda fue aportado por una botella de 

oxígeno comprimido, el cual fue saturado de vapor de agua y calentado antes de su introducción 

en el reactor por medio de un humidificador de 2 L que precedía al mismo. Tanto el reactor 

como el humidificador fueron cargados hasta un máximo del 70% de su capacidad por motivos 

de seguridad. Además, el reactor contaba con sistemas de seguridad para evitar que la presión 

superara los 120 bares. En la Fig. 3.1 se muestra un esquema detallado del equipo.  
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Figura 3.1. Esquema del equipo de oxidación húmeda. Adaptado de [1]. 

 

Las oxidaciones húmedas se realizaron a temperaturas entre 160 y 200 ºC, presiones entre 40  

y 70 bar, flujos de oxígeno entre 1200 y 1800 mL O2/min, velocidad de agitación de entre 150 y 

500 rpm y tiempos de operación de hasta 300 minutos. 

Todas las corrientes tratadas fueron centrifugadas tras la oxidación húmeda para trabajar con el 

sobrenadante y descartar la fracción sólida. Adicionalmente, se añadió azida de sodio 0.1% (p/v) 

al lodo de depuradora oxidado para prevenir el crecimiento microbiológico. Las corrientes 

oxidadas se conservaron a 4ºC hasta el momento de su uso. 
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3.2.2. Procesos de membrana 

3.2.2.1. Membranas 

Durante esta tesis se emplearon diferentes membranas cerámicas y poliméricas, que se recogen 

en la Tabla 3.4. 

Tabla 3.4. Membranas utilizadas durante los procesos de filtración. 

Marca Material 
Geometría y 

dimensiones 
Tamaño de corte 

Tami ZrO2-TiO2 
Tubular monocanal,  

600 ³ 6 mm 

150 kDa 

50 kDa 

1 kDa 

Synder Filtration Polietersulfona (PES) Plana, 63.62 cm2 
50 kDa 

3 kDa 

Synder Filtration 

Polietersulfona 

permanentemente 

hidrofílica (PESH) 
Plana, 63.62 cm2 50 kDa 

Synder Filtration 
Fluoruro de 

polivinilideno (PVDF) 
Plana, 63.62 cm2 50 kDa 

Suez Polietersulfona (PES) Plana, 63.62 cm2 10 kDa 

Suez Poliacrilonitrilo (PAN) Plana, 63.62 cm2 50 kDa 

 

3.2.2.2. Equipos de filtración 

Las filtraciones se llevaron a cabo en tres equipos de filtración distintos:  

Los procesos de filtración de los lodos de depuradora tratados hidrotérmicamente relativos a la 

recuperación de biomoléculas y la retención de metales se llevaron a cabo en una unidad de 

filtración de escala de laboratorio de flujo cruzado FT17 (Armfield Ltd., Reino Unido), que 

permite realizar filtraciones con flujo tangencial en membranas planas. Este sistema comercial 

cuenta con un recipiente de alimentación de acero inoxidable 316 de 1 L de capacidad, con 

encamisado para permitir el enfriamiento de la alimentación. La alimentación se bombea 

mediante una bomba de pistón de triple émbolo construida con acero inoxidable 316, y 

controlada por variador de velocidad (inverter), que permite ajustar la velocidad del flujo 

cruzado sobre la superficie de la membrana. El flujo de permeado se midió mediante una 
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balanza electrónica y los parámetros del proceso se registraron mediante software/registro de 

datos. Se muestra un diagrama del equipo en la Fig. 3.2.  

 

Figura 3.2. Esquema de la unidad de filtración Armfield FT17. 

 

En dichas filtraciones se emplearon las membranas poliméricas de PES, PESH, PVDF y PAN 

con tamaños de corte entre 3 kDa y 50 kDa suministradas por Synder Filtration y Suez.   

Los procesos de filtración de lixiviados de vertedero y de licor negro Kraft se realizaron en una 

unidad de filtración de laboratorio equipada con un vaso de vidrio de 3 L y una bomba 

peristáltica Masterflex I/P 7591-55 (Cole-Parmer, EEUU) acoplada a un cabezal Easyload 

Masterflex I/P 77601-10 (Cole-Parmer, EEUU). Dicha unidad contaba con indicadores y 

válvulas de presión en la línea de flujo colocadas antes y después del módulo de filtración para 

medir y controlar la presión transmembrana. En dichas filtraciones se emplearon membranas 

cerámicas con un tamaño de corte de 150 kDa sumistradas por Tami. Puede encontrarse un 

diagrama de este equipo en la Fig. 4.43.  

Por otro lado, los procesos de filtración de los lodos de depuradora tratados hidrotérmicamente 

relativos a la recuperación ácidos orgánicos de cadena corta se realizaron con un equipo de 

filtración a escala de laboratorio fabricado por Addefi (España). El equipo, construido en acero 

inoxidable AISI316 e interconectado con racores de alta presión, constaba de un tanque de 



3. Material y métodos  

42 

alimentación encamisado de 10 L provisto de una resistencia de calentamiento y conectado a 

una bomba trifásica IEC 60034 (AEG, Alemania). Asimismo, disponía de un controlador de 

temperatura y de manómetros antes y después del módulo de filtración, sensores de caudal y 

temperatura y una válvula de presión para ajustar la presión transmembrana.  

Los caudales de permeado se determinaron gravimétricamente en todos los casos. El flujo de 

permeado se calculó mediante la siguiente ecuación:  

*
1

!
 

Donde J es el flujo de permeado (m·s-1), QP es el caudal de permeado (m3·s-1), y AM es el área 

superficial de la membrana (m2). 

Las filtraciones se realizaron en dos modos de operación distintos: por una parte, y con el fin de 

evaluar la evolución del ensuciamiento de la membrana con el tiempo, se trabajó en reciclo 

total, devolviendo el permeado al tanque de alimentación para mantener constante la 

composición de la misma. Por otro lado, se trabajó en concentración, retirando continuamente el 

permeado a fin de analizar el efecto de la concentración de la alimentación en la evolución del 

ensuciamiento de la membrana. En todos los casos, se recogieron muestras de permeado y 

retenido periódicamente para determinar las retenciones de los distintos compuestos y 

parámetros de interés mediante la siguiente fórmula:  

Ὑ ρ
ὅ ȟ 

ὅ ȟ
 

Donde ὅ ȟ y ὅ ȟ son la concentraci·n del compuesto ñiò en el permeado y en el retenido, 

respectivamente.  

Las filtraciones se realizaron con presiones transmembrana de 1.6 a 30 bar, de 50 a 70 ºC, de 3.0 

a 3.2 m/s de velocidad de flujo cruzado. La duración de las filtraciones fue de hasta 300 minutos 

para el modo de operación de reciclo total o hasta alcanzar una ratio de concentración de 

volumen (VCR) de hasta 3. 
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Al finalizar cada filtración, la membrana se aclaró haciendo pasar agua destilada sin presión 

transmembrana hasta alcanzar un valor de flujo estable. Las membranas cerámicas también se 

limpiaron de forma química con una disolución acuosa al 0.5% de detergente básico (Divos 124 

VM5, Diversey) a 70ºC hasta alcanzar un flujo de al menos el 90% del flujo de agua inicial.  

Con el objetivo de modelizar el ensuciamiento en función de su reversibilidad y su mecanismo 

de formación, durante esta tesis se utilizaron los modelos de resistencias en serie, los modelos 

de Hermia y el modelo de Mehta.  

La reversibilidad del ensuciamiento se estudió mediante el modelo de resistencias en serie, que 

descompone la resistencia hidráulica total de la membrana como la suma de diferentes 

resistencias causadas por los ensuciamientos reversible, irreversible o por la propia membrana. 

La resistencia hidráulica se puede calcular como se muestra en la siguiente ecuación:  

R=
TMP

ɛJ
 

Donde R es la resistencia hidráulica (m-1), TMP es la presión transmembrana (kg·m-1·s-2), m  es 

la viscosidad dinámica de la corriente (kg·m·s-1) y J es el flujo de permeado (m·s-1).  

Los mecanismos de formación del ensuciamiento se estudiaron mediante los modelos de 

Hermia [2], que siguen el modelo general: 

Ὠὐ

Ὠὸ
ὑ ὐ ὐ ὐ  

Donde t es el tiempo (min), K es una constante, ὐ es el flujo limitante (m·s-1), y n es una 

constante que toma diferentes valores para los cuatro mecanismos simples de ensuciamiento 

propuestos por Hermia: bloqueo completo de poros (n = 2, K = [min-1]), donde los poros de la 

membrana se van cegando por la adsorción o deposición de partículas más pequeñas que el 

tamaño del poro; bloqueo estándar de poros (n = 1.5, K = [m-1]), donde el área de la membrana 

activa queda bloqueada por partículas de tamaño similar al de los poros ; bloqueo intermedio de 

poros (n = 1, K = [m-1]), donde las partículas pueden acabar taponando un poro con el tiempo, o 

formar un puente en su abertura y no bloquearlo por completo; y filtración de torta (n = 0, K = 
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[min·m-2]), en el que las partículas tienen un tamaño mucho mayor que el de los poros, 

depositándose sobre la superficie de la misma y llegando a forma una torta. La elección del 

modelo que mejor se ajustó a los datos se basó en la suma de residuos al cuadrado, donde cada 

residuo es igual a la diferencia entre los datos experimentales y el valor predicho por el modelo. 

El flujo también se modelizó utilizando el modelo de Mehta que tiene en cuenta los dos 

dominios de disminución del flujo que tienen lugar durante la filtración por membrana: el 

dominio 1, donde se produce una rápida disminución del flujo durante la etapa inicial de la 

filtración; y el dominio 2, donde el flujo disminuye más lentamente hasta alcanzar un valor casi 

estable (Fig. 3.3) [3]. El modelo se expresa mediante la siguiente ecuación:  

J = J0-JÐ1Ŀexp
-Ŭt + JÐ1 - JÐ2Ŀexp

-ɓt + JÐ2 

Donde JÐ1 es el flujo al término del dominio 1 (m·s-1);  JÐ2 es el flujo al término del dominio 2 

(i.e., al final del experimento) (m·s-1); y Ŭ (min-1) y ɓ (min-1) son dos constantes determinadas 

experimentalmente que describen la tasa del decaimiento del flujo asociado con el 

ensuciamiento de membrana y con la polarización de concentración y la formación de la capa de 

gel, respectivamente. 

 

Figura 3.3. Curva típica de flujo de permeado vs tiempo durante la filtración con membranas. 

Adaptado de [3]. 
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3.2.3. Extracción líquido-líquido 

3.2.3.1. Extractantes y diluyentes usados 

Las extracciones líquido-líquido realizadas durante esta tesis se llevaron a cabo empleando 

trioctilamina (97 %, Acros Organics), tributilfosfato (99.9 %, VWR) y óxido de trioctilfosfina 

(98 %, Alfa Aesar) como extractantes y n-hexano (grado HPLC, Merck), heptano (99.5%, 

Panreac) y octan-1-ol (99%, Sigma) como diluyentes. Las combinaciones específicas entre 

extractantes y diluyentes pueden consultarse en los capítulos 4.1.1 y 4.2.1. 

Las extracciones fueron realizadas a temperaturas entre 25 y 55 ºC en proporción 1:1 (v/v) y 

agitadas a 250 rpm hasta alcanzar el equilibrio. 

El rendimiento de la extracción (Yi) se calculó de la siguiente forma: 

 
ὣϷ ρ

ὅȟ
ὅȟ

ρππ 
 

Donde CR,i es la concentraci·n del compuesto ñiò en el refinado, y CF,i es la concentración del 

compuesto ñiò en la alimentaci·n. 

Las constantes de distribución (KD) se calcularon siguiendo la ecuación:  

ὑ
ὅȟ

ὅȟ
 

 

Donde ὅȟ  y ὅȟ  son las concentraciones del compuesto ñiò en las fases org§nica y acuosa 

tras haber alcanzado el equilibrio, respectivamente. 

3.2.4. Extracción de lignina 

La lignina fue recuperada mediante precipitación ácida. Se agregó H2SO4 5M al licor negro 

mediante goteo hasta alcanzar un pH de 2.5. Dado que este tratamiento provoca la liberación de 

H2S gaseoso, se realizó bajo una campana extractora usando una mascarilla con un filtro para 

gases y vapores inorgánicos. A continuación, el licor negro acidificado se centrifugó a 10000 g 

durante 30 minutos. Tras retirar el sobrenadante, la lignina precipitada se lavó con 3 volúmenes 
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de agua acidificada para eliminar las sales residuales y se mantuvo a 110ºC durante 24 h para 

cuantificarla mediante gravimetría. 

3.3. Métodos analíticos 

Debido al elevado número de métodos analíticos empleados a lo largo de esta tesis, se han 

recopilado los métodos empleados en la Tabla 3.5, indicando en cada caso el parámetro junto 

con el método analítico o equipo empleado para su determinación. A lo largo del Capítulo 4, se 

pueden encontrar las descripciones detalladas y referenciadas de dichos métodos aplicadas a 

cada caso concreto.  

Tabla 3.5. Parámetros medidos y método analíticos empleados en la tesis. 

Parámetro Método analítico / Equipo 

pH pH-metro 

Conductividad Conductivímetro 

Demanda química de oxígeno Método estándar de oxidación con dicromato 

Demanda biológica de oxígeno Respirometría manométrica (método de Warburg) 

Carbono orgánico e inorgánico total Analizador TOC-V CSH 

Sólidos totales Método estándar de secado en estufa a 105 ºC 

Sólidos volátiles Método estándar de calcinado en mufla a 525-550 ºC 

Carbohidratos totales Método de Dubois 

Número de color Espectrofotometría 

Proteínas Método de Lowry modificado 

Ácidos húmicos 
Método de Thurman y Malcolm, método de Lowry 

modificado 

Compuestos fenólicos totales Método de Folin-Ciocalteu y fenol 

Densidad Picnometría 

Viscosidad cinemática Viscosímetro invertido Cannon-Fenske 

Ácidos orgánicos Cromatografía líquida de alta resolución 

Iones inorgánicos Cromatografía iónica 

Rugosidad superficial (membranas) Microscopía de fuerza atómica 

Hidrofilicidad (membranas) Medida de ángulo de contacto 

Caracterización morfológica superficial y 

composición elemental semicuantitativa 

(membranas) 

Microscopía electrónica de barrido 

Concentración de metales y otros elementos 
Espectrometría de masas con plasma acoplado 

inductivamente 

Quenching de ácidos húmicos y proteínas con 

metales 
Medidas de espectros de fotoluminiscencia 

Toxicidad aguda Ensayos de bioluminiscencia con Vibrio fischeri   
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4.0. Justificación de la organización 

Para facilitar la lectura de los resultados, esta sección se ha dividido en tres apartados, 

atendiendo a la biomasa residual líquida tratada.  

En el apartado 4.1 se recogen los trabajos relacionados con los lodos secundarios de depuradora. 

En el subapartado 4.1.1 se estudia la producción de ácidos orgánicos de cadena corta mediante 

la oxidación húmeda de lodos secundarios de depuradora y su recuperación mediante 

ultrafiltración y extracción líquido-líquido. En los subapartados 4.1.2 y 4.1.3 se presentan los 

resultados obtenidos durante la estancia en la Universidad de Aalborg, en la que se estudió el 

fraccionamiento de los lodos solubilizados mediante ultrafiltración con membranas poliméricas. 

Concretamente, el subapartado 4.1.2 consiste en un estudio sobre el efecto del material y el 

tamaño de corte de la membrana en la separación de biomoléculas de interés, mientras que en el 

subapartado 4.1.3 se analiza la capacidad de retención de metales pesados por estas membranas 

y el mecanismo de retención. Por último, el subapartado 4.1.4 recoge, a modo de perspectivas 

para futuros trabajos, el estado del arte de los métodos de separación y purificación de 

biomoléculas de interés aplicables a biomasas líquidas o acuosas, y en particular a los lodos. 

En el apartado 4.2 se incluyen los trabajos relativos a las otras biomasas residuales líquidas 

tratadas, i.e., lixiviados de vertedero y licor negro Kraft. En el subapartado 4.2.1, se recogen las 

distintas estrategias estudiadas para la recuperación de ácidos orgánicos de cadena corta a partir 

de licor negro Kraft, consistentes en la aplicación de distintos pretratamientos (deslignificación 

y oxidación húmeda), filtración con membranas y extracción líquido-líquido. En el subapartado 

4.2.2, se detalla el efecto de la edad del lixiviado en su ultrafiltración, en términos de 

ensuciamiento de membrana y retención de ácidos húmicos y de varios parámetros 

fisicoquímicos. Por último, el subapartado 4.2.3 se centra en el tratamiento combinado de 

oxidación húmeda seguido de ultrafiltración para la recuperación de ácidos húmicos a partir de 

lixiviados estabilizados, y la obtención de un agua tratada que cumpla con los estándares 

requeridos para su liberación en el medio ambiente. 
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Los resultados obtenidos durante esta tesis ya han sido parcialmente publicados, resultando en 

un total de cuatro artículos cuyas referencias se indican al comienzo de cada subapartado 

correspondiente.
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Figura 4.1. Resumen gráfico del artículo Production and purification of organic acids from 

partially oxidised waste activated sludge. 

 

Artículo enviado a la revista Separation and Purification Technology 

Cuartil:  Q1 Índice de impacto: 8.6 
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Abstract 

Short-chain organic acids (SCFAs) are widely used in the chemical and food industries. 

However, their conventional production relies heavily on fossil raw materials, necessitating 

sustainable alternatives. Waste activated sludge (WAS) can serve as a renewable feedstock for 

SCFA production through oxidative hydrothermal pretreatment. Thus, the aim of this work was 

to optimize the production and recovery of SCFAs from partially oxidised WAS. To achieve 

this, WAS was treated by wet oxidation (WO) at different temperatures (160-200ºC) and 

ultrafiltered using ceramic membranes (50 and 1 kDa) to pre-purify the SCFAs. Subsequently, 

these acids were extracted with different combinations of trioctylamine (TOA), 

tributylphosphate (TBP) and octan-1-ol in the temperature range 25-50ºC.  

WO at 160ºC for 240 min maximized the SCFA production, obtaining a concentration of 6.07 

g/L, with acetic acid as the main component (28.2%).  

Membrane ultrafiltration operating in total recycle mode achieved rejections of 39% for TOC 

and 73% for colour, with a low SCFA rejection (4%) effectively pre-purifying the SCFAs 

present in the WAS. The main fouling mechanism was cake formation. 

The highest extraction yields of SCFAs at room temperature were achieved with a mixture of 

TOA and TBP at 10% in octan-1-ol, extracting 34% of the total SCFAs present in the 1 kDa 

permeate. Lower extraction yields were obtained with the pre-purified WAS compared to 

synthetic solutions of SCFAs, showing the detrimental effect of the matrix in liquid-liquid 

extraction. Increasing the temperature within the range of 25 to 50 ºC generally had a favourable 

effect on the SCFA extraction. 

Keywords: Hydrothermal treatments; liquid-liquid extraction; membrane filtration; fouling; 

waste valorisation. 
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1. Introduction  

As global efforts to reduce the impact of human activity have gained importance over the years 

[1,2], the concept of circular economy has become a promising strategy to achieve a sustainable 

society. Circular economy can be defined as a closed-loop material flow within the entire 

economic system, where it is aimed to maintain all the materials at their highest utility value 

[3,4]. This stands in contrast to the traditional linear economy, where raw materials are 

transformed into products and eventually discarded as residues at the end of their lifespan. 

The circularization of the economy involving urban wastewaters is of particular significance. 

The production volumes of these wastewaters and the restrictions on their discharge are 

increasing due to the global population growth and the rise on the environmental concerns [5,6]. 

Moreover, wastewater treatment plants themselves contribute to adverse environmental effects 

through material and energy consumption, as well as the release of various emissions into the 

environment. In this sense, significant amounts of waste activated sludge (WAS) are generated 

daily, necessitating subsequent treatment [7]. This sludge has been traditionally discarded in 

landfills or used as a low-value product, fuel or fertilizer [8]. However, this residue, mainly 

composed of microorganisms, their debris and extracellular polymeric substances, represents a 

promising source of valuable biological products like enzymes, proteins, humic acids, 

saccharides and lipids, along with short-chain fatty acids (SCFAs) [8,9]. This offers an 

interesting opportunity to valorise WAS and obtain high-value products through their recovery. 

In particular, SCFAs, due to their high industrial importance, are produced in large volumes and 

find wide-ranging applications across industries including food, chemical, biochemical, biofuel, 

textile, cosmetic, and pharmaceutical [10ï12]. While SCFAs are not abundant in WAS, its 

organic matter can be transformed into organic acids through mild wet oxidation (WO), a 

hydrothermal technique that, in addition to SCFA production, also solubilises and sterilises the 

sludge [13]. The optimisation of the production of SCFAs using WO requires careful 

consideration of both operation time and temperature [14]. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sludge
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The treatment of the WAS by mild WO results in a complex matrix comprising a solid [15] and 

a liquid phase containing the solubilised organic and inorganic matter [16] as well as the 

SCFAs. As a result, separation and purification processes are necessary for their recovery. 

Membrane separation proves to be a very suitable technology for the pre-purification of these 

acids. It is considered a green technology since it can be continuously conducted under mild 

conditions without the need for additional chemicals, with high selectivity and low energy 

consumption, and it can be easily coupled with other operations [17]. In addition, affinity-based 

methods, such as resin adsorption or liquid-liquid extraction (LLE), are normally employed for 

the purification of SCFAs due to low energy and temperature requirements [9,11]. 

Both membrane filtration and LLE are conditioned by several factors. In the case of membrane 

filtration, factors such as geometry, material composition and, especially, molecular weight cut-

off (MWCO), significantly impact selectivity and permeability [18,19]. On the other hand, the 

election of the solvent is critical for LLE, with the most suitable option depending on the nature 

of the desired compounds and the phase in which it is dissolved (the stationary phase). In 

particular, reactive extraction has gained relevance for the extraction of carboxylic acids, and 

has proven to be highly effective for their in-situ recovery [20,21]. A reactive solvent typically 

consists of a diluent, which is immiscible with the stationary phase, and acts as a transport 

phase; and an extractant, which forms a reversible complex with the carboxylic acid [22]. While 

both polar and non-polar diluents can be employed in reactive extraction, it has been reported 

that polar diluents are more effective, particularly for carboxylic acids [23]. In such cases, the 

optimal extraction yield of SCFAs is determined by the ratio between the diluent and the 

extractant. On one hand, the polar diluent provides additional solvating power to the relatively 

low polar extractants, allowing for higher levels of SCFA-extractant complexes to be formed in 

the transport phase. On the other hand, increasing the proportion of diluent reduces the number 

of extractant molecules available for forming complexes [24].  
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Works studying the production of SCFAs from WAS have mainly focused on bioproduction via 

fermentation [25]. Few of them studied physicochemical methods [26,27], and, to the best of 

our knowledge, none of them has focused on the recovery process of SCFAs.  

Taking into account these considerations, this study was focused on evaluating the process for 

the production, separation and purification of SCFAs from WAS. To achieve this, the study 

aimed to: i) optimize the production of SCFAs through partial WO, ii) analyse the impact of the 

pre-purification by membrane filtration on partially oxidised WAS, and iii) assess the effect of 

LLE on the recovery of SCFAs. 

2. Material and methods 

2.1. Waste activated sludge 

The thickened WAS was collected from a wastewater treatment plant in Baíña, Asturias, Spain, 

and then stored at 4 ºC until it underwent partial oxidation, a process that took place within no 

more than three days after collection. Its physical-chemical characteristics are shown in Table 

4.1. 

Table 4.1. Physical-chemical parameters of the thickened waste activated sludge. 

Parameter Value 

pH 6.6 ± 0.2 

Total chemical oxygen demand (mg O2/L) 22030 ± 40 

Soluble chemical oxygen demand (mg O2/L) 350 ± 150 

Total organic carbon (mg C/L) 6100 ± 800 

Total suspended solids (g/L) 33 ± 1 

Volatile suspended solids (g/L) 26.8 ± 0.4 

2.2. Production of organic acids by partial wet oxidation 

Different conditions of time and temperature were studied to optimize the production of SCFAs 

from WAS. Partial WO tests were performed in a 1 L 316 SS batch reactor (Parr Instrument Co., 

Moline, IL.) equipped with pressure and temperature controllers, indicators, a sampling system, 

and a heating jacket. The reactor content (loaded up to the 70% of its capacity for safety 
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purposes) was stirred at 150 rpm by two six-bladed magnetically driven turbine agitators. A 

constant flow of 1600 mL/min of oxygen, previously saturated with water by a humidifier, was 

provided from a compressed bottle throughout the operation, and the pressure was set at 40 bar. 

A detailed scheme of the experimental setup can be found in [28]. The reaction was carried out 

without pH adjustment nor addition of catalyst. Temperatures of 160ºC, 180ºC and 200ºC were 

tested for a total reaction time of 5 h, taking samples at different intervals to analyse the 

evolution of SCFAs and their degradation throughout the partial oxidation. 

After the partial WO, 0.1% (w/v) sodium azide was added to prevent microbiological growth. 

The oxidised sludge was then stored at 4 ºC for further usage.  

2.3. Membrane filtration 

In order to pre-purify the oxidised WAS prior to the LLE of SCFA, different filtration 

experiments were conducted. The filtrations were carried out with a laboratory-scale filtration 

device manufactured by Addefi (Spain). The equipment, built in AISI316 high-pressure stainless 

steel and connected with high-pressure fittings, consisted of a jacketed 10 L feed tank equipped 

with a heating resistance. From there, the feed was pumped into the gasketed membrane using 

an IEC 60034 three-phase pump (AEG, Germany). The equipment was equipped with a 

temperature controller, pressure gauges before and after the ultrafiltration module, as well as 

flow and temperature sensors. Transmembrane pressure (TMP) was regulated by a pressure 

valve located in the retentate line. The permeate line was built in rubber, and directed to a 

PS750R2 (Radwag, Poland) weighting scale for flux determination. A scheme of the device is 

shown in Fig. 4.2.  
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Figure 4.2. Filtration setup used in the pre-purification experiments of the oxidised WAS. 

Tubular mono-channel ZrO2-TiO2 membranes of 50 and 1 kDa (TAMI Industries, France) were 

used for the experiments. The permeate obtained after the filtration with the 50 kDa membrane 

was used as the feed for the filtration with the 1 kDa membrane. The membranes had a length of 

604 mm and an internal diameter of 6 mm. All filtration experiments were performed at 50ºC, 

with a TMP of 4 bar, and a cross-flow velocity 3.2 m/s.  

Two modes of filtration were tested: 

-Total recycle (TR) mode: the retentate and permeate were returned to the feed tank to maintain 

a constant feed composition. This mode allowed for the evaluation of membrane fouling 

evolution over time. TR experiments were conducted for a total of 300 min. 

-Volume concentration (VC) mode: only the retentate was returned to the feed tank, 

concentrating the feed composition. This mode allowed for the assessment of the effect of 

concentration on fouling development. VC experiments were performed until a volume 

concentration ratio (VCR) of 3 was reached with the 50 kDa membranes; and of 1.5 with the 1 

kDa membrane, due to the slow flux rate obtained. VCR is calculated as follows: 

ὠὅὙ
ὠ

ὠ
 

Where Vf is the initial feed volume, and Vr is the retentate volume. 
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In both modes, retentate and permeate samples were taken periodically and frozen until further 

use. Rejection coefficients (Ri) were determined using the following equation: 

Ὑ ρ
ὅ ȟ 

ὅ ȟ
 

Where ὅ ȟ and ὅ ȟ represent the concentration of the compound ñiò in the permeate and the 

retentate, respectively. 

After each filtration, the membrane was rinsed with distilled water until attaining a stable flux 

value. Subsequently, it was cleaned at moderate temperature (70ºC) with a Diversey basic 

detergent (0.5% v/v). Cycles of chemical cleaning were performed as needed, until the final flux 

was over 90% of the initial water flux [29]. All experiments were performed in duplicate. 

Membrane fouling was modelled with resistance-in-series and Hermia models, which are 

described elsewhere [30]. 

2.4. Liquid-liquid extraction  

Tributyl phosphate (TBP) (99.9%, VWR) and trioctylamine (TOA) (97%, Acros Organics) 

were used as extractants, and octan-1-ol (99%, Sigma) as diluent. Octan-1-ol was selected due 

its polar character, which, as previously stated, favours the extraction of SCFAs. Additionally, it 

is totally immiscible with water; and presents a low latent heat of vaporization (65 kJ/mol). The 

tested solvents were prepared by dissolving TOA, TBP and a 50:50 (v/v) TOA/TBP mixture at 

concentrations of 10%, 25% and 40% (v/v) in octan-1-ol. They were designated based on the 

employed extractant and its concentration (e.g., TBP40 represents TBP at 40% in octan-1-ol). 

Firstly, the extractions were performed at 25ºC by mixing the 1 kDa permeate with the solvent 

in a 1:1 (v/v) proportion and stirred overnight to ensure the equilibrium was reached. The 

aqueous phase was then analysed to determine the SCFA content. 

After this initial screening, the effect of temperature on the extraction yields of SCFAs was also 

studied. The TOA, TBP and TOA/TBP mixtures that delivered the highest yields at room 
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temperature were tested at 30, 40 and 50 ºC following the same procedure described above. 

Additionally, these extractions were performed using a synthetic solution prepared dissolving 

the studied SCFAs at the same concentrations present in the oxidised WAS, in order to study the 

effect of the WAS matrix on the LLE yield. 

The extraction yield (Yi) was determined as follows: 

 
ὣϷ ρ

ὅȟ

ὅȟ
ρππ 

 

Where ὅȟ  represents the concentration of the SCFA ñiò in the raffinate, and ὅȟ  the 

concentration of the SCFA ñiò in the feed solution. 

The distribution constants (KD) were determined by the following equation:  

ὑ
ὅ ȟ

ὅ ȟ
 

 

Where ὅ ȟ  and ὅ ȟ  represent the concentrations of the SCFA ñiò in the organic and 

aqueous phase respectively, after reaching the equilibrium. 

2.5. Analytical methods 

Density and kinematic viscosity were measured at 50ºC and room temperature with a 

pycnometer and a Cannon-Fenske inversed-flow viscometer (Proton, UK), respectively. pH was 

determined using a Basic 20 pH meter (Crison, Spain). Spectral absorbance coefficients (SAC) 

were measured at 436, 525 and 620 nm using a Helios Alpha UV-Vis spectrophotometer 

(Thermo Scientific, USA) to calculate the colour number (CN). Both SAC and CN have units of 

cm-1. CN was calculated as follows:  

ὅὔ
Ὓὃὅ Ὓὃὅ Ὓὃὅ

Ὓὃὅ Ὓὃὅ Ὓὃὅ
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Total organic carbon (TOC) was determined using a TOC analyzer (Shimadzu TOC-VCSH). The 

concentration of SCFAs were determined by HPLC Agilent Technologies 1200 Series, using an 

ICSep ICE-ION-300 column (Teknokroma, Spain) as the stationary phase and with H2SO4 0.45 

mM (with pH adjusted to 3.2-3.3) as the mobile phase.  

A refractive index detector was used to measure SCFAs. Standard curves of oxalic, maleic, 

pyruvic, lactobionic, malic, lactic, formic, acetic and propionic acids were elaborated to 

properly identify and quantify these SCFAs. 

 

3. Results and discussion 

3.1. Optimization of SCFAs production by partial WO  

The production of SCFAs by partial oxidation of WAS is shown in Fig. 4.3.  

 

Figure 4.3. Evolution of the concentrations of oxalic (ƴ), maleic (ƴ), pyruvic (ƴ), lactobionic 

(ƴ), malic (ƴ), lactic (ƴ), formic (ƴ), acetic (ƴ) and propionic (ƴ) over time in the range 160-

200ºC. 

 

In all cases, the concentration of SCFAs presented a consistent pattern over time. Initially, the 

SCFA concentrations increased with time, as the sludge was solubilised, and the released 

biocompounds into the reaction media were oxidised into these acids. The concentration values 
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eventually reached either a peak or a plateau, after which they began to decrease. This can be 

attributed to the SCFA degradation rate, which started to be faster than its production rate (Fig. 

4.3). This behaviour was in accordance with other studies that have analysed the degradation 

pathways of organic matter. These studies indicated that the process involved the successive 

formation and degradation of peroxides, alcohols, ketones, and organic acids, consecutively, 

until their ultimate degradation to CO2, H2O and ash [31]. 

Volatile SFCAs (propionic, acetic, and formic acids) were produced in larger quantities than the 

non-volatile ones (oxalic, maleic, pyruvic, lactobionic, malic and lactic acids). This trend was 

more pronounced at higher temperatures (180ºC and 200ºC) and longer reaction times (from 

180 min onwards), in which the average concentration of volatile SCFAs represented 70% of 

the total concentration of SCFAs. Among these, acetic acid showed at the highest concentration, 

reaching a maximum value of 2.83° 0.08 g/L at 200 ºC after 240 min of oxidation. Furthermore, 

it was observed that increasing the temperature favoured the formation of acetic acid. 

Specifically, a concentration of 1.28 ° 0.07 g/L was obtained at 160ºC for 180 min, while the 

value was 1.65 times higher at 180ºC for the same time. This finding is consistent with the 

studies of Chung et al. [29], who reported that acetic acid was the most produced SCFA due to 

its stability among the low molecular SCFAs obtained as intermediates.[32]. Moreover, the 

production of acetic acid as a final compound of the WO of sludge has been described by 

several other authors [32ï35]. A similar behaviour was also observed for the non-volatile lactic, 

lactobionic and malic acids, which achieved maximum concentrations at 200ºC that were 1.3, 

2.3 and 1.8 times higher than those obtained at 160 ºC (0.75 ± 0.02 g/L, 0.16 ± 0.05 mg/L; 0.11 

± 0.01 g/L, respectively). As for propionic acid, the increase in concentration with higher 

temperatures was more significant within 45 min of reaction. Specifically, the values were 3 

times and 3.8 times higher at 180ºC and 200ºC for 45 min, compared to that of at 160ºC for the 

same reaction time (0.106 ± 0.003 g/L). Chung et al. [29] reported a similar increase in 

propionic acid concentration when oxidising sewage sludge at temperatures ranging from 200 to 

240ºC. 
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However, the opposite behaviour was observed for oxalic, pyruvic, and formic acids, as their 

degradation rate accelerated with increasing temperature, although it was less pronounced for 

formic acid. Particularly, the maximum concentration of oxalic acid decreased from 1.3 ± 0.1 

g/L at 160°C, to 0.243 ± 0.004 g/L at 200°C. For pyruvic acid, the concentration dropped from 

0.700 ± 0.006 mg/L at 160°C to 0.20 ± 0.01 mg/L at 200°C, and for formic acid decreased from 

1.19 ± 0.08 mg/L at 160°C to 0.7 ± 0.1 mg/L at 200°C. 

Increasing the temperature resulted in a decrease in the maximum concentration of total SCFAs 

generated. Specifically, the concentrations were 6% and 18.3% lower at 180ºC and 200ºC 

compared to that of at 160ºC (6.07 g/L). This reduction can be attributed to a greater 

mineralization of the organic matter, where the oxidation routes leading to CO2 formation are 

more favoured than those leading to acetic acid at higher temperatures (Fig. 4.4). This can be 

supported based on the data reported by Prince-Pike et al. [33] related to the oxidation of the 

ñfast reactingò and ñslow reactingò soluble organic matter to CO2, acetic acid and other volatile 

fatty acids calculated from the. At low temperatures, ñslow reactingò soluble organic matter was 

predominant, with higher kinetic constants for its oxidation to acetic acid (varied from 4.9 10-4 s-

1 for 160ºC to 1.5·10-.3 s-1 for 200ºC) and other volatile fatty acids (varied from 3.7 10-4 s-1 for 

160ºC to 8.9·10-.4 s-1 for 200ºC) compared to its oxidation to CO2 (ranged from 4.8 10-8 s-1 for 

160ºC to 6.0·10-.7 s-1 for 200ÜC). However, at higher temperatures, ñfast reactingò soluble 

organic matter is more favoured, resulting in higher kinetic constant for its oxidation to CO2 

(varied from 9.7 10-2 s-1 for 160ºC to 2.2·10-.1 s-1 for 200ºC) compared to that obtained for the 

oxidation to acetic acid (varied from 3.810-5 s-1 for 160ºC to 1.6·10-.4 s-1 for 200ºC) and other 

volatile fatty acids (ranged from 1.1·10-22 s-1 for 160ºC to 8.0·10-.21 s-1 for 200ºC). 
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Figure 4.4. Proposed model for the oxidation of WAS adapted from [36]. sOM: soluble organic 

matter. DON: dissolved organic nitrogen. AA: acetic acid. VFA: volatile fatty acids without 

including AA. f, s and nr subscripts stand for fast reacting, slow reacting, and non-reacting, 

respectively. 

 

These results followed the trend reported by other authors [32,36], who observed an increase in 

the concentration of SCFAs with reaction time. However, their experiments were only 

performed within 60-80 min, and stopped them while SCFAs were still being generated. 

Additionally, these studies did not analyse the concentration of non-volatile SCFAs. This is why 

they reported SCFA concentrations ranging from approximately 1 g/L to 4 g/L for the oxidation 

of sewage sludge at temperatures between 180ºC and 240ºC, and pressures from 20 bar to 60 

bar. 

The highest concentration of total SCFAs (6.07 g/L) was reached at 160 ºC after 240 min. 

Therefore, the subsequent experiments were performed with the WAS partially oxidised at these 

conditions.  

3.2. Membrane filtration  

3.2.1. Flux 

The obtained fluxes for all filtration experiments are shown in Fig. 4.5.  
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Figure 4.5. Flux evolution during the filtration of the oxidised WAS with the 50 kDa membrane 

in TR (a) and VC (b) mode; and with the 1 kDa membrane in TR (c) and VC (d) mode. 

The permeability of the clean 50 kDa membrane (581 ° 1 LMH) was over 10 times higher than 

that of the clean 1 kDa membrane (54.8 ° 0.1 LMH). It should be noted that the oxidised WAS 

filtered with the 1 kDa membrane was previously pre-filtered with the 50 kDa membrane, thus 

showing the importance of a pre-filtration stage. The concentration of the feed also significantly 

influenced the resulting flux, this effect being more pronounced with the 1 kDa membrane. 

Thus, the mean fluxes in VC mode with 50 kDa and 1 kDa membranes (excluding the clean 

fluxes) were approximately 1.85 times and 2 times lower, respectively, than those obtained in 

the TR mode (60 ° 40 LMH and 14 ° 5 LMH, respectively) in both cases. 

a  b 

c d 
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In terms of flux loss during filtration, higher relative losses (compared to the initial flux) were 

measured during the filtration with the 50 kDa membrane in both TR and VC modes (93.9 % 

and 98.5%, respectively) than those achieved with the 1 kDa membrane (78% and 94.3%, 

respectively). This can be explained by considering that the stream filtered with the 1 kDa 

membrane had already undergone pre-filtration with the 50 kDa membrane.  

The measured fluxes were generally lower compared to those obtained in ultrafiltration and 

nanofiltration studies with different polymeric and ceramic membranes, which reported values 

from 300 to 30 LMH (50 kDa) and from 40 to 20 LMH (1 kDa) [37,38,47,48,39ï46]. This 

difference can be attributed to the high complexity of the solubilised WAS. For instance, Cassini 

et al. [48] achieved fluxes of around 300 LMH with a 50 kDa ceramic membrane, which 

approximately 5 times higher than the fluxes obtained in this study with the 50 kDa membrane 

under similar operation conditions when treating soy protein wastewaters. 

Fluxes obtained in TR mode were also modelled with Hermia models in order to determine the 

main fouling mechanism (Fig. 4.6). Knowing this can facilitate the optimization of the cleaning 

cycles of the membrane, improving its performance and expanding its lifespan. Hermia models 

contemplate four different fouling mechanisms: complete pore blocking (CPB), where particles 

are larger than the pore size and reduce the active membrane area; internal pore blocking (IPB), 

where the particles are smaller than the pore and reduce the pore size itself; partial pore 

blocking (PPB), where particles may bridge pores without completely seal them, resulting in 

similar effects to CPB but less severe; and cake formation (CF), where fouling particles form a 

layer on the top of the membrane without entering the pores. The main fouling mechanism of 

both 50 and 1 kDa membranes was CF, which is primarily reversible, and can be removed by 

physical methods [49]. 
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Figure 4.6. CPB [Ƅ], IPB [Ƅ], PPB [Ƅ] and CF [Ƅ] flux models, and experimental fluxes (ǒ) 

for 50 kDa (a) and 1 kDa (b) membranes. 

As shown in Table 4.2, hardly any retention of SCFAs was observed with the 50 kDa membrane 

operating in TR mode, and even negative retentions occurred for some SCFAs. These negative 

retentions can be attributed to the Donnan effect: CN in organic matter (NOM) is produced by 

compounds rich in aromatic C=C bonds [50], such as humic acids (the main biopolymer found 

in the studied WAS) or melanoidin, which are a group of large, negatively charged, coloured, 

refractory, nitrogenous molecules produced by Maillard reaction from the heating of amino 

acids and carbohydrates [51], and thus generated during the WO of the WAS. Humic acids and 

melanoidin are strongly negatively charge at the operational pH [52]. With the high rejection 

values for CN, it is likely that these negatively charged molecules were concentrated in the 

retentate side. Consequently, SCFAs were compelled to pass through the membranes to reach 

charge equilibrium [53]. Furthermore, negative charges would be attracted to the solution-

membrane surface interface, as ZrO2-TiO2 has been reported to be positively charged at pH 

levels below ~6.5 [54], which facilitated the permeation of the SCFAs through the membrane. 

Negative retentions of SCFAs have already been reported by several authors [55,56].  

In contrast with the SCFAs rejections, TOC rejection of around 50% was obtained with the 50 

kDa membrane in TR mode, indicating that a partial purification of the SCFAs was achieved 

after membrane filtration. However, a slightly lower TOC rejection (39 ± 3%) was observed 

during the filtration with the 1 kDa membrane in TR mode. This can be due to the removal of a 

a b 
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significant portion of larger molecules by the 50 kDa filtration. The high TOC rejections 

obtained are consistent with the considerable CN rejections achieved in all cases, ranging from 

53 to 73%. Operating in VC mode significantly increased the CN rejections when filtering with 

the 50 kDa membrane, but made no significant difference filtering with the 1 kDa membrane. 

Table 4.2. Average rejection coefficients with 50 kDa and 1 kDa membranes during the 

operation in TR and VC modes. 

R TR 50 kDa VC 50 kDa TR 1 kDa VC 1 kDa 

CN 0.53 ± 0.09 0.73 ± 0.07 0.86 ± 0.06 0.73 ± 0.06 

Total SCFAs -0.08 ± 0.2 0.1 ± 0.3 0.04 ± 0.1 0.2 ± 0.2 

Oxalic 0.03 ± 0.2 0.3 ± 0.2 0.3 ± 0.3 0.47 ± 0.09 

Maleic 0.002 ± 0.191 0.2 ± 0.5 0.2 ± 0.2 0.42 ± 0.06 

Pyruvic 0.07 ± 0.44 0.4 ± 0.5 -0.3 ± 1 0.45 ± 0.09 

Lactobionic -0.2 ± 0.3 0.3 ± 0.4 0.4 ± 0.4 0.4 ± 0.1 

Malic -0.010 ± 0.285 0.2 ± 0.3 0.002 ± 0.4 0.05 ± 0.2 

Lactic -0.03 ± 0.2 -0.2 ± 0.7 -0.1 ± 0.3 0.05 ± 0.4 

Formic -0.03 ± 0.3 0.1 ± 0.3 0.2 ± 0.2 0.3 ± 0.4 

Acetic -0.2 ± 0.3 -0.01 ± 0.5 -0.04 ± 0.1 0.2 ± 0.2 

Propionic -2 ± 4 -0.5 ± 1 -0.2 ± 0.7 0.3 ± 0.2 

Total TOC 0.48 ± 0.07 0.61 ± 0.06 0.39 ± 0.03 0.469 ± 0.005 

Theoretical COD 

from SCFAs 
-0.18 ± 0.05 0.0280 ± 0.0003 -0.01 ± 0.02 0.20 ± 0.20 

 

Based on the flux loss and the increase in SCFA rejections observed in VC mode, this operating 

mode can be considered inadequate for the treatment of oxidised WAS. 

 

3.3. Liquid -liquid extraction  

3.3.1. Solvent Screening 

Initial concentrations in the permeate before the LLE are shown in Table 4.3.  
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Table 4.3. SCFA concentrations in the raffinate before extraction.  

SCFA Concentration (g/L) 

Oxalic 0.68 ± 0.02 

Maleic 0.020 ± 0.002 

Pyruvic 0.51 ± 0.07 

Lactobionic 0.08 ± 0.01 

Malic 0.120 ± 0.001 

Lactic 0.91 ± 0.02 

Formic 0.54 ± 0.02 

Acetic 1.89 ± 0.07 

Propionic 0.23 ± 0.06 

 

Extraction yields and distribution constants obtained during the solvent screening are displayed 

in Tables 4.4, 4.5, 4.6 and 4.7. To ensure clarity, the SCFAs were divided into non-volatile 

SCFAs (NVAs) (oxalic, maleic, pyruvic, lactobionic, malic and lactic acids) and volatile SCFAs 

(VAs) (formic, acetic and propionic acids). 

Table 4.4. Extraction yields (Y) of NVAs. 

*Large: SCFA not detected in the raffinate. 

(1)n.d.: not detected. 

 

  Extraction Yield (%) - NVAs 

 TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T 10 T/T 25 T/T 40 

Oxalic 
12.0 ± 

0.9 

11.9 ± 

0.2 
15 ± 1 n.d.(1) 

0.63 ± 

0.07 
21 ± 2 26 ± 4 31 ± 4 

2.7 ± 

0.4 

Maleic 38.0 29.2 24.7 16.5 19.3 0 1.0 11.8 79.8 

Pyruvic 38 ± 5 29 ± 6 25 ± 3 17 ± 1 
19.3 ± 

0.3 
n.d.(1) 

5.1 ± 

0.2 
10 ± 10 80 ± 80 

Lactobionic 8.2 100.0 10.5 32.9 27.6 28.8 42.2 29.1 31.9 

Malic n.d.(1) 
9.7 ± 

0.9  

18.0 ± 

0.4 
n.d.(1) 

6.2 ± 

0.3 
11 ± 1 n.d.(1) n.d.(1) 50 ± 50 

Lactic 25.7 35.5 29.7 9.2 90.8 2.6 88.9 42.3 90.6 
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Table 4.5. Extraction yields (Y) of VAs. 

 

Table 4.6. Distribution constants (KD) of NVAs. 

(1)
n.d.: not detected. 

 

 

 

 

 

 

 

  Extraction Yield (%) - VAs 

 TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T 10 T/T 25 T/T 40 

Formic 60 ± 20 30 ± 9 28 ± 8 
29.522 

± 0.003 
23 ± 1 

9.215 ± 

0.001 
80 ± 10 

23.3 ± 

0.3 
64 ± 7 

Acetic 19.7 27.6 20.8 12.7 16.4 6.4 89.2 19.1 80.0 

Propionic 20 ± 2 28 ± 2 21 ± 1 
12.7 ± 

0.3 

16.4 ± 

0.4 

6.4 ± 

0.4 

19.1 ± 

0.2 

22.3 ± 

0.9 

16.0 ± 

0.9 

  Distribution Constants - NVAs 

 TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T 10 T/T 25 T/T 40 

Oxalic 
0.14 ± 

0.01 

0.14 ± 

0.05 

0.18 ± 

0.02 
n.d.(1) 

0.006 ± 

0.001 

0.27 ± 

0.03 

0.36 ± 

0.06 

0.45 ± 

0.07 

0.015 ± 

0.002 

Maleic 0.61 0.41 0.33 0.20 0.24 / 0.01 0.13 3.94 

Pyruvic 
0.6 ± 

0.1 

0.4 ± 

0.1 

0.32 ± 

0.04 

0.20 ± 

0.02 

0.24 ± 

0.01 
n.d.(1) 

0.054 ± 

0.004 

0.1 ± 

0.1 
4 ± 4 

Lactobionic n.d.(1) 
0.10 ± 

0.01 

0.22 ± 

0.02 
n.d.(1) 

0.067 ± 

0.007 

0.12 ± 

0.02 
n.d.(1) n.d.(1) 1 ± 1 

Malic 
0.09 ± 

0.01 
n.d.(1) 

0.12 ± 

0.01 

0.49 ± 

0.04 

0.38 ± 

0.03 

0.40 ± 

0.06 

0.7 ± 

0.8 

0.4 ± 

0.4 

0.47 ± 

0.06 

Lactic 
4.7 ± 

0.4 

3.80 ± 

0.06 

2.2 ± 

0.1 

3.8 ± 

0.4 
11 ± 11 3 ± 3 n.d.(1) n.d.(1) n.d.(1) 
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Table 4.7. Distribution constants (KD) of VAs. 

 

The effect of the extractant on the yield obtained for the different SCFAs varies depending on 

the nature of the extractant. In the case of TBP, which is a phosphorous-based extractant, its 

complexation mechanism with SCFAs primarily relies on the hydrophobicity of SCFAs due to 

hydrogen bond formation [57]. As a result, the complexation is more pronounced when the 

SCFA is less hydrophobic. The octanol-water partition coefficient (log P) is the parameter 

commonly employed to quantify hydrophobicity. The lower the log P value, the lower the 

hydrophobicity of the SCFA [57]. In this context, polar and hydrophilic compounds may even 

exhibit negative log P values. As for the complexation with amines like TOA, the mechanism is 

more intricated, involving different factors such as acid concentration, the nature of the diluent 

and the number of carboxyl groups [58]. However, the pKa value can serve as an indicator for 

monocarboxylic acids: pyruvic, lactobionic, lactic, formic, acetic and propionic acids. In this 

sense, the strongest acids (i.e., those with lower pKa values) are more strongly complexed and, 

consequently, more efficiently extracted. 

The values of LogPs and pKas of the studied SCFAs are shown in Table 4.8. 

 

 

 

  Distribution Constants - VAs 

 TOA10 TOA25 TOA40 TBP10 TBP25 TBP40 T/T 10 T/T 25 T/T 40 

Formic 1 ± 1 
0.4 ± 

0.3 

0.4 ± 

0.3 

0.4 ± 

0.2 

0.3 ± 

0.1 

0.10 ± 

0.04 
5 ± 3 

0.3 ± 

0.1 

1.8 ± 

0.9 

Acetic 
0.25 ± 

0.05 

0.38 ± 

0.07 

0.26 ± 

0.04 

0.15 ± 

0.02 

0.20 ± 

0.03 

0.07 ± 

0.01 

0.24± 

0.03 

0.29 ± 

0.04 

0.19 ± 

0.03 

Propionic 
1.1 ± 

0.4 

1.15 ± 

0.09 

1.2 ± 

0.2 

1.1 ± 

0.2 

1.07 ± 

0.07 

0.9 ± 

0.2 

1.1 ± 

0.1 

1.0 ± 

0.2 

0.9 ± 

0.2 
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Table 4.8. Values of the pKa and LogP of the studied SCFAs. 

SCFAs pKa ref Log P ref 

Oxalic
(1)

 
pKa1 = 1.46; pKa2 = 

4.40  

[59] 
-0.688 

[60] 

Maleic
(1)

 
pKa1 = 1.90; pKa2 = 

6.07 

[61] 
-0.650 

[62] 

Pyruvic 2.39 [63] -0.38 [64,65] 

Lactobionic 3.28 ° 0.35 
(2)

 [66] -4.847 [67] 

Malic
(1)

 
pKa1 = 3.51; pKa2 = 

5.03  

[68] 
-1.474 

[69] 

Lactic 3.86 [24] -0.413 [24] 

Formic 3.75 [24] -0.538 [24] 

Acetic 4.75 [24] -0.313 [24] 

Propionic 4.87 [24] 0.290 [24] 

(1) Dicarboxylic acid; (2) Predicted value 

Some deviations from the theoretically expected extraction order were observed. After the 

extraction with TOA, all monocarboxylic acids were recovered in the expected order except for 

pyruvic and propionic. In this sense, pyruvic acid exhibited the lowest extraction efficiency, 

with a maximum value of 12.9%, whereas it was anticipated to be the most efficiently extracted 

monocarboxylic SCFA. Conversely, propionic acid presented an average yield of 53.4%, despite 

being expected to be the least efficiently extracted acid. Lactobionic acid was also less extracted 

than expected when using TOA10 and TOA40 as solvents, although it could not be detected in 

the raffinate after extracting with TOA25. Regarding the extractions with TBP, slight deviations 

from the expected order were observed for most of the acids, with significant deviations noted 

for propionic, lactobionic and pyruvic acids. Consequently, propionic acid, which was expected 

to be the least extracted acid, yielded an average of 50.3%. On the other hand, lactobionic acid, 

which was expected to be the acid extracted more efficiently, exhibited an average yield of 

29.8%, while malic acid obtained the highest average value at 82.1%. In the case of pyruvic 

acid, higher values were expected, but the maximum observed was 5.2%. This behaviour can be 

attributed to differences between the concentrations of the different acids or to interferences 
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between the SCFAs or with other elements of the matrix. Similar results were obtained by 

Morales et al. when they studied the extraction of butyric, propionic, formic, acetic and lactic 

acids with TBP in dodecane and with TOA in decane-1-ol and dodecane [23]. They reported 

extraction yields that differed from what was expected. Thus, propionic and butyric acids, which 

were expected to be the least complexed, turned out to be the most extracted SCFAs with both 

TOA and TBP. Similarly, formic acid, with the lowest pKa among the extracted SCFAs, was the 

least extracted with TOA, contrary to expectations [23]. These deviations from the theoretical 

extractions were also observed in other studies [70], although some authors have been able to 

observe a rough correlation between log K and log P [58]. 

The effect of extractant concentration also varied between SCFAs. As explained before, the 

optimization of the solvent composition while using a polar diluent relies on a compromise 

between the concentration of diluent and of extractant. On viewing the results, no clear trends 

were observed, and the optimal choice of extractant and the ideal diluent:extractant ratio 

differed for nearly every acid. The combination of TOA and TBP seemed to enhance the 

extraction in most cases, except for malic acid. Similar synergistic effects between TBP and 

TOA have been reported by other authors [58,71]. Matsumoto et al., in particular, observed an 

enhancement in the extraction efficiency for all acids, thus showing that the complex matrix of 

the oxidised WAS can alter the extraction equilibria.  

Regarding KD values, high values indicate that the extraction process was efficient. In the case 

of pyruvic acid, low KD values were obtained with TOA extractant, ranging from 0.1 ± 0.01 to 

0.22 ± 0.02. These values are in line with those reported Marti et al. (2011) [72], who obtained a 

KD value of 0.10, when they extracted pure pyruvic acid using concentrations of TOA ranging 

from 0.1 M to 0.4 M in 1-octanol at pH 4. For oxalic acid, a significant increase (25%) in KD 

value was observed when TOA concentration increased from 25% to 40%. Qin et al. (2001) [73] 

also reported that an increase in TOA from 10% to 50% resulted in an increase in KD values 

when pure oxalic acid was extracted in TOA:n-octanol mixtures. In the case of TBP:1-octanol 

mixtures, KD values (varied from 0.006 ± 0.001 to 0.27 ± 0.03) were lower than that reported by 
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Barnes et al. (1999) [74] for the extraction of aqueous solutions of oxalic acid with pure TBP 

(1.275). In the case of malic acid, the values obtained for TOA25 (3.80 ± 0.06) and TOA40 (2.2 

± 0.1) were 4 and 1.5 times higher than those reported by Uslu and Kērbaĸlar [75]. This 

difference can be due to the effect of the matrix and the initial acid concentration, as pure malic 

acid with a concentration of approximately 107 g/L was used, while in this study the 

concentration was 0.12 g/L. For lactic acid, KD values ranging from 0.027 ± 0.003 to 0.10 ± 

0.01 were achieved with TBP:1-octanol mixtures. Labbaci et al. (2010) [76] also obtained 

similar KD values, varying between 0.03 and 0.08, when extracting pure lactic acid using 

TBP:dodecane mixtures at similar concentrations.  

Considering VAs, when TOA:1-octanol mixtures were used, the KD values for formic acid 

ranged from 0.4 ± 0.3 to 1 ± 1, for acetic acid from 0.25 ± 0.05 to 0.38 ± 0.07, and for propionic 

acid from 1.1 ± 0.4 to 1.2 ± 0.2. These values were higher compared to those obtained with 

TBP:1-octanol mixtures, which varied from 0.10 ± 0.04 to 0.4 ± 0.2 for formic acid, from 0.07 ± 

0.01 to 0.20 ± 0.03 for acetic acid, and from 0.9 ± 0.2 to 1.1 ± 0.2 for propionic acid. This 

difference may be attributed to 1-octanol exhibiting an acid interaction functional group, 

resulting in higher specific and general solvation to the acid-TOA complexes, leading to a 

greater distribution than the TBP mixtures (Keshav et al., 2008) [77]. 

By comparing the extraction yields obtained for each SCFA using different combinations of 

extractant-diluent, the most effective process was found to be the one involving n-octanol as 

diluent and a combination of TOA and TBP at 10% (v/v) as extractant. Both extractants 

synergised when combined, as indicated in the previous section. Under these conditions, the 

total extracted SCFAs consisted mainly of formic (14 ± 2% of total SCFAs weight in feed) and 

acetic (10.4 ± 0.1% of total SCFAs weight in feed) acids, followed by propionic and lactic acids 

(4.0 ± 0.2% and 3.77 ± 0.01% of total SCFAs weight in feed each). Altogether, a maximum of 

34% of total SCFAs weight in feed was extracted under these conditions.  
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3.3.2. Effect of temperature on organic acid extraction 

Based on the results obtained, TOA25, TBP25 and T/T10 were the chosen solvents for the 

temperature study. Additionally, synthetic solutions containing the same quantities of SCFAs as 

those found in the pre-purified WAS were prepared and subjected to extraction to evaluate the 

effect of the matrix. The extraction yields obtained for total, NVAs and VAs are shown in Fig. 

4.7.  

 

 

Figure 4.7. Effect of temperature in extraction yields of total (ƴ), non-volatile OA (ƴ) and 

volatile OA (ƴ) from WAS (above) and synthetic SCFAs solution (below). 

 

a 

b 
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As it can be seen in Fig. 4.7, temperature had a generally positive effect on the extraction of 

both NVAs and VAs from pre-purified WAS in the range 25ºC-50ºC. It is important to note that 

a further increase in temperature could lead to a loss of extractables caused by thermal 

degradation [70,78]. Higher yields were observed for total NVAs, ranging from 18.8% to 

72.6%, compared to total VAs, in which the values varied from 22.7% to 46.1%. These results 

are in agreement with those reported by other authors when SCFAs from oxidised Kraft black 

liquor was extracted with 30% TOA in heptane in the range 25-55ºC, who obtained extraction 

yields for NVAs and VAs, which varied from 28% to 72%, and from 15% to 45%, respectively 

[56]. Additionally, the influence of temperature was more pronounced for TOA25 and T/T10 in 

comparison to TBP25. Thus, in the temperature range of 25ºC-50ºC, the extraction yields for 

NVAs and VAs with TOA25 and T/T10 were notably higher, showing increases of 2.4 times and 

1.5 times, respectively, at 50ºC compared to 25ºC forTOA25, and of 2.8 and 1.4 times, 

respectively, in the case of T/T10. T/T10 was the most efficient solvent for total SCFAs at all 

temperatures, with slightly higher yields than TOA25. The extraction yields for NVAs were 

higher with TOA25, while they were higher for VAs using T/T10.  

The extraction of SCFAs from the synthetic solution showed that the components present in the 

sludge matrix hindered the LLE. As a result, the extraction yields of NVAs and VAs were 

significantly higher than those of WAS for every solvent and temperature. Besides, the 

synergistic effect of both extractants was more significant in synthetic solution for both NVAs 

and VAs, achieving complete separation with T/T10 at 50ºC. Additionally, the theoretical 

extraction order was neither observed in the synthetic solution. Therefore, it can be concluded 

that the presence of multiple SCFAs can also alter the theoretical distribution constants, 

presumably due to competition influenced by the different concentrations in which the SCFAs 

are present [79]. 

In this case, a positive effect of temperature was also observed for the extraction of VAs from 

synthetic solution when temperature increased from 25ºC to 50ºC. The most marked influence 

was obtained with TBP25 in which the yield increased 1.6 times at 50ºC compared to 25ºC 
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(44.9%). However, in the case of TOA25, a slight detrimental effect of temperature was 

observed for NVAs, where the yield decreased from 94.8% at 25ºC to 89.1% at 50ºC. 

Besides, the highest extraction yields were obtained with the T/T10 solvent at all temperatures. 

This showed the beneficial synergistic effect of TOA and TBP for both real and synthetic 

solutions. TBP25 exhibited the lowest extraction efficiency for WAS at 40 and 50ºC, although it 

yielded slightly better results than TOA25 at 25ºC. In the case of synthetic solutions, TBP25 

consistently produced the lowest yields across all temperatures. 

The values of KD for the extraction from pre-purified WAS and synthetic solutions are shown in 

Table 4.9.   
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Table 4.9. KD values for non-volatile and volatile SCFAs using TOA25, TBP25 and 

T/T10 as solvent mixtures in the temperature range 25ºC-50ºC. 

WAS 

 Oxalic Maleic Pyruvic 

T (ºC) TOA25 TBP25 T/T10 
TOA 

25 
TBP25 T/T10 

TOA 

25 
TBP25 T/T10 

25 
0.14 ± 
0.05 

0.006 ± 
0.001 

0.36 ± 
0.06 

0.4 ± 0.1 
0.24 ± 
0.01 

0.054 ± 
0.004 

0.10 ± 
0.01 

0.067 ± 
0.007 

n.d.(1) 

40 1.8 ± 0.3 
0.32 ± 

0.9 
1.1 ± 
0.3 

2.4 ± 0.3 
0.64 ± 
0.09 

1.0 ± 
0.4 

2.2 ± 0.3 
0.4 ± 
0.2 

1.0 ± 
0.3 

50 2.4 ± 0.9 
0.6 ± 
0.4 

1.8 ± 
0.9 

4.8 ± 0.3 
0.8 ± 
0.5 

3.0 ± 
0.4 

2.6 ± 0.3 
0.4 ± 
0.3 

1.1 ± 
0.3 

 Lactobionic Malic Lactic 

T (ºC) TOA25 TBP25 T/T10 
TOA 
25 

TBP25 T/T10 
TOA 
25 

TBP25 T/T10 

25 n.d.(1) 
0.38 ± 
0.03 

0.7 ± 
0.8 

3.80 ± 
0.06 

11 ± 11 n.d.(1) 
0.55 ± 
0.09 

0.09 ± 
0.01 

8 ± 1 

40 *  *  *  1.9 ± 0.3 
1.1 ± 

0.2 

1.6 ± 

0.1 
0.8 ± 0.4 

0.8 ± 

0.3 

1.0 ± 

0.4 

50 *  *  *  2.8 ± 0.8 
0.9 ± 
0.2 

2.2± 0.5 1.2 ± 0.1 
0.5 ± 
0.3 

1.0 ± 
0.4 

 Formic Acetic Propionic 

T (ºC) TOA25 TBP25 T/T10 
TOA 

25 
TBP25 T/T10 

TOA 

25 
TBP25 T/T10 

25 0.4 ± 0.3 
0.3 ± 
0.1 

5 ± 3 
0.38 ± 
0.07 

0.20 ± 
0.03 

0.24± 
0.03 

1.15 ± 
0.09 

1.07 ± 
0.07 

1.1 ± 
0.1 

40 1.2 ± 0.1 
0.46 ± 
0.08 

2.2 ± 
0.2 

0.5 ± 0.1 
0.35 ± 
0.04 

0.45 ± 
0.08 

1.0 ± 0.5 
1.1 ± 
0.6 

1.9 ± 
0.9 

50 1.5 ± 0.3 
0.6 ± 
0.3 

5.6 ± 
0.4 

0.6 ± 0.1 
0.30 ± 
0.02 

0.6 ± 
0.1 

2 ± 1 
1.4 ± 
0.5 

2.1 ± 
0.8 

Synthetic solution 
 Oxalic Maleic Pyruvic 

T (ºC) TOA25 TBP25 T/T10 
TOA 

25 
TBP25 T/T10 

TOA 

25 
TBP25 T/T10 

25 *  
0.3 ± 
0.1 

*  11.2 ± 0.7 
0.524 ± 
0.009 

5 ± 1 *  *  *  

40 *  0 *  *  
0.4 ± 
0.1 

*  *  *  *  

50 *  *  *  4.7 ± 0.3 
1.2 ± 
0.2 

*  *  *  *  

 Lactobionic Malic Lactic 

T (ºC) TOA25 TBP25 T/T10 
TOA 
25 

TBP25 T/T10 
TOA 
25 

TBP25 T/T10 

25 2.4 ± 0.3 
2.3 ± 
0.2 

2.0 ± 
0.2 

*  
2.2 ± 
0.2 

*  *  *  7 ± 3 

40 2.0 ± 0.2 
0.2 ± 

0.1 
*  *  *  *  5 ± 2 *  *  

50 
0.58 ± 
0.04 

1.8 ± 
0.2 

*  *  
2.1 ± 
0.9 

*  *  *  *  

 Formic Acetic Propionic 

T (ºC) TOA25 TBP25 T/T10 
TOA 
25 

TBP25 T/T10 
TOA 
25 

TBP25 T/T10 

25 5.2 ± 0.3 
0.69 ± 
0.07 

16 ± 1 7 ± 1 
1.1 ± 
0.2 

4.4 ± 
0.8 

n.d. n.d. n.d. 

40 5.2 ± 0.5 *  
19.8 ± 

0.8 
6.0 ± 0.8 

0.91 ± 
0.05 

3.5 ± 
0.9 

n.d. n.d. n.d. 

50 *  
7.1 ± 
0.9 

*  7.9 ± 0.6 
1.6 ± 
0.1 

*  1.0 ± 0.4 
1.5 ± 
0.3 

*  

*Large: SCFA not detected in aqueous phase.  

(1)n.d.: not detected. 
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The KDs observed were in line with those reported by other authors [23,80]. Türk et al. [81] 

obtained KDs in the range of 0.638-1.609 for acetic acid and of 0.496-1.502 for formic acid 

extracting with TBP diluted in cyclopentyl methyl ether and 2-methyltetrahydrofuran at similar 

extractant concentrations. Nonetheless, the KDs for oxalic, pyruvic, and propionic acids were 

lower than those found in the literature [24,72,82,83]. For instance, Keshav et al. [84] achieved 

KDs in the range of 5.72ï10.11 for propionic acid while extracting TOA 30% in oleyl alcohol, 

while in our case it could only be extracted at 50 ºC with a KD of 1.0 ± 0.4. It should be noted 

than these studies analysed the extraction of the pure acid, without the hindering effects of a 

complex matrix or the competition with other SCFAs for the formation of complexes with the 

solvent.  

4. Conclusions 

WO proved to be an efficient treatment for the valorisation of WAS, converting a significant 

portion of the natural organic matter into value-added SCFAs, such as acetic, lactic, and 

lactobionic acids. However, the combination of higher reaction temperatures and longer reaction 

times favoured the oxidation of the organic matter to CO2, leading to a reduction in the 

maximum concentration of SCFAs obtained. Thus, the most suitable conditions were achieved 

at lower temperature and longer reaction time (160 ºC, 240 min), allowing for the achievement 

of a maximum concentration of total SCFAs of 6.07 g/L. 

Membrane filtration effectively pre-purified the SCFAs present in the oxidised WAS, facilitating 

the subsequent extraction. Operating in TR mode with the 50 kDa ZrO2-TiO2 membrane 

resulted in average rejections of 53% of CN and 48% of TOC and also negative rejections of the 

SCFAs (-15%) due to the Donnan effect. Concentrating the oxidised WAS positively influenced 

CN and TOC retentions, increasing to 73% and 61%, respectively; but also increased the 

retention of SCFAs to a 4%. Despite the effectiveness in terms of rejections, the substantial flux 

loss (94.29% in VC mode compared to 78.00% in TR mode) indicated that concentrating the 

oxidized WAS was impractical. Subsequent filtration of the 50 kDa permeate with the 1 kDa 
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membrane in TR mode further purified the SCFAs, achieving rejections of 73% for CN and 

39% for TOC, with a low SCFAs rejection of 4%. Concentrating the oxidised WAS was 

considered unsuitable for SCFAs recovery, given their high retention (23%). In all cases, the 

main fouling mechanism was cake formation, indicating that non-aggressive cleaning protocols 

can be applied to maintain membrane efficiency.  

LLE extraction with a mixture of TOA and TBP at 10% in octan-1-ol was found to be the most 

suitable for the recovery of both NVAs and VAs, obtaining a total yield of 34%. This proved the 

synergistic effect of the two extractants during the extraction of SCFAs. Lower extraction yields 

were obtained with the pre-purified WAS compared to synthetic solutions of SCFAs, thus 

showing the detrimental effect of the matrix in LLE. Increasing the temperature within the range 

of 20 to 50 ºC generally had a favourable effect on the extraction of SCFAs.  
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Abstract 

The recovery of added-value biocompounds from waste activated sludge (WAS) is a promising 

alternative to its current management. In this study, WAS was partially wet oxidised producing a 

highly complex stream mainly composed of humic acids, proteins and carbohydrates. This 

stream was ultrafiltered to assess the influence of membrane material and molecular weight cut-

off (MWCO) on its fractioning based on the different sizes of the biomolecules contained in the 

oxidised WAS. 

Flat-sheet polyethersulfone (PES), permanently hydrophilic polyethersulfone (PESH), and 

polyacrylonitrile (PAN) membranes with a MWCO of 50 KDa were evaluated. The best 

performance was obtained with PES membrane, achieving high retention values (around 70% 

for proteins and carbohydrates, and 47% for humic acids) and high differences in selectivity 

between proteins and carbohydrates with humic acids (around 23%). For the size fractioning 

experiments, PES membranes of 10 and 3 kDa (PES10 and PES3) were used, obtaining the best 

results when filtering the PES50 membrane permeate with the PES3 membrane, retaining 83% 

of carbohydrates, 87% of proteins and 69% of humic acids. These results open the possibility of 

separating carbohydrates, proteins and humic acids through an integrated membrane process. 

Besides, membranes were characterized by atomic force microscopy, infrared spectroscopy, and 

contact angle measurements. 

Multiple fouling models were assessed, and the main fouling in PAN membrane, and to a lesser 

extent in PES, was reversible. Conversely, PESH membrane fouling had a strongly irreversible 

character. Cake filtration can be considered the main fouling mechanism in all experiments. 

 

Keywords: Biomolecules; modelisation; ultrafiltration; waste valorisation; wet oxidation. 
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1. Introduction  

The biorefining of biowastes has been proposed as a sustainable means of waste valorisation, 

obtaining energy and biochemical resources while the volume of final waste is reduced [1]. 

Although it is yet at its conceptual phase [2], the steady rising trend of the biorefinery market 

value, expected to show an annual growth of 2.2% until reaching a total value of USD 52680 

million by 2027 [3], is a reliable marker for its potential. Waste activated sludge (WAS) is a 

promising raw matter for biorefinery, as it is a source of biomolecules (proteins, lipids, 

carbohydrates, humic acids and enzymes), phosphorus, bio-plastics, bio-pesticides and also 

energy [4ï10]. The current global market size of just the biomolecules present in WAS is of 

almost USD 200 billion, turning its recovery economically appealing [11]. 

WAS mainly consists of flocs of bacterial cells, which are formed by weak physical chemical 

interactions with extracellular polymeric substances [12] (a complex mixture of polymers 

generated by bacterial excretion, released after cell lysis or present in the incoming wastewater 

[13]). Thus, in order to recover the above-mentioned biocompounds, a prior solubilisation of the 

sludge is needed in order to break both the structure formed by the extracellular polymeric 

substances and the cell walls, thus releasing their intracellular content to the liquid medium. 

Several solubilisation methods have been tested for WAS, including ultra-sonication [14,15], 

cavitation [16], alkali treatment [15,17], ozonolysis [18], wet oxidation (WO) and thermal 

hydrolysis [19]. Among these techniques, WO is particularly interesting, due to its feasibility to 

be used at an industrial scale for sludge stabilisation [20]. 

It should be noted that this solubilisation results in a complex matrix, where interactions 

between the different released biomolecules can difficult their purification. For instance, 

electrostatic interactions between proteins and humic acids occur while binding to heavy metals 

such as Cu2+, Zn2+, and Cd2+ [21]; and even aggregates are formed when complexed with Cu2+ 

[22], hindering a suitable separation of these molecules by immobilised metal affinity 

chromatography. Besides, a selective precipitation is also not possible from this complex matrix, 
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as proteins, carbohydrates and humic acids co-precipitate with several precipitation methods 

[19]. These molecules have important industrial applications separately: proteins are used in 

cosmetics, food industry, pharmaceuticals and animal feed; humic acids can be applied in 

agriculture, pharmaceuticals or ecological remediation, among other uses; and carbohydrates are 

often used in the food industry [11]. Thus, their separation is of great interest for the 

incorporation of WAS as a valuable raw material in a context of circular economy. Besides, lipid 

recovery for its use as biofuel from WAS faces difficulties during its purification with solvent 

extraction, as other lipidic contaminants such as wax esters, terpenoids and polycyclic aromatic 

hydrocarbons are extracted together with the desired lipids [4].  

For these reasons, fractioning the solubilised WAS would improve the efficiency of further 

separation and purification steps. To that end, membrane filtration is a suitable technology for 

this purpose due to its advantages, such as high selectivity, low energy consumption, low cost, 

and mild operating conditions [23]. Nevertheless, the performance of the membrane filtration is 

affected by several factors, especially the choice of membrane material and its molecular weight 

cut-off (MWCO) [24ï26]. Most membranes are polymeric, and the choice of this polymer is 

critical for the efficiency of the operation, since it affects the permeability rate, the separation 

ability or the fouling process, key parameters in the filtration process [23].  

Despite their utter importance, polymeric materials have not yet been studied for the filtration of 

solubilised WAS, and the effect of MWCO has been scarcely studied. Hence, only Li et al. have 

tested the use of 1, 10, 30, and 50 kDa polysulphone membranes to concentrate humic acids 

[27,28]. Therefore, the objective of this work was to study the influence of the membrane 

material and MWCO on the fractionation of hydrothermally solubilised WAS in order to 

separate carbohydrates, proteins, and humic acids based on their size differences aiming to 

obtain partially purified streams of these compounds. In this sense, 3 different polymeric 

materials: polyethersulphone, hydrophylic polyethersulphone and polyacrylonitrile, with a 

MWCO from 3 KDa to 50 KDa, were evaluated, paying special attention to fouling modelling. 

Hydrophilic polyethersulfone and polyacrylonitrile have a hydrophilic character, unlike 
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polyethersulfone, which is a hydrophobic material. Besides, an integrated membrane process for 

the recovery of biomolecules from WAS was also proposed. 

2. Experimental 

2.1. Oxidised waste activated sludge 

Waste activated sludge was collected from the thickening unit of a wastewater treatment plant 

located in northern Spain (Baíña, Asturias). The collection was performed by trained plant 

personnel to ensure the representativeness of the samples. WAS was immediately solubilised by 

a partial WO at 160 ºC and 40 bar for 80 minutes. These oxidation conditions were selected to 

maximise the production of the target molecules: if the intensity of the treatment is too high, the 

target molecules get oxidised or mineralised; if the intensity is too low, the sludge does not 

completely solubilise [29]. Additionally, as the oxidation intensity increases, the particle size 

decreases, reducing the retention capabilities of the membranes. A constant flow of 1200 

mL/min of O2 saturated with steam was maintained during the entire reaction. The content of 

the reactor was kept stirring at 150 rpm. A more detailed description of the reactor can be found 

in [30]. After the reaction, the oxidised WAS was centrifuged in order to work with the liquid 

phase. Sodium azide 0.1% (w/v) was added to the oxidised WAS in order to prevent 

microbiological growth. The oxidised sludge was stored at 4 ºC for 15 days and then replaced 

with fresh oxidised sludge.  

2.2. Membrane filtration 

2.2.1. Membranes 

MQ (Synder Filtration) polyethersulfone (PES), UH050 (Microdyn Nadir) hydrophylic 

polyethersulfone (PESH), and MW (Suez) polyacrylonitrile (PAN) flat-sheet membranes with 

MWCO of 50 kDa (named as PES50, PESH50, and PAN50, respectively) were employed to 

perform the material screening experiments. Additionally, ST (Synder Filtration) and VT 
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(Synder Filtration) PES flat-sheet membranes with MWCO of 3 and 10 kDa, respectively 

(named as PES3 and PES10), were used for the cut-off size screening experiments. All 

membranes were cut to a circular shape of 9 cm of diameter, and a filtration area of 63.62 cm2. 

Membrane hydrophilicity was characterized by contact angle measurements. The images were 

obtained with a CAM 200 optical contact angle meter (KSV Instruments Ltd., Finland). Sessile 

water droplets were dropped on the clean and fouled membrane surfaces using a syringe and let 

to spread freely. Images of the droplets were taken by a high-resolution CCD camera at 40 ms 

intervals for the first 0.36 s, and at 1 s intervals for the subsequent 19 s. Equilibrium sessile drop 

contact angles were determined from the steady-state angles using the KSV CAM 200 software 

by measuring the angle between the baseline of a liquid drop and the tangent at the solidïliquid 

boundary. All contact angle measurements were performed in triplicate using three different 

membrane samples.  

2.2.2. Equipment and filtration conditions 

Filtration experiments were carried out in duplicate using an FT17 Cross-flow Filtration Unit 

(Armfield Ltd., United Kingdom), which allows to perform tangential flow filtrations with flat 

sheet membranes. Prior to conducting the experiments, all polymeric membranes were pre-

conditioned by running the equipment with no pressure for 30 minutes using distilled water. 

Subsequently, water was filtered under the operational conditions (indicated below) for an 

additional 30 minutes. The flux obtained in this sted was considered as the flux at t=0. The 

permeate flux of the clean membranes was measured during this step for further fouling 

modelling. All the material screening filtration experiments were performed under the following 

conditions: temperature of 50.0 ± 0.4 ºC, transmembrane pressure (TMP) of 4.0 ± 0.2 bar and 

crossflow velocity (CFV) of 3.00 m/s. The oxidised WAS was filtrated without permeate 

recirculation until a volume concentration rate (VCR) of 2.5 was reached. 

During the MWCO screening experiments, the oxidised WAS was filtered with the PES50, 

PES10 and PES3 membranes. Besides, in order to assess the viability of the fractioning of the 

oxidised WAS, the permeate obtained after the filtration with PES50 was subsequently filtered 
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with the PES10 or with the PES3 membranes, naming these permeates as PES50-10 and PES50-

3, respectively. The experiments were performed under the same conditions than those used in 

the material screening ones. Only for obtaining the PES50-3 permeate, pressure was set at 30 

bar and a VCR value of 1.25 was achieved.  

Permeate flow was determined by gravimetric measurements of the permeate, which were 

collected automatically by the FT17 Cross-flow Filtration Unit software. Flux was calculated by 

the following equation (Eq. 1): 

 
*
1

!
 (1) 

Where J is the permeate flux (m·s-1), QP is the permeate flow (m3·s-1), and AM is the membrane 

surface area (m2). 

In addition, samples of the permeate and retentate were collected periodically and kept at 4 ºC 

for further analysis.  

After the filtrations, the fouled membrane was rinsed with distilled water until a constant flux 

was obtained, and its permeability was measured for further fouling modelling.  

2.2.3. Fouling modelling 

Resistance-in-series, Hermiaôs, and Menthaôs fouling models were employed to characterise 

both the reversibility and main mechanism of membrane fouling occurred during the different 

filtration experiments.  

Resistance-in-series model expresses the total hydraulic resistance of the membrane (RT, m
-1) as 

the sum of different resistances caused by reversible fouling (Rrev, m-1), irreversible fouling 

(Rirrev, m
-1), or by the membrane itself (Rm, m-1) (Eq. 2). Hydraulic resistance can be calculated 

as shown in Eq. 3: 

 RT=Rm+Rrev+Rirrev (2) 
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R=
TMP

ɛJ
 

(3) 

Where µ is the dynamic viscosity of the WAS at 50 ºC (kg·m·s-1). By adding or subtracting the 

resistances obtained with the clean, fouled, or rinsed membrane fluxes, Rm, Rrev, and Rirrev can 

be easily calculated. A more detailed explanation of these calculations can be found in the 

Appendix of [31]). 

The main fouling mechanism occurred on each membrane during ultrafiltration was determined 

through Hermiaôs model [32] (Eq. 4):  

 dJ

dt
=-ὑĿJ-J0ĿJ

2-n (4) 

Where t is time (min), Kj is the model constant that depends on the fouling phenomenon, J0 is 

the limiting flux (m·s-1), and n is a constant that varies for the fouling mechanism: complete 

pore blocking (CPB) (n=2, Kb in min-1), where the active membrane area is blocked by particles 

larger than the pore size; internal pore blocking (IPB) (n=1.5, Ki in m-1), where membrane pores 

are blinded by either adsorption or deposition of particles smaller than the pore size; particle 

pore blocking (PPB) (n=1, Kp in m-1), where particles might seal a pore over time, or bridge it 

and not block it completely; and cake filtration (CF) (n=0, Kc in min·m-2), where a cake of 

particles that does not enter the pores is formed on the membrane surface [33].  

The Kj for the four models were calculated by minimizing the difference between the predicted 

values and the experimental data, calculated as the sum of squared residuals (SSR). The model 

with the lowest SSR was chosen as the most suitable one for each set of experimental data. 

In addition, flux was also modelled using the Mehtaôs model [34], which takes into account the 

two flux decline domains that take place during membrane filtration: domain 1, where a rapid 

flux decline occurs during the early stage of filtration; and domain 2, where the flux decline 

decreases until the flux remains quasi-stable [35]. It can be expressed as follows (Eq. 5):  
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 J = J0-JÐ1Ŀexp
-Ŭt + JÐ1 - JÐ2Ŀexp

-ɓt + JÐ2 (5) 

Where JÐ1 is the flux at the end of domain 1 (m·s-1);  JÐ2 is the flux at the end of domain 2 (i.e., 

at the end of the experiment) (m·s-1); and Ŭ ÍÉÎ-ρ  and ɓ ÍÉÎ-ρ  are two constants determined 

experimentally that describe the rate of flux decline associated with the membrane fouling and 

the concentration polarization and gel layer formation, respectively.  

2.3. Atomic force microscopy 

The roughness of the fouled and clean membranes was analysed by atomic force microscopy 

(AFM). All AFM measurements were performed at room temperature (20ºC) using a Nanoscale 

scanning tunnelling microscope (Nanotec Cervantes FullMode SPM), working in contact mode 

in air medium with gold coated silicon nitride tips. Membrane samples were fixed to the sample 

holder of the microscope with high-vacuum silicone grease. Roughness parameters were 

determined from the collected data using the WSxM 5.0 software [36]. Membrane roughness 

was compared in terms of mean roughness (Ra [nm/µm]), root mean square roughness (rms), 

peak-to-peak distance (nm/µm), and surface skewness and kurtosis. Ra is the mean value of the 

surface relative to the centre plane; rms is the standard deviation of the heights for all the pixels 

in the image from the arithmetic mean [37]; and skewness and kurtosis describe the shape of a 

probability distribution, reflecting the obliquity and the flatness of the curve, respectively [38]. 

2.4. Infrared spectroscopy 

Infrared spectra (FTIR) of the clean and fouled membranes were taken in the range from 600 to 

4000 cmī1 using Varian 670-IR FTIR spectrometer equipped with a Golden Gate horizontal 

attenuated total reflectance (ATR) accessory. Experimental conditions were 32 scans, 4 cmī1 

resolution and aperture open. 
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2.5. Analytical methods 

Proteins, humic acids, carbohydrates, colour number (CN) and chemical oxygen demand (COD) 

were measured by colorimetric methods. Proteins and humic acids were measured following the 

modified Lowry method described by Frølund et al. [39], using bovine serum albumin and 

commercial humic acid as standards. Carbohydrates were measured according to the Dubois 

method [40] using D-glucose as standard. Spectral absorbance coefficients (SAC [cm-1]) were 

measured at 436, 525 and 620 nm and used to calculate the CN value (cm-1) according to Eq. 6: 

 
CN = 

SAC436
2
+SAC525

2
+SAC620

2

SAC436+SAC525+SAC620
 (6) 

The absorbances of proteins, humic acids, carbohydrates and SAC were measured with a Helios 

Alpha UV-Vis spectrophotometer (Thermo Scientific, USA). 

Density was measured at 50 ºC and 1 atm with a pycnometer. Kinematic viscosity was measured 

at 50 ºC and 1 atm with a Cannon-Fenske inversed-flow viscometer (Proton, UK). Dynamic 

viscosity was calculated by multiplying the kinematic viscosity by the density. pH was 

measured with a Basic 20 pH meter (Crison, Spain). COD values were determined by the 

potassium dichromate method [41], and the absorbance at 600 nm was measured with a HACH 

DR/2500 spectrophotometer (Hach Company, USA). Total organic carbon (TOC) was 

determined with a Shimadzu TOC-VCSH TOC analyser (Shimadzu, Japan). 

Rejection coefficients (RCi) were calculated according to the Eq. 7: 

 
R#i=1-

CPm,i 

CRt,i
 (7) 

Where CPm,i and CRt,i the concentration of the compound ñiò in the permeate and the retentate 

(g·L-1), respectively. All analytical measurements were conducted at least three times. 
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3. Results and discussion 

3.1. Oxidised waste activated sludge  

The oxidised WAS was slightly acid and presented a deep brown colour. Its main physical-

chemical characteristics are shown in Table 4.10.  

Table 4.10. Main physical-chemical characteristics of the oxidised waste activated sludge. 

Parameter Value 

pH 5.04 ± 0.03 

COD
*
 (g O2 L

-1
) 20.5 ± 0.5 

TOC
*
 (g L

-1
) 8.00 ± 0.01 

CN
* 
(cm

-1
) 3.9 ± 0.2 

Proteins (g L
-1
) 3.4 ± 0.3 

Humic acids (g L
-1
) 8.4 ± 0.2 

Carbohydrates (g L
-1
) 2.75 ± 0.03 

*COD: chemical oxygen demand; TOC: total organic carbon; CN: colour number. 

 

3.2. Membrane material screening 

3.2.1. Contact angle measurements 

Measured contact angles of water on the polymeric membranes used in the ultrafiltration of the 

oxidised WAS are shown in Table 4.11. A selection of the pictures of the sessile drops, from 

which the contact angles were calculated, can be found in Fig. A.4.1. 

Table 4.11. Water surface contact angles on the studied membranes. 

Membrane size Membrane material Membrane state Contact angle 

50 kDa 

PES 
Clean 90 ± 3 

Fouled 70 ± 2 

PESH 
Clean 72 ± 1 

Fouled 54 ± 11 

PAN 
Clean 39 ± 4 

Fouled 57 ± 10 
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A surface is considered hydrophilic if the contact angle is lower than 90º [42]. Thus, PES50 

could be considered hydrophobic, while PESH50 and PAN50 were found to be hydrophilic. 

This was in accordance with the results obtained by other authors related to fouling resistance of 

ultrafiltration membranes [43]. After filtering the oxidised WAS, the fouled PES50 and PESH50 

turned more hydrophilic than the pristine ones, while PAN50 became less hydrophilic after 

being fouled, which showed the different nature of the foulant-membrane interactions 

depending on the membrane material: it seems that PES50 and PESH50 were coated with more 

hydrophilic foulants, while PAN50 interacted with foulants less hydrophilic than itself.  

3.2.2. Permeability tests 

The fluxes obtained with PES50, PESH50 and PAN50 are shown in Fig. 4.9. 

 

Figure 4.9. Normalised flux variation over VCR for the oxidised WAS filtration with (a) PES50 

(J0=102.4 ± 0.2 L/m2h), (b) PESH50 (J0=1590 ± 40 L/m2h) and (c) PAN50 (J0=420 ± 40 L/m2h). 

b) 

c) 

a) 
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Final fluxes approximately 3 times higher were obtained with PESH50 (67.2 ± 0.9 LMH) and 

PAN50 (74 ± 3 LMH) compared to the one achieved by PES50 (25 ± 2 LMH), due to their 

hydrophilic character. In this sense, membrane hydrophilicity prevented fouling, in accordance 

to what was reported by other authors [44,45]. The resistance-in-series models (Fig. 4.10) 

confirmed the aforementioned about hydrophobicity and its higher tendency to fouling. In this 

sense, all the resistances (membrane, reversible and irreversible) measured for PES50, which 

added up a total hydraulic resistance of 1.07·1014 m-1, were higher than those of PESH50 (13.3, 

2.5 and 1.1 times higher, respectively) and PAN50 (3.4, 2.4 and 6.3 times higher, respectively). 

On the other hand, the different behaviour between fluxes in PESH50 and PAN50 can be 

explained based on the values of irreversible fouling for each membrane. Thus, the resistance-

in-series modelling showed that the higher tendency to fouling observed in PESH50 is due to 

irreversible fouling, since its Rirrev accounted for the 49.6% of its total hydraulic resistance, 

while Rirrev observed in PAN50 only represented 12.4% of the total hydraulic resistance. The 

total Rirrev also seemed to be correlated with the hydrophobicity of the membrane, as PES50 

showed the highest Rirrev ([2.8 ± 0.4]·1013 m-1), followed by PESH50 ([2.45 ± 0.01]·1013 m-1) 

and PAN50 ([4.3 ± 0.6]·1012 m-1).   

 

Figure 4.10. Rm (ƴ), Rrev (ƴ) and Rirrev (ƴ) after filtration with PES50, PESH50 and PAN50.  

Besides, reversible fouling was found to be the main fouling in PES50 and PAN50 membranes, 

corresponding to a 53.4% and to a 68.9% of the total fouling for PES50 and PAN50, 

respectively. 

0

2E+13

4E+13

6E+13

8E+13

1E+14

1.2E+14

PES50  PESH50  PAN50

R
 (

m
-1
)



4. Resultados y discusión 

102 

The fluxes obtained in this study were in the same order of magnitude than those obtained by 

other authors when PES membranes were used during the filtration of milk [46], refinery and 

petrochemical wastewater [47] and oil-in-water emulsion [48,49]; and with PAN membranes 

when tap water [50] and oil-in-water emulsion [49] were filtered. Besides, lower initial fluxes 

were obtained when PESH membranes were employed for the filtration of molasses [51], while 

similar fluxes were attained for olive oil washing wastewater [52]. 

It should be noted that the higher fluxes obtained with PESH50 and PAN50 come along with 

lower rejection coefficients and lower selectivities between proteins and humic acids (Table 

4.12). In particular, the lowest rejection coefficients for CN, TOC, and the three measured 

biocompounds were those corresponding to PESH50. On the other hand, the highest rejections 

were obtained with PES50, also achieving the highest rejection differences between proteins 

and humic acids (22% difference vs 7% difference obtained with PAN50, and 10% difference 

obtained with PESH50); and between carbohydrates and humic acids (23% difference vs 13% 

obtained with PAN50 and 17% difference obtained with PESH50).  

Table 4.12. Rejection coefficients (RC) obtained with the 50 kDa polymeric membranes. 

 PES50* PESH50* PAN50* 

RCCN* 0.80 ± 0.02 0.69 ± 0.03 0.73 ± 0.04 

RCTOC* 0.47 ± 0.03 0.34 ± 0.04 0.38 ± 0.05 

RCCOD* 0.48 ± 0.08 0.41 ± 0.03 0.4 ± 0.1 

RCCH* 0.70 ± 0.02 0.57 ± 0.07 0.60 ± 0.06 

RCPROT* 0.69 ± 0.06 0.50 ± 0.05 0.54 ± 0.09 

RCHA*  0.47 ± 0.04 0.40 ± 0.03 0.47 ± 0.03 

*CN: colour number; TOC: total organic carbon; COD: chemical oxygen demand; CH: carbohydrates; PROT: proteins; HA: humic 

acids; PES50: polyethersulphone, 50 kDa; PESH50: permanently hydrophilic polyethersulphone, 50 kDa; PAN: polyacrylonitrile, 

50 kDa.  
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These higher retentions may be due to the formation of a thicker cake layer on top of the 

membrane, which would act as a secondary filtration mesh, increasing the selectivity of the 

membrane [53]. The formation of this thicker fouling cake could be observed through the 

resistance-in-series model (Fig. 4.10), where the Rrev, mainly associated with the formation of 

the fouling cake [54], was more than two-fold higher after filtering with PES50 ([5.7 ± 0.8]·1013 

m-1) than with PESH50 ([2.3 ± 0.2]·1013 m-1) or PAN50 ([2.41 ± 0.07]·1013 m-1). Rejection 

differences between PESH50 and PAN50 are coherent with this explanation, as the Rrev of 

PESH50 is slightly lower than that of PAN50. 

As both higher rejection coefficients and higher rejection differences between humic acids and 

the other biomolecules (proteins and carbohydrates) were achieved with PES50, the 

fractionation tests with membranes of different MWCO (MWCO screening experiments) was 

carried out with PES membranes.  

3.2.3. Flux modelling 

As it can be seen in Fig. 4.11 and Table 4.13 (SSR), CF was the best-fitting Hermiaôs model in 

all three cases, although the fittings indicated that none of the Hermiaôs models fully explain the 

fouling mechanism, thus indicating several fouling mechanisms may have occurred throughout 

the filtration. Indeed, the fact that different fouling mechanisms occur at different stages of the 

filtration is well documented in the literature [55,56] and it was taken into account by Mehtaôs 

model [34]. Thus, CF was the main fouling mechanism overall, although irreversible pore 

blocking also occurred; especially during the filtration with PESH50, where the IPB model 

showed better fitting than in the filtrations with PES50 and PAN50, reflecting the above-

mentioned more irreversible nature of the PESH50 fouling. Besides, CF has also been described 

by other authors as the main fouling mechanism of natural organic matter during ultrafiltration 

with PES membranes [57,58]. 
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Figure 4.11. Hermiaôs (complete pore blocking [Ƅ], intermediate pore blocking [Ƅ], partial pore 

blocking [Ƅ] and cake formation [Ƅ]) and Mehtaôs (Ƅ) flux models for PES50 (a), PESH50 (b) 

and PAN50 (c) experimental fluxes (ǒ).  

 

However, it should be noted that the best fitting of the experimental data was achieved with 

Mehtaôs model, which provides information about the effect of membrane fouling (parameter Ŭ) 

and concentration polarization and gel layer formation (parameter ɓ) on the flux decline. The 

optimised values for these two constants are shown in Table 4.13. Higher Ŭ and ɓ values 

represent faster initial membrane fouling and faster stabilisation of the flux by the establishment 

of the concentration polarization gradient and gel layer formation, respectively. The Ŭ values 

obtained for the filtrations with PESH50 and PAN50 were 10-fold higher than those of PES50 

a) b) 

c) 
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(3.88), while the ɓ values were 4-fold lower than those obtained for PES50 (5.20·10-2). This 

indicates that a strong initial membrane fouling occurred after starting the filtration of the 

oxidised WAS with PESH50 and PAN50, causing a rapid decrease in the flux. After this initial 

drop, the stabilisation of the flux by concentration polarization occurred more slowly. Regarding 

the behaviour during the filtration with PES50, it was opposite to that of the other polymeric 

membranes: the initial drop caused by membrane fouling was less drastic, and the equilibrium 

in concentration polarization was reached faster.  

This result is in accordance with the literature, and can be explained considering the polarization 

sieving model [59], based on the differences of hydrophilicity between the membranes: 

Thus, in hydrophilic membranes, an initial irreversible adsorption layer is formed, regardless of 

the solute concentration, and subsequent fouling will appear in the form of a gel-polarization 

layer. On the other hand, in hydrophobic membranes, the size of the irreversible adsorption 

layer increases until its thickness protects the hydrophobic surface from the adsorbed molecules, 

which generates higher values of irreversible fouling than in hydrophilic surfaces, and only after 

this limit is reached, the gel-polarization layer starts to form [59]. According to this, the 

behaviour of PES50 can be explained by its hydrophobic character, since more time was 

required for the initial membrane fouling to be fully occur, and the final concentration 

polarization layer needed less time to stabilise, thus starting to form at higher feed 

concentrations.  
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Table 4.13. Fitting parameters for the adjusted models. 

 PES50 PESH50 PAN50 

Hermiaôs models 

CPB 

K b (min
-1
) 3.31·10-2 5.29 9.43·10-2 

SSR 172041.83 617253.55 628747.63 

IPB 

K i (m
-1
) 4.58·10-3 1.37·10-1 7.31·10-3 

SSR 116241.52 590551.29 431129.86 

PPB 

K p (m
-1
) 6.54·10-4 1.40·10-3 5.97·10-4 

SSR 77545.23 852391.39 286513.46 

CF 

K c (min·m
-2
) 1.45·10-5 4.42·10-6 3.86·10-6 

SSR 32776.51 255336.20 129005.00 

Mehtaôs model 

JÐ1 (LMH)  46.05 114.16 116.08 

Ŭ (min
-1
) 3.88 30.70 30.70 

ɓ (min
-1
) 5.20·10-2 1.33·10-2 1.26·10-2 

SSR 700.38 1401.89 783.73 
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3.2.4. Atomic force microscopy  

AFM images were taken from clean and fouled membranes in order to analyse the surface 

morphology (Fig. 4.12). The vertical profile of the membrane surface was represented by the 

colour intensity, with lighter colours indicating higher regions, and darker colours indicating 

depressions.  

 

Figure 4.12. AFM images of clean and fouled PES50 (A and B), PESH50 (C and D) and 

PAN50 (E and F) for membrane surface morphology analysis. 

 

The surface of all the three clean membranes was clearly arranged in a ñcrest and valleyò or 

ñnodule and valleyò pattern, originated by the random orientation and overlapping of the fibre 

structure [60]. This surface arrangement has also been observed by other authors when PES, 

PAN and polyamide membranes with flat-sheet, tubular and hollow-fibre geometries were used 

in ultrafiltration and nanofiltration processes [60ï63]. The presence of valley-like formations is 

highly related to fouling, as foulant particles tend to deposit in these formations [64]. This fact 

was supported by the images of fouled membranes, where crest-like formations could no longer 

be seen, indicating that the valley-like regions had been clogged by foulants.  
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In addition to AFM imaging, membrane roughness was compared in terms of mean roughness 

(Ra [nm/µm]), root mean square roughness (rms), peak-to-peak distance (nm/µm), and surface 

skewness and kurtosis in order to analyse its relationship with fouling (Table 4.14).  

Table 4.14. Membrane surface roughness parameters. 

 Clean Fouled 

 PES50 PESH50 PAN50 PES50 PESH50 PAN50 

Ra [nm/µm] 23.0±0.6 74±5 67±8 56±15 164±37 92±6 

rms 30.4±0.9 94±7 89±5 41±12 212±47 119±7 

Peak-to-

peak 

distance 

[nm/µm] 

142±5 391±32 365±16 255±59 918±208 487±26 

Skewness -0.23±0.04 - -0.08±0.03 - - -0.05±0.03 

Kurtosis 3.35±0.03 2.72±0.05 2.8±0.3 3.4±0.4 2.89±0.01 2.7±0.1 

 

The loss of normalised flux was inversely related to Ra and rms values. In this sense, PES50, 

whose normalised flux decreased the least (77%) during the ultrafiltration of the oxidised WAS, 

also showed the lowest Ra, rms and peak-to-peak distance values. Furthermore, the highest 

values were obtained with PESH50, which lost the highest proportion of normalised flux (96%). 

The difference between normalised fluxes of PES50 and PAN50 was less marked than the 

roughness values may suggest, which could be explained based on their different hydrophilic 

properties (fouling allegedly increases with hydrophobicity [61]). The relationship between loss 

of normalised flux and Ra and rms values is in accordance with the existing literature, indicating 

that surface roughness plays a key role in flux loss [61,64ï66]. As it was previously 

commented, in the initial stages of filtration, the particles tend to deposit in the ñvalley-likeò 

formations of the membranes, clogging these depressed regions. Membranes with lower surface 
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roughness present fewer ñvalley-likeò formations on their surface, so the attachment of solute 

molecules is restricted [64]. The effect of this fewer presence of valley-like regions can be 

attended contrasting the roughness values from Table 4.14 with the images in Fig. 4:12. Valley 

formations were more evident in PAN50 and PESH50 than in PES50, and the depth of the 

valleys was lower in the latter membrane, as it can be confirmed by the peak-to-peak distance.  

As proved by the permeability tests and the AFM measurements, flux loss is a complex 

phenomenon, which depends on several factors, among which, the nature of the membrane 

surface (hydrophilic surfaces prevent fouling) and its rugosity (the higher the rugosity, the more 

space the solute molecules have for depositing) can be considered determinant. 

3.3. Membrane molecular weight cut-off screening 

3.3.1. Permeability tests 

As PES was selected as the most suitable material for WAS fractioning (section 3.2.2), the 

MWCO screening experiments were carried out with membranes made of this polymeric 

material (PES10 and PES3). The flux obtained with PES3 was extremely low (around 0.5 LMH 

on average), making this filtration unfeasible, and thus no data from this experiment are 

depicted. The fluxes obtained with PES10, PES50-10 and PES50-3 are shown in Fig. 4.13.  
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Figure 4.13. Flux variation over VCR for the oxidised WAS filtration with PES10 (a) (J0=101.5 

± 0.9 L/m2h), PES50-10 (b) (J0=102 ± 3 L/m2h) and PES50-3 (c) (J0=13.72 ± 0.01 L/m2h). 

 

The highest flux obtained during the MWCO screening was achieved with PES50-10. However, 

the low rejection coefficients observed made this option unfeasible (Table 4.15). The highest 

rejections in terms of CN, TOC and COD were achieved with PES50-3. Nevertheless, in the 

case of the biomolecules, slightly differences were observed in rejections and rejection 

differences between PES10 and PES50-3. 

 

c) 

a) b) 



4. Resultados y discusión 

111 

Table 4.15. Rejection coefficients obtained with PES10, PES50-10 and PES50-3. 

 PES10 PES50-10 PES50-3 

RCCN 0.90 ± 0.01 0.35 ± 0.01 0.9942 ± 0.0009 

RCTOC 0.70 ± 0.16 0.17 ± 0.09 0.88 ± 0.01 

RCCOD 0.60 ± 0.04 0.09 ± 0.04 0.66 ± 0.04 

RCCH* 0.79 ± 0.05 0.14 ± 0.05 0.83 ± 0.05 

RCPROT* 0.84 ± 0.09 0.21 ± 0.08 0.87 ± 0.06 

RCHA*  0.63 ± 0.05 0.15 ± 0.06 0.67 ± 0.06 

*CH: carbohydrates; PROT: proteins; HA: humic acids. 

Based on the rejection coefficients and the observed decrease in flux during the ultrafiltration of 

the oxidised WAS using PES10, as well as the permeates obtained from PES50 with PES10 and 

PES3, it can be concluded that the majority of molecules retained by the PES10 membrane can 

also be retained by the PES50 membrane. Therefore, coupling these two membranes would be 

redundant and unnecessary. This behaviour was in accordance with the work by Urrea et al. 

[67], where the effect of WO on the different molecular weight fractions of WAS was studied. 

They reported that, after a WO treatment at 190 ºC and 90 min, the molecular weight of the 

majority of the present molecules was comprised in the ranges between 0-35 kDa (referred by 

Urrea et al. as low molecular weight molecules) and 35-150 kDa (medium molecular weight 

molecules). Moreover, hydrophobic molecules were also present due to the interactions with 

size-exclusion column. According to the results attained in this study, the sizes of the majority 

of the low molecular weight molecules were comprised between 0-10 kDa, and the ones of the 

medium molecular weight molecules were above 50 kDa. 

The resistance-in-series model (Fig. 4.14) showed that approximately half of the membrane 

fouling during the filtration with both PES10 and PES50-3 was irreversible, which contrast to 

the results obtained with PES50, where only 33% of the fouling resistance was attributable to 

irreversible fouling. Moreover, a comparison between the values of the Rrev and the Rirrev 
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obtained when filtering with PES50 and PES10 shows that no significant differences could be 

found between the values of reversible fouling, whereas the irreversible one of the PES10 

membrane was around 2.5 times higher than that of the PES50 membrane. Thus, the additional 

flux decay observed between the filtration with PES10 and PES50 was exclusively due to an 

increase in irreversible fouling. It has been reported that irreversible fouling during the filtration 

of natural organic matter is primarily caused by the hydrophilic fraction of this organic matter 

[68ï70]. Therefore, the additional irreversible fouling observed in this study is likely attributed 

to hydrophilic substances, presumably oxidised HA, since their rejection coefficients were 

lower than those of the other biomolecules, which suggests a lower average size. In this sense, 

several authors have reported that the oxidation of HA increased their hydrophilicity [71ï74] by 

oxidizing benzene groups into different aldehydes and carboxylic acids [72,74]. After a 

subsequent reduction of the membrane MWCO to 3 kDa, the fouling profile remained similar 

(slightly more irreversible than reversible fouling), proving that the molecules retained by the 

PES50 membrane mainly caused reversible fouling. In this sense, Taniguchi et al. [57] 

compared the fouling of PES membranes with MWCOs from 10 to 1000 kDa during the UF of 

natural organic matter, and reported that membranes with lower MWCO (10 and 30 kDa) 

showed higher irreversible fouling, although fouling was mostly reversible in all cases. 

 

Figure 4.14. Rm (ƴ), Rrev (ƴ) and Rirrev (ƴ) after filtration with PES10 and PES50-3 membranes. 
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3.3.2. Fouling modelling 

The fitting of the studied fouling models to the experimental data corresponding to the 

filtrations with PES10, PES50-10 and PES50-3 is shown in Fig. 4.15.  

 

Figure 4.15. Hermiaôs (complete pore blocking [Ƅ], intermediate pore blocking [Ƅ], partial 

pore blocking [Ƅ] and cake formation [Ƅ]) and Mehtaôs (Ƅ) flux models for PES10 (a), PES50-

10 (b) and PES50-3 (c) experimental fluxes (ǒ). 

 

Similarly to the filtration with the 50 kDa membranes, the best fitting Hermiaôs model was CF 

in the three filtrations. This results were in accordance to those reported by Peeva et al. [75] 

related to the ultrafiltration of humic acid solutions with PES membranes. However, as it was 

a) b) 

c) 
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discussed in the previous section, the fitting showed that this model alone could not adequately 

explain the observed fouling tendency. In this case, the ultrafiltration of both the oxidised WAS 

with PES10 and the permeates obtained from PES50 with PES10 and PES3 suffered a 

proportionately higher irreversible fouling compared with the ultrafiltration of oxidised WAS 

with the PES50 membrane, which in all cases could be mainly attributed to PPB, as it was the 

second-best fitting Hermiaôs model (Table 4.16). The fact that PPB remained the main 

irreversible fouling mechanism in membranes with lower MWCO is in accordance with the 

literature. Thus, it has been reported that, when filtering humic acids with PES membranes, a 

bigger pore size implied a greater fouling tendency towards pore narrowing instead of pore 

blocking [75]. This may indicate that the modification of the PES membrane to convert it into 

PESH enlarged its pores, which led to pore narrowing due to internal pore blocking as the major 

cause of its irreversible fouling.  

Mehtaôs model fitted the data of the three filtrations perfectly. The high Ŭ value obtained for 

PES50-10 (Table 4.16) highlights the drastic initial membrane fouling. This may have occurred 

due to a fast pore clogging caused by the removal of molecules of higher molecular weight. 

These molecules, bigger than the pores, would have partially obstructed the access to the pores, 

thus starting to form the cake layer. Without the presence of the molecules higher than 50 kDa to 

favour the formation of this second barrier, smaller molecules would have entered the pores 

with much more ease at the beginning of the operation, clogging the pores in a faster way. This 

theory is supported by the fact that the ɓ value obtained for PES50-10 was almost an order of 

magnitude smaller than that obtained for PES10, which indicates that the concentration 

polarization gradient and gel layer formation took more time to stabilise.  
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Table 4.16. Fitting parameters for the adjusted models. 

 PES10 PES50-10 PES50-3 

Hermiaôs models 

CPB K b  (min
-1
) 2.68·10-1 1.65·10-2 1.36·10-2 

 SSR 129413.22 37272.70 596.61 

IPB  K i (m
-1
) 1.26·10-2 1.99·10-3 5.52·10-3 

 SSR 108753.21 33256.49 372.75 

PPB K p (m
-1
) 1.51·10-3 2.41·10-4 2.32·10-3 

 SSR 73673.60 29768.57 227.88 

CF K c (min·m
-2
)  3.92·10-5 3.54·10-6 4.12·10-4 

 SSR 30830.14 24176.71 78.10 

Mehtaôs model 

JÐ1 (LMH)  35.50 69.07 6.00 

Ŭ (min
-1
) 4.03 36.27 4.09·10-1 

ɓ (min
-1
) 1.40·10-1 3.69·10-2 1.92·10-2 

SSR 701.32 5599.28 3.95 

 

3.4. Infrared spectroscopy 

In order to better understand the nature of the membrane materials used, as well as the 

interactions between the WAS and membranes of different materials and MWCOs, FTIR 

measurements were conducted on both the clean and fouled membranes.  
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All PES membranes and the PESH membrane exhibited the same FTIR profile (Figs. 4.16, 

A.4.2 & A.4.3), characterized by small bands at 3096 and 3068 cm-1, corresponding to aromatic 

CH vibration; a small band at around 2964 cm-1, caused by ɔa CH3 asymmetric aliphatic 

stretching; two aromatic peaks at 1576 and 1484 cm-1 [76]; and peaks at 1409, 1296 and 1147 

cm-1 indicating the presence of -S=O residues corresponding to the polysulfone material [77,78]. 

The band appearing at 1666 cm-1 could possibly be attributed to the presence of a preservative 

agent in the membrane [76].  

The clean PAN membrane exhibited peaks at 2935 cm-1, corresponding to alkane stretching, and 

at 2242 cm-1, resulting from CſN stretching. Additionally, it showed peaks in the 1500-1000 cm-

1 region, indicative of alkanes. Furthermore, peaks at 1735 and 1661 cm-1 (Fig. A.4.3) may be 

attributed to the C=C stretching of residual acrylonitrile monomers present in the membrane 

[78]. 

After filtration, a peak appeared in the fouled PES membranes at 1735-1712 cm-1 (Figs. 4.16 & 

A.4.2), which is associated with C=O bonds [77,79]. The stretching at 1735 cm-1 corresponds to 

an aldehyde (which may originate from the alcohols present in carbohydrates, proteins and 

humic acids), while the peak at 1714 cm-1 to carboxylic acids (which are part of proteins, humic 

acids and fatty acids generated during the oxidation of organic matter [80]). Additionally, the 

spectra of all the fouled PES membranes showed a band at 1373 cm-1, corresponding to phenolic 

-OH groups [81], which are highly prevalent in humic substances [82]. These two signals were 

relatively weak in the PES50-10 spectrum, indicating lighter fouling of the membrane due to 

low retentions.  
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Figure 4.16. FTIR spectra of PES50 membranes from 600 to 4000 cm-1. 

 

In addition to this, a band at 950 cm-1, caused by alkene flexing, appeared only in the PES-based 

membranes that directly filtered the WAS (PES50, PESH50 and PES10), but not in the 

membranes that filtered WAS permeate (PES 50-10 and PES 50-3). This indicates that the 

molecule containing alkenes that interacted with the membrane surface was totally retained by 

the PES50 membrane.  

PES50-3 exhibited the highest level of surface interactions after filtering, which is consistent 

with its predominant irreversible fouling. The aromatic bands at 3095 and 3068 cm-1 completely 

disappeared, while the aromatic peaks at 1578 and 1486 cm-1 nearly vanished. Similarly, the 
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peaks at 1296, 1147 and 1071 cm-1, corresponding to the sulfone group of the membrane, were 

significantly diminished. Furthermore, peaks associated to C-H bonds (at 830, 699 and 626 cm-

1) were no longer observable. This indicates that chemical (irreversible) interactions occurred 

between the foulants and both the aril and sulfone groups of the membrane.  

The protein surface interaction with PESH50 membrane was confirmed by the presence of a 

peak at 1651 cm-1, corresponding to Amine I [78], and a poorly resolved shoulder at 1550 cm-1 

attributed to Amide II [76]. There is also a potential Amide I peak at 1640 cm-1 [75] that 

overlaps with the Amine I peak. [76]. 

The spectrum of the PAN membrane showed only minor changes after filtering the WAS, 

indicating that most of its fouling was reversible. However, there were noticeable increases in 

the intensity of certain peaks after filtration. Thus, the peak at 1661 cm-1, as well as the peaks at 

1040 and 1069 cm-1 showed an increased intensity, which are often correlated with 

carbohydrates [83]. Some bands corresponding to C-H bonds disappeared, indicating that 

foulant-membrane interactions occurred primarily in the alkane section of the polymer rather 

than the nitrile radical.  

3.5. Proposal of an integrated membrane process for biomolecule 

fractioning  

The results here obtained were used as a basis to propose an integrated membrane process to 

recover valuable biocompounds from WAS in order to valorise it in the context of circular 

economy. This process is based on size fractioning of oxidised WAS, thus obtaining two 

purified streams, one containing carbohydrates and proteins and the other one containing humic 

acids (Fig. 4.17). 
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Figure 4.17. Size fractioning results and proposal for carbohydrates (CH) and proteins (P), and 

humic acids (HA) purification. 

 

PES membranes were found to be the suitable material for the ultrafiltration steps of the 

oxidised WAS due to their higher rejection coefficients and higher rejection differences between 

humic acids and the other biomolecules (proteins and carbohydrates). In this sense, a 

prefiltration with PES50 would be needed prior to the filtration with PES3 to prevent excessive 

fouling and the retentate of this prefiltration would be recirculated to the feed in order to keep 

the target biomolecules within the process. Then, the permeate of the PES50 prefiltration would 

be filtered with PES3. The concentration of the biomolecules at each ultrafiltration step was 

determined based on the rejection coefficients obtained in this study. Afterwards, a diafiltration 

step of the retentate of PES3 filtration would take place. The high rejection coefficients of 

proteins and carbohydrates (nearly 1), and the significant difference with the rejection 

coefficient of humic acid would allow a concentration and purification of carbohydrates and 

proteins thanks to this diafiltration, while humic acid would be washed in the permeate. Proteins 

and carbohydrates could then be separated by a chromatographic technique, such as expanded 

bed chromatography with an ion exchange resin [84] or immobilised metal affinity 

chromatography [85]. The permeate of PES3 filtrations, mainly consisting of a humic acid 

solution, could be concentrated by nanofiltration or reverse osmosis to obtain humic fertilizer, as 

reported by Li et al. [27,28,86]. It is important to note that the high proportion of irreversible 

fouling observed during the filtration with the PES3 membrane (51.5% of total fouling) would 
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pose challenges to the viability of the process. Therefore, future studies should focus on 

optimizing the filtration conditions, such as investigation the critical flux [87] or employing 

techniques like backwashing, air scouring [88], membrane patterning [87], and surface coating 

[89], among others. 

4. Conclusions 

The screening tests of membrane material showed that PES was found to be the best material 

for the fractionation of humic acids and proteins from oxidised WAS, since higher rejection 

coefficients and differences between these biomolecules were achieved after filtering with 

PES50, although lower fluxes were obtained compared to PESH50 and PAN50 membranes. In 

particular, the rejection coefficients attained with the PES50 membrane were 0.70 ± 0.02 for 

carbohydrates, 0.69 ± 0.06 for proteins and 0.47 ± 0.04 for humic acids (with a difference of 

23% and 22% comparing carbohydrates and proteins selectivities with humic acids, 

respectively).  

The main fouling mechanism can be considered CF in all cases, but with an important 

irreversible component in PES50 and especially in PESH50, as shown by the resistance-in-

series model. Thanks to AFM imaging, the key role of the arrangement of the surface of the 

membranes and their mean roughness in flux loss was proven in all cases. The screening tests of 

membrane MWCO showed that both the 50 kDa and 10 kDa PES membranes exhibited high 

biomolecule retentions, reaching rates of up to 84%. However, when the permeate from the 

PES50 filtration was subsequently filtered using the PES10 membrane, lower retentions (up to 

21%) were observed. Therefore, in order to fractionate the oxidised WAS, the use of PES50 and 

PES3 membranes would be more adequate, the filtration with the PES50 one being necessary to 

attain acceptable fluxes with the PES3 membrane. Excellent retentions of 0.83 ± 0.05 and 0.87 

± 0.06 for carbohydrates and proteins, respectively, as well as a difference of 20% in selectivity 

between proteins and humic acids, were obtained with the PES3 membranes, although its 

efficiency was affected by a significant irreversible fouling (51.5% of total fouling). Although 
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CF was still the main fouling mechanism, a reduction of the membrane MWCO derived in a 

more irreversible fouling, presumably due to particle pore blocking.  

Based on the results here obtained, an integrated process of membrane filtration was proposed 

in order to obtain purified streams of humic acids, carbohydrates and proteins. Future works 

should indicate the efficiency of the suggested steps of diafiltration and nanofiltration/reverse 

osmosis, and evaluate how affects the higher concentration of humic acids in the WAS in 

comparison with proteins and carbohydrates on the effective separation of these biomolecules.  
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1. Contact angle measurements 

Representative obtained pictures of the sessile water droplets, from which the contact angles 

were measured, are shown in Fig. A.4.1. 

 

Figure A.4.1. Pictures of sessile droplets on a) PES50, clean; b) PES50, fouled; c) PESH50, 

clean; d) PESH50, fouled; e) PAN50, clean; f) PAN50, fouled. 
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2. Infrared spectroscopy 

The Fourier transform infrared spectroscopy (FTIR) spectra of the clean and fouled membranes 

employed in this study are shown in Figs. A.4.2 and A.4.3. Note that ñPES3, cleanò and 

ñPES10, cleanò spectra are the clean counterpart of both PES3 and PES50-3, and of PES10 and 

PES50-10, respectively.  

 

Figure A.4.2. FTIR spectra of PES10, PES3, PES50-10 and PES50-3 membranes. 
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Figure A.4.3. FTIR spectra of PESH50 and PAN50 membranes. 
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Figura 4.18. Resumen gráfico del artículo Heavy metal removal from hydrothermally treated 

waste activated sludge by ultrafiltration with polymeric membranes. 
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Abstract 

This study assessed the capability of various polymeric membranes to retain hazardous metals 

form hydrothermally treated waste activated sludge (WAS). After the ultrafiltration of the 

treated WAS with flat sheet membranes of 50 kDa composed of polyethersulphone (PES), 

permanently hydrophylic polyethersulphone (PESH), polyacrylonitrile (PAN) and 

polyvinylidene fluoride (PVDF), it was found that the PES membrane exhibited the highest 

retentions for all of the main metals (Fe, Zn, Mn, Al, Ni, Cu and Cr) with values varying from 

41% to 96%, except for Pb, in which the higher value (79%) was achieved with the PAN 

membrane. Foulants, including hazardous metals, were present on the surface of the 

membranes, but not within the pores, thus suggesting that fouling comprised cake layer 

formation. Additionally, crystal structures composed of sulphate or silicates of heavy or alkali 

metals were also identified on the membrane surfaces. 

Photoluminescence and absorption spectra measurements revealed that interaction of the studied 

metals (Fe, Zn, Mn, Al, Ni, Cu, Cr and Pb) and humic acid can be explained considering static 

quenching, implying the formation of ground-state complexes with humic acid. Formation 

constants were also determined, with Cu2+, Ni2+ and Cr3+ being the metal ions which formed the 

strongest complex. Other mechanisms, including complexation with proteins and precipitation 

may also contribute to metal retention. 

Keywords: Formation constants; membrane fouling; metal complexes; photoluminescence; 

sewage sludge; ultrafiltration. 
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1. Introduction  

Waste activated sludge (WAS) is a hazardous residue generated during the secondary treatment 

of urban wastewaters. Its management, which can take up to 65% of the wastewater treatment 

plantôs operation costs of wastewater treatment plants [1], has arisen great concern due to the 

large amounts of WAS generated, reaching around 10 million tons (dry weight) in Europe in 

2019 [2]; and the increasing legal regulations [3,4] imposed because of the toxic nature of the 

WAS. Currently, the standard methods for its management, including agricultural use, land 

reclamation, incineration or landfill disposal [5,6], can cause environmental and health problems 

such as greenhouse gas emissions [7], air pollution [8], terrestrial acidification and 

eutrophication [9], increment of the presence of antibiotic resistance genes in the soil microbiota 

[10], and contamination of soil by pathogens [11], organic pollutants [12] or heavy metals [13]. 

Additionally, biogas production is also gaining attention to valorise sewage sludge because of its 

high organic content [14]. Nevertheless, anaerobic digestion requires extended processing times 

and a strict control of conditions [15].  

Heavy metals are defined as naturally occurring metal/metalloids having an atomic number 

greater than 20 and elemental density greater than 5 g·cmī3, and include iron (Fe), zinc (Zn), 

manganese (Mn), nickel (Ni), copper (Cu), chromium (Cr) or lead (Pb) [16,17]. These elements, 

which have been reported to account for 0.5-2% of the total solids in WAS [18], are hazardous 

contaminants due to their drastic effects on health and their non-degradability and high 

abundance in the environment [16]. Furthermore, they are bioaccumulated and biomagnified 

throughout the whole trophic chain, , with dietary exposure being the major pathway for human 

exposure to heavy metals [16,19], primarily via food crops [19], fish [20,21] and seafood 

[22,23]. Overexposure to these elements has carcinogenic, genotoxic, teratogenic and mutagenic 

effects [24,25] and may cause endocrine disruption and various neurological and 

neurobehavioral disorders even at low concentrations of exposure [16,25ï27]. Additionally, 

overexposure to other metals like aluminium (Al) may also trigger neurological disorders such 

as cognitive impairment or dementia [28].  
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Alternative WAS management methods, such as hydrothermal treatments [29], fermentation 

[30], ozonation [31], activated sludge process [32], ultrasonication [33] or wormsô predation 

technology [34] do not solve the heavy metal problem, requiring another treatment specifically 

for the removal of heavy metals.  

To this end, membrane filtration is an interesting separation technology as it is considered a 

green technology with low energy requirements. Besides, it can be easily coupled with other 

processes, and is technically mature [35,36]. However, due to the molecular weight of heavy 

metals, membranes with a small pore size or molecular weight cut-off (MWCO), in the range of 

nanofiltration or reverse osmosis, are required in order to retain these compounds, leading to 

higher equipment and operations costs [37,38]. While ultrafiltration (UF) membranes have been 

studied for heavy metal removal, their large pore size have led to the use of additives to form 

complexes with the heavy metals [39,40], thus increasing operation costs. Nevertheless, with a 

proper solubilisation step, the use of additives may become unnecessary thanks to the 

composition of WAS. In this sense, the interaction between heavy metals and proteins, the main 

biocompound in WAS [41], through chelation or complex formation is well-documented 

[42,43]. Moreover, humic acids are also present in significant quantities in WAS composition 

[44]. These compounds, with sizes between 2 and 1300 kDa, are characterized by being 

amphiphilic weak acidic electrolytes with carboxylic, phenolic or quinone groups [45,46], and 

their interaction with metals has also been reported [47,48]. As previously mentioned, it is 

necessary to release these biocompounds into the liquid media through a solubilisation process. 

In this sense, partial wet oxidation (WO) can be considered an interesting methodology due to 

its ability to both solubilise and sterilise WAS. Besides, its feasibility at an industrial scale has 

also been reported [49]. Furthermore, proteins could be recovered after filtration by 

precipitation [50], and concentrated humic acids could be used as fertilizer [51]. Additionally, 

membrane performance is significantly determined by their material [52]. Therefore, it is 

necessary to analyse the effect of the membrane material in heavy metal separation. To the best 

of our knowledge, there is no studies related to the assessment of heavy metal retention from 
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WAS treated by partial WO with UF membranes. Thus, the effect of the membrane material on 

the separation performance, along with the mechanism involved in retention, was carefully 

studied.  

2. Materials and methods 

2.1. Waste activated sludge 

Thickened WAS was collected from a wastewater treatment plant in northern Spain (Baíña, 

Asturias). WAS solubilization was achieved by a partial WO at 160 ºC and 40 bar for 80 min. 

These mild conditions were chosen to solubilise WAS and avoid the oxidation or mineralisation 

of the biomolecules released into the reaction medium [53]. A constant flow of 1200 mL/min of 

O2 saturated with steam and a stirring speed of 150 rpm were employed. A more detailed 

description of the reactor can be found in [54]. To prevent microbial growth, sodium azide 0.1% 

(w/v) was added to the oxidised WAS and stored at 4 ºC for further usage. The main physico-

chemical characteristics of the oxidised WAS can be found in Table 4.17.  

Table 4.17. Main physical-chemical characteristics of oxidised waste activated sludge. 

Parameter Value 

pH 5.02 ° 0.02 

Colour number (cm-1) 3.8 ° 0.1 

Chemical oxygen demand (mg O2/L) 20500 ° 510 

Total organic carbon (mg C/L) 8000 ° 10 

Proteins (mg/L) 3400 ° 300 

Humic acids (mg/L) 8400 ° 200 

Carbohydrates (mg/L) 2750 ° 30 

 

2.2. Membrane filtration 

All membrane filtration experiments were performed using an FT17 Cross-flow Filtration Unit 

(Armfield Ltd., United Kingdom), which allows to carry out tangential filtrations with flat-sheet 

membranes. Different polymeric flat-sheet membranes were used for the filtration of the 
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oxidised sludge: MQ (Synder Filtration), made of polyethersulphone (PES); UH050 (Synder 

Filtration), made of hydrophylic polyethersulphone (PESH); MW (Suez), made of hydrophilic 

polyacrylonitrile (PAN); and BN (Synder Filtration), made of polyvinylidene fluoride (PVDF). 

All membranes had a MWCO of 50 kDa. All membranes were shaped into circles with a 

diameter of 9 cm , providing a filtration area of 63.62 cm2. 

The conditions for the filtration experiments were set as follows: temperature of 50.0 ± 0.4 ºC, 

transmembrane pressure (TMP) of 4.0 ± 0.2 bar, and crossflow velocity (CFV) of 3.00 m/s. 

Membranes were conditioned before every experiment by running the equipment for 30 min 

with distilled water without pressure, and at the operation conditions for another 30 min. 

Subsequently, WAS was ultrafiltered without recirculation of the permeate until a volume 

concentration rate (VCR) of 2.5 was reached. Permeate and retentate samples were taken 

periodically and stored at 4ºC for further usage. All filtration experiments were performed in 

duplicate. 

2.3. Scanning electron microscopy 

In order to assess membrane-heavy metals interactions, the surface morphology of the fouled 

membranes was examined by scanning electron microscopy (SEM). Additionally, compositional 

analysis of deposits and elemental mapping of membrane surface were conducted. A scanning 

electron microscope (JEOL JMS-6610LV) coupled with energy dispersive X-ray analyser 

(EDX) at 20 kV was used. The membrane samples were coated with a thin layer of gold to make 

them conductive before the SEM analysis. 

2.4. Measurement of metal concentrations 

A semi-quantitative analysis was performed with an Agilent 7500ce Inductively Coupled 

Plasma Mass Spectrometer (Agilent Technologies, CA, USA) to measure the concentrations of 

75 metals. The eight most prevalent hazardous metals (Al, Cu, Fe, Mn, Ni and Zn) were 
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quantitatively determined in both the permeate and retentate using the same apparatus. Their 

rejection coefficients (R) were calculated according to Eq. 1: 

Ri=1-
ὅȟÉ 

ὅȟÉ
 (1) 

Where ὅȟÉ and ὅȟÉ are the concentration of the metal ñiò in the permeate and the retentate, 

respectively. 

The internal standards used were 45Sc for Al, and 103Rh for Cu, Fe, Mn and Ni. 

2.5. Photoluminiscence and absorption spectra measurements 

Photoluminiscence spectra measurements were conducted to measure the quenching of humic 

acids and proteins with metals. In addition, absorption spectra measurements were made to 

determine the characteristics of the interaction between humic acids and proteins with metals.  

2.5.1. Instruments 

The Edinburgh Instruments FS5 assembled with a 150W continuous and pulsed Xe-lamp was 

used to record fluorescence spectra and lifetime measurements (405 nm ps laser). Determination 

of lifetime can be obtained from Eq. 2: 

Ὅὸ ὍὩὼὴὸȾ†  (2) 

Where Ii refers to intensity at different times and Űi represents the decay time. 

2.5.2. Experimental 

Aliquots of each metal solution (1000 ppm in water) were individually added to a series of 10 

mL volumetric flasks. Subsequently, 1 mL of phosphate buffer solution (pH 5.05; 0.1 M), 0.1 

mL of humic acid solution (1000 ppm in water), and Milli-Q water were added to reach a final 

volume of 10 mL. 



4. Resultados y discusión 

142 

To measure the fluorescence spectra for each solution, the excitation wavelength was fixed at 

297 nm and was used to record the emission spectra. For lifetime measurements, samples were 

irradiated with a 405 nm laser, and fluorescence decay was recorded at 513 nm. 

To investigate the formation of metal ion complexes, fluorescence quenching was measured. In 

this sense, fluorescence quenching usually refers to nonradiative energy transfer from an excited 

species to other molecules [55] and it has been used as a basis for determination of analytes 

using the spectrofluorimetric technique.  

Fluorescence quenching can be static (complex formation) or dynamic (collisional) quenching 

[56,57]. Collisional quenching of fluorescence is described by Stern-Volmer equation (Eq. 3) 

[58]. 

Ὂ

Ὂ
ρ Ὧ†ὗ ρ ὑ ὗ (3) 

Where F0 and F are the fluorescence intensities in the absence and presence of quencher, 

respectively; kq is the bimolecular quenching constant; Ű0 is the lifetime of the fluorophore in the 

absence of quencher and Q is the concentration of quencher. The Stern-Volmer equation can be 

derived by considering fluorescence intensities observed in the absence and presence of 

quencher and the Eq. 4 can be obtained:  

†

†
ρ Ὧ†ὗ (4) 

This equation illustrates an equivalent decrease in fluorescence intensity and lifetime for 

collisional quenching (Eq. 5):  

Ὂ

Ὂ

†

†
 (5) 

In static quenching, nonfluorescent ground-state complex are formed between the fluorophore 

and quencher. The dependence of the fluorescence intensity on quencher concentration is 

derived by association constant for complex formation (Eq. 6):  
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ὑ
Ὂ ὗ

Ὂ ὗ
 (6) 

Where [F-Q] is the concentration of the complex, [F] is the concentration of uncomplexed 

fluorophore and [Q] is the concentration of quencher. The total concentration of fluorophore 

[F]0 is given by Eq. 7: 

Ὂ Ὂ Ὂ ὗ (7) 

 

Substituting Eq. 7 into Eq. 6 results in: 

ὑ
Ὂ Ὂ

Ὂ ὗ

Ὂ

Ὂ ὗ

ρ

ὗ
 (8) 

Ὂ

Ὂ
ρ ὑ ὗ (9) 

In static quenching the complexed fluorophores are nonfluorescent, and the only observed 

fluorescence is from uncomplexed fluorophores. Therefore, for static quenching Ű0/Ű=1 in 

contrast to dynamic quenching (Eq. 5). In this sense, measuring fluorescence lifetime is the 

most definitive method to distinguish static and dynamic quenching. 

3. Results 

3.1. Scanning electron microscopy 

The morphology of the membrane surfaces was analysed by SEM. Imaging at x15000 augments 

(Fig. 4.19) highlighted the differences between membrane morphologies: PES and PESH 

membranes displayed a highly cracked surface, PVDF had a slightly cracked surface, and PAN 

surface was smooth. These differences on the membrane surface can be due to the different 

manufacturing methods, and could imply differences between the selective and support layers of 
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the different membranes [59], which can be related to their different permeabilities and 

selectivities. 

 

Figure 4.19. SEM images of pristine membrane surfaces of PES (a), PESH (b), PAN (c), and 

PVDF (d). 

After filtration, a crust was formed on top of the membrane surface, indicating the formation of 

the fouling cake (Fig. 4.20). Additionally, deposits with crystal structures of various 

morphologies were also identified on the fouled membrane surfaces. 
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Figure 4.20. SEM images of fouled membrane surfaces of PES (a), PESH (b), PAN (c), and 

PVDF (d). 

EDX analysis allowed us to determine the average elemental composition of both the clean and 

fouled membranes, as well as the specific composition of different parts/points. In this sense, C, 

N and S were identified in PES and PESH clean membranes, with average concentrations (% 

wt.) of 60 ± 2%, 26 ± 3% and 12 ± 2% for PES and 50.5 ± 0.6%, 33 ± 1 % and 14.7 ± 0.3% for 

PESH, respectively. For PAN clean membranes, the identified elements were C (67 ± 2%), N 

(26 ± 3%), and O (7 ± 1%). In the case of PVDF clean membranes, the elements were C (36 ± 

1%) and F (61 ± 1%). Additionally, Na (found in both PES and PESH) and Cl (found in PES) 

were detected in very low concentrations (from 0.48 ± 0.01% to 1.2 ± 0.3%) in the clean 

membranes. This can be explained by considering slight surface contamination during handling 

or storage. 

Regarding the fouled membranes, EDX analyses highlighted the significant changes in the 

elemental composition of the membrane surfaces, providing insights into the nature of the 

deposited fouling on the membranes. After the filtration of WAS, nitrogen (N) was detected in 

various deposits across all fouled membranes, i.e. PES, PESH, PVDF and PAN, obtaining 

concentrations between 2.75 to 35.01 %wt. This indicates the retention of nitrogenated 
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compounds like proteins and humic acids (Fig. 4.21, Fig. 4.22 and Table A.4.1). Besides, 

sulphur (S) was also identified in the fouled membranes of PES, PESH and PAN, with values up 

to 9.8 %wt, which also suggested the retention of sulphur-based compounds like proteins.  

Additionally, the EDX results of the crystal structures observed in Fig. 4.20 suggested the 

presence of Ca-containing precipitates, although other metals, such as Si and Al, as well as 

heavy metals (Fe and Cu), were also observed in PAN fouled membrane surface (Fig. 4.21A). 

In order to delve into the nature of this superficial fouling, a long-term filtration experiment was 

made with the PES membrane (Fig. 4.21B). EDX analysis of this highly fouled membrane 

showed the presence of metals (Al and Si), heavy metals (Fe) and nutrients (P, Cl, K and Ca), 

indicating effective retention of at least these elements during the filtration with the 50 kDa 

membrane.  
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Figure 4.21. EDX analysis of the fouled PAN (A) and the highly fouled PES (B) membranes (all results in %wt). 

 

Spectrum C N O Na Al Si P S K Ca Fe 

1 33.32 6.66 45.72 0.98 0.68 0.16 2.42 0.66 0.54 7.06 1.80 

2 45.57  38.72 1.32 0.64 0.60 2.70 4.04 0.54 3.45 2.43 

3 40.98  42.47 1.27 1.02 0.70 3.50 1.59 0.55 4.84 3.07 

4 53.80 4.00 31.88 0.59 0.63 0.45 1.78 4.42 0.29 0.52 1.65 

5 41.73 2.75 38.66 0.99 0.92 0.88 3.45 3.63 0.56 2.74 3.68 

Spectrum C N O Al Si S Cl Ca Fe Cu 

1 47.53 5.91 19.75 0.24 5.28 9.80 0.08 0.28 0.74 10.40 

2 57.56 35.01 6.58 0.07 0.12 0.29 0.13 0.06 0.08 0.11 

3 45.72 23.55 28.75 0.33 0.29 0.20  0.10 0.86 0.20 

4 51.52 24.26 22.18 0.25 0.21 0.18 0.13 0.09 0.84 0.34 

5 49.42 23.69 25.70 0.14 0.11 0.22 0.13 0.15 0.36 0.08 

6 54.93 17.10 18.68 0.22 0.99 3.37 0.07 0.25 0.60 3.80 

 

B 

A 

n.d.* 

n.d.* 

n.d.* 

n.d.*: not detected 
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EDX analysis of the inner structures of the fouled membranes did not reveal the presence of 

metals, unlike the membrane surfaces, as illustrated by the example of PESH (Fig. 4.22). This 

suggested that at least a significant amount of the metals and heavy metals was retained either 

on the membrane surface or embedded in the cake layer atop of the membrane, not being 

present in the pores. This observation may also imply that the structures in which the metals 

were complexed were larger than the pore size of the 50 kDa membranes. The retention of the 

Pb, Cu and Cd through the cake layer during the ultrafiltration of extracellular polymer 

substances (EPS) from excess sludge was also reported by Cao et al. [60] using a membrane 

with a MWCO of 10 kDa. 
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Figure 4.22. EDX analysis of the superficial (A) and inner (B) fouled PESH membrane (all results in %wt). 

  

 

Spectrum C N O Si S Ca Fe 

1 39.38 14.20 34.32 0.67 8.62 0.62 2.18 

2 44.83 12.31 28.65 0.75 11.07 0.26 2.14 

3 47.20 13.25 24.67 0.57 12.58 0.47 1.26 

4 59.67  24.47 0.65 13.30 0.28 1.62 

5 43.25 14.67 24.27 1.12 14.31 0.07 2.31 

Spectrum C N O S 

1 57.40 9.81 23.06 9.72 

 

A 

B 

n.d.*: not detected 

n.d.* 
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Elemental mapping of the cross-sectional SEM images of the fouled membranes confirmed the 

absence of metals inside the membranes, indicating that metal retention occurred exclusively at 

the membrane surface level (Fig. 4.24). Differences were observed not only on the membrane 

surface but also in the inner membrane morphology, depending on the material (Fig. 4.23). All 

membranes consisted of a selective layer, comprised a thin, dense top layer and a porous sub-

layer, along with a supporting fibre layer. The PVDF membrane also featured an outer sponge 

layer, with the porous layer positioned between the sponge and the support layer. This structural 

configuration resulted from the use of more concentrated polymer [61], as reported in other 

PVDF membrane studies [62]. The aim was to reduce pore wetting while reducing membrane 

tortuosity and, consequently, increasing water flux [63,64]. PAN and PESH membranes 

exhibited a thinner porous layer and thicker fibres in the support layer, potentially contributing 

to their higher permeability and lower selectivity.  
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Figure 4.23. Cross-sectional SEM images of clean (.c) and fouled (.f) membranes for PES (a), 

PESH (b), PAN (c), and PVDF (d). 
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The distribution of the selective and support layers could be better appreciated with the EDX 

mapping (Fig. 4.24). A dense layer of sulphur in the porous layer of the PES membrane, fluorine 

in the porous layer of the PVDF membrane, and more subtly, nitrogen in the porous layer of the 

PAN membrane (indicating a higher presence of their corresponding monomers on those areas) 

revealed that the selective layer was concentrated at the contact surface of the membrane, 

forming part only of the porous or macro void structures. This observation is particularly 

significant for the PVDF membrane. The absence of fluorine in the outer sponge layer 

highlighted that the selective layer is sandwiched between the sponge and the fibre layers. In 

contrast, a network of sulphur can be identified throughout the entire support layer of the PESH 

membrane, in addition to the sulphur present in the porous layer.  

After membrane filtration, changes in the morphology of the membranes were identified. In this 

sense, a compaction of the support fibres and/or of the selective layer was observed at different 

levels in PES, PESH and PVDF membranes. Membrane compaction can lead to an irreversible 

flux loss and affect separation efficiency [65], even when it occurs in the support layer [66]. 

Strikingly, the PAN membrane suffered a decompaction after filtration, resulting in an increased 

size of its finger-like macro void sub-layer. This might be indicative of a manufacturing defect, 

or more severe damage of the membrane. 
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Figure 4.24. EDX elemental mapping of the cross-sectional SEM images of clean (.c) and 

fouled (.f) membranes for PES (a), PESH (b), PAN (c), and PVDF (d). 

 

Apart from morphology changes, no new elements were detected in the cross-sectional 

mappings, indicating that fouling did not occur at a pore level. On the contrary, as observed 

during the EDX analysis, various foulants were present on the surface of all the membranes 

(Fig. 4.25). Structures of calcium, copper and zinc sulphates, magnesium silicate, phosphates, as 

well as calcium, magnesium, aluminium and iron oxides were identified on the different 
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membrane surfaces (Fig. 4.25, Figs. A.4.4-6). Furthermore, elements like Fe and N were evenly 

distributed on the fouled surfaces PES, PESH and PAN membranes. Besides, even distributions 

were also observed in the foulants (Al, Si, Fe, Ca, K, Mg, N and P) of the highly fouled PES 

membrane. This is indicative of reversible fouling since they did not form part of any 

recognizable particle [67]. 

 

 

Figure 4.25. EDX elemental mapping of clean, fouled and highly fouled PES membranes. 
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3.2. Membrane retention 

As previously indicated, the semi-quantitative metal analysis showed that the hazardous metals 

in present in higher concentrations in WAS were Fe, Zn, Mn, Al, Ni, Cu, Cr and Pb, in that 

order. A quantitative analysis of these 8 metals provided their initial concentrations, which are 

shown in Fig. 4.26. 

 

Figure 4.26. Concentrations of the eight most present heavy metals in the oxidised waste 

activated sludge. 

 

Contrary to expectations based on the cut-off size of the membranes and in line with the 

findings from the EDX analysis, all metals were significantly retained by the four 50 kDa 

membranes (Fig. 4.27). The highest retentions were achieved with the PES membrane for all 

metals, except for Pb, which exhibited the highest value in the PAN membrane. Remarkably 

high retentions, reaching up to 96% (Al retention with the PES membrane) were obtained. Even 

the least retained metal, Mn, showed acceptable mean retentions (41% with the PES 

membrane). 
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Figure 4.27. Mean heavy metal retentions with PES (ƴ), PESH (ƴ), PAN (ƴ) and PVDF (ƴ) 

membranes. 

 

The metal retention by the 50 kDa membranes could be explained by various mechanisms, 

including metal precipitation or complexation with macromolecules present in the WAS, such as 

proteins, carbohydrates or humic acids. In this sense, Juang et al. [68] observed increased 

retention of Cu(II), Co(II), Ni(II) and Zn(II) retention with membranes of 10 and 30 kDa, 

achieved through complexation with chitosan (a high molecular weight carbohydrate) and 

precipitation induced by pH shifting. Thus, the effect of pH proved to be crucial, as retentions 

increased from below 0.2 to almost 1 after shifting the pH to values over 6, due to the formation 

of crystal precipitates. To investigate whether complexation with metals occurred, 

photolumiscence and absorption spectra measurements were carried out. As the protein-metal 

interaction has been thoroughly studied [42,69ï71], and given the prevalence of humic acids in 

the oxidised WAS, these measurements aimed to determine the formation of metal-humic acid 

complexes, and their formation constants. 
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3.3. Analysis of the formation of metal-humic acid complexes: 

photolumiscence and absorption spectra measurements 

Firstly, fluorescence lifetime was measured to assess whether the quenching between every 

metal and humic acid was static or dynamic quenching; i.e., if the formation of metal-humic 

acid complexes was taking place in the oxidised WAS.  

Table 4.18 confirms that for every metal the quenching effect is due to static quenching, thereby 

proving that these metals can form ground-state complexes with humic acid. 

Table 4.18. Lifetime measured for 10 ppm humic acid water solution and humic acid water 

solution with 20 ppm for each metal element. 

Lifetimes (ns) 
 

Ű1 Ű2 Ű3 ɉ2 

Humic acid 0.8 3.5 7.6 1.2 
 

Ű1/Ű Ű2/Ű Ű3/Ű 

 

Fe 1 1.03 1 

 

Cu 1 1 1 

 

Ni 0.9 1 0.99 

 

Cr 1.15 0.95 1.03 

 

Zn 1.15 1 1 

 

Pb 1 1.07 0.97 

 

Al 1.15 0.95 0.97 

 

Mn 0.9 1 1.04 

 

 

The formation constant for the reaction can be calculated using Eq. 9. Stern-Volmer plot for 

fluorescence quenching at 513 nm between F0/F and [Q] were found linear and the slop gives 

the formation constant between humic acid and metal (Fe is depicted in Fig. 4.28 as an 

example). Table 4.19 shows the calculated formation constant for each metal ion. 
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Figure 4.28. Left: Effect of concentration of Fe(NO3)3.9H2O (0, 0.37, 0.52, 1, 1.49, 2, 2.52·10-4 

mol/L) on fluorescence intensity of humic acid. Right: Stern-Volmer calibration curve of 

Fe(NO3)3.9H2O. 

 

Table 4.19. Calculated formation constant between humic acid and each metal ion. 

 

Ks (M
-1
) 

Fe
3+

 7000 ± 417 

Cu
2+

 60053 ± 3220 

Ni
2+

 18676 ± 965 

Cr
3+

 11639 ± 379 

Zn
2+

 4350 ± 152 

Pb
2+

 738± 96 

Al
3+

 822 ± 40 

Mn
3+

 1573 ± 116 

 

The observed formation constants indicated strong complex formation between Cu2+, Ni2+ and 

Cr3+ with the measured humic acid, suggesting a significant role of complexation in the 

retention of these three metal species. 

Despite its notable affinity for humic acid, Cu2+ is well-known for forming stable complex with 

proteins [72ï74]. However, Al3+ and Fe3+ exhibited higher retention than this metal. 




















































































































































































































































































































































































































































































