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“疏杂念，身如水之虚，体似水之流。入杯，即杯；至瓶，成瓶；进壶，为壶。亦舒

亦急，可湍可缓。可谓人水合一也。 

Empty your minds, be formless, shapeless, like water. Now you put water into a cup, it 

becomes the cup. You put it into a bottle, it becomes the bottle. You put it in a teapot, it 

becomes the teapot. Water can flow, or it can crash. Be water, my friend.” 

― 李小龙 

― Bruce Lee 

 

 

“The way of water has no beginning and no end. Our hearts beat in the womb of the 

world. Water connects all things, life to death, darkness to light. The sea gives and the 

sea takes.” 

―Avatar 2: The way of water 

 

 

“We never know the worth of water till the well is dry.” 

―Thomas Fuller 
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Abstract 

Water is a natural resource, critical for human life, and is an essential part of any ecosystem. 

However, the uneven distribution of water resources, the constant increase in the demand 

for clean and safe water, and the ever-increasing water pollution due to anthropogenic 

activity growth lead to significant water stress. Thus, clean water and sanitation are identified 

as the sixth goal of the Sustainable Development Goals (SDGs) adopted by the United 

Nations Member States. In this context, one of the main concerns is the presence of 

contaminants of emerging concerns (CECs) such as pharmaceuticals and personal care 

products in the aquatic environment. Among them, pharmaceuticals, which are used to treat 

a wide variety of diseases, are gained great interest since they can be found in different water 

matrices including groundwater and drinking water, entering the environment through 

different pathways such as livestock waste, urban, industry and hospital wastewater. 

Antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), analgesics and β-blockers are 

the most commonly detected pharmaceuticals in water. Although these pharmaceuticals 

appear at very low concentrations, in the order of ng/L to µg/L, their prolonged exposure in 

water can cause an adverse impact on aquatic organisms like fishes, crustaceans, and algae. 

In addition, the configuration and design of conventional wastewater treatment plants 

(WWTPs) cannot remove them completely because of the highly persistent nature and 

difference in the physicochemical properties of the present pharmaceuticals. Hence, it is 

highly crucial to develop advanced materials and efficient technologies in wastewater 

treatment. 

Among several approaches, photocatalysis has received considerable attention in water 

remediation applications to degrade contaminants of emerging concern. This technology 

consists of using photocatalysts to generate highly oxidising species under light radiation 

(UV or sunlight), which will destroy contaminants into innocuous compounds. TiO2 and 

ZnO semiconductors are the most used photocatalysts for water pollutants degradation due 

to their remarkable properties like low cost and high photocatalytic efficiency. However, 

these semiconductors present some drawbacks such as only being excited under UV 

radiation due to the wide bandgap, leading to a poor photocatalytic efficiency under solar 

radiation since only less than 4% of this radiation corresponds to UV. Additionally, the fast 

recombination of photogenerated electron-hole pairs also reduces the photocatalytic 

efficiency. Apart from these limitations, another hindrance is the recovery/reusability of the 
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photocatalyst after water treatment. Photocatalysts in suspension show limitations in their 

recovery and reuse, requiring time-consuming and expensive processes. Furthermore, the 

possible secondary pollution from nanoparticles released into water bodies may cause long-

term harmful effects on aquatic organisms. The proposed work will address these relevant 

issues, the modification of photocatalyst towards a broader wavelength absorbance under 

sunlight, as well as the immobilisation of photocatalysts to improve the reusability, eco-

friendliness, and cost-effectiveness of the photocatalytic process for water remediation. 

Taking into account these main objectives, the work are structured into five main chapters, 

starting with a brief introduction to the current problem and the solutions proposed in this 

research trying to make more practical the application of photocatalysis in pharmaceuticals 

degradation (Chapter 1). 

In the second chapter, the research lies on the systematic studies which correlate the 

interaction between pharmaceuticals pollutants and photocatalysts, the generation of reactive 

oxygen species (ROS), and the photocatalytic performance. All of it added to the 

development of Au-functionalised plasmonic photocatalysts, enhancing the photocatalytic 

performance under sunlight. To understand how the high diversity of pharmaceuticals 

determines the selection of an adequate photocatalyst for efficient and broadband pollutants 

removal, two photocatalysts TiO2 and ZnO were synthesised by the co-precipitation method, 

and then were systematically compared in the photocatalytic degradation of four 

representative pharmaceuticals: chloroquine phosphate (CLQ), paracetamol (PAR), 

diclofenac sodium (DCF), and ciprofloxacin (CIP). The results showed that key 

physicochemical properties of photocatalysts and pharmaceuticals play a significant role in 

the adsorption behaviour of pollutants on the surface of the photocatalyst and the generation 

of ROS, which have a crucial influence on the photocatalytic degradation performance. 

Under UV and at neutral pH, zwitterionic molecules such as CIP were highly degraded by 

all photocatalysts, with a degradation efficiency of 83% and 94% for TiO2 and ZnO. Cationic 

molecules such as CLQ were superiorly degraded by negatively charged TiO2 showing a 

degradation efficiency of 54%. At the same time, anionic molecules such as DCF were more 

efficiently degraded by positively charged ZnO, with a degradation efficiency of 28%, but 

lowly or negligibly degraded by TiO2. In the case of the neutral molecules such as PAR, 

ZnO presented higher degradation, attributed in this case to the higher amount of generated 

ROS. After spherical Au nanoparticles functionalisation, the correlation between the affinity 

of pollutants and nanoparticles' surface and the photocatalytic performance under UV 
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radiation was maintained. Most importantly, this sensitisation of semiconductors with Au 

made the photocatalysis possible under visible light; the nanoparticles could absorb a higher 

amount of light (reflectance decreased from 94% to 74% for TiO2:Au, and from 88% to 68% 

for ZnO:Au). 

In the third chapter, novel hybrid nanoparticles TiO2:Au-NSs were synthesised through a 

seed-mediated-growth process in order to further improve the efficiency of TiO2:Au-based 

photocatalysts and overcome the limitation of the narrow plasmonic band (~520 nm) given 

by spherical Au nanoparticles. The synthesis was focused on the modification of the shape 

of Au nanoparticles, from spherical morphology to branched morphology (nanostar). A 

multistep approach was developed, where Au spherical nanoparticles were initially 

generated onto commercial TiO2 nanoparticles (TiO2-P25) through a deposition–

precipitation method, and then further modified (growth) to induce a change in shape by a 

surfactant-free nanostars synthesis, generating a branched morphology. Once the synthesis 

process was optimised, TiO2:Au-NSs with different sizes of Au nanostar were produced by 

changing the synthesis conditions (seeds to growth Au ratio). The characterisation results 

showed that the change of the shape of Au nanoparticles on the TiO2 surface, from spherical 

morphology to branched morphology (nanostar), can enhance the visible light absorption 

decreasing the reflectance from 75% to 51% in the visible region and reduce bandgap from 

3.14 eV to 3.10 eV. When increasing the size of the Au nanostar, the reflectance of the hybrid 

nanoparticles decreased from 51% to 14% in the visible region. Additionally, the increase in 

the size of the Au nanostar extended the light absorption to the whole visible and part of the 

NIR region and reduced the bandgap from 3.10 eV to 2.86 eV. 

The different versions of hybrid nanoparticles TiO2:Au-NSs with different Au nanostar sizes 

were evaluated and compared for their photocatalytic activity under UV and visible light 

radiation to degrade the antibiotic ciprofloxacin (CIP). TiO2:Au-NSs nanoparticles with 

smaller Au nanostar morphology and the lowest amount of added Au showed a better 

photocatalytic performance degrading 83% and 89% ciprofloxacin under 30 min of UV 

radiation and 150 min of visible radiation, respectively. On the other hand, the photocatalytic 

assay under different wavelengths from the visible to NIR region was also carried out to 

understand the effect of the increase of size of Au branched nanoparticles. The TiO2:Au-NSs 

nanoparticles with smaller Au nanostar could be activated under blue, green, and red light 

radiation showing a CIP degradation efficiency of 57%, 34% and 39%, respectively. The 

bigger size of Au-branched nanoparticles limited the light-harvesting of TiO2, and reduced 
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the photocatalytic activity, although they showed a broader light absorption in the whole 

visible and part of the NIR region of sunlight radiation. Afterwards, the TiO2:Au-NSs 

nanoparticles with the best performance were successfully incorporated into poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer matrix through Non-solvent-

Induced Phase Separation (NIPS) technique to degrade ciprofloxacin, opening the door to 

future application in a cost-effective way to degrade a high number of contaminants of 

emerging concern. 

Once PVDF-HFP polymer matrix was experimentally validated as support for novel 

nanoparticles TiO2:Au-NSs incorporation, further research shifted to study the 

immobilisation technique of photocatalysts. Hence, in Chapter 4, the influence of 

immobilisation processing techniques was evaluated. For that, different 

microstructures/morphologies of PVDF-HFP-based polymeric membranes with varying 

amounts of incorporated nanoparticles were correlated with the final photocatalytic 

performance. Different amounts of synthesised TiO2:Au-NSs hybrid nanoparticles (0, 3, 8, 

and 10 wt.%) were incorporated into PVDF-HFP polymer matrix, through two different 

methods, doctor blade and salt leaching, in combination with Temperature-Induced Phase 

Separation (TIPS), giving rise to two types of photocatalytic membranes with different 

porous microstructures. Both types of membranes presented high porosity (80-90%) with 

well-distributed and interconnected pores regardless of the nanoparticle content, 

nevertheless, they showed marked differences. Doctor blade membranes showed a narrower 

pore (0.5-7 µm) and hydrophobic character regardless of UV radiation and nanoparticles 

load. On the contrary, salt leaching membranes presented a broader pore size distribution 

with a larger pore size (5-200 µm) and a more hydrophilic character when increasing 

nanoparticle content (contact angle from 96 to 80°) or under UV radiation (contact angle 

down to 71°). Later, the influence of the microstructure of the membrane on photocatalytic 

performance was studied through the degradation of ciprofloxacin (CIP) as a model 

antibiotic, under UV and visible radiation. Although an increase in nanoparticle load 

improved photocatalytic efficiency, the salt leaching membranes presented higher 

photocatalytic activity attributed to the higher porosity and access of the contaminant to the 

nanoparticle surface under the same conditions. Salt leaching membranes containing 10 

wt.% nanoparticles presented the highest degradation efficiencies, 45% with a rate constant 

of 16  10-3 min-1 under 300 min of UV radiation and 35% with a rate constant of 8.0  10-

3 min-1 under 480 min of visible radiation. In contrast, doctor blade membranes showed a 



  Abstract 

 

more limited degradation efficiency of 36% with a rate constant of 12  10-3 min-1 under UV 

radiation and 32% with a rate constant of 8.0  10-4 min-1 under visible radiation. 

For all membranes, the photocatalytic efficiency of nanoparticles immobilised is reduced 

compared with those in suspension (in Chapter 3) due to the loss of available active sites 

which are blocked in the attachment area. However, this efficiency loss can be gained in the 

reusability. Hence, reusability assays were carried out for the both most efficient membranes. 

The membrane robustness was demonstrated, with an average efficiency loss of only around 

2% for the worst case after three consecutive uses, and even improved efficiencies for salt 

leaching membranes. After showing the potential reusability of the prepared membranes, the 

suitability of these membranes for ciprofloxacin degradation in the real treated effluent water 

matrix was finally assessed. It was demonstrated that the membranes were fully functional, 

reaching degradation efficiency of 50 and 48% under UV and visible radiation, respectively, 

after three consecutive photocatalytic uses. 

Thus, the present work shows a set of different approaches that tackle the main issues related 

to the application of photocatalysis degrading pharmaceuticals for water remediation: poor 

efficiency of photocatalysts under sunlight and time-consuming and expensive processes for 

photocatalyst recovery/reuse. Finally, in chapter 5, the main conclusion and outlook are 

collected. Different plasmonic photocatalysts were prepared with enhanced photocatalytic 

efficiency under sunlight when compared to pristine semiconductors. The produced 

immobilized systems displayed an efficient functional performance and suitable reusability, 

degrading contaminants of emerging concern in a cost-effective way and avoiding harmful 

secondary pollution in the aquatic environment caused by the release of nanoparticles. 
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Resumen 

El agua es un recurso natural y crítico para la vida humana, y forma parte esencial de 

cualquier ecosistema. Sin embargo, la distribución desigual de los recursos hídricos, el 

constante aumento de la demanda de agua limpia y segura y el incremento de la 

contaminación del agua debido a la actividad antropogénica han conducido a un significativo 

estrés hídrico. Tal es la importancia que tiene abordar su escasez y calidad que ha llevado a 

su inclusión como sexto objetivo entre los Objetivos de Desarrollo Sostenible (SDGs) 

adoptados por los Estados Miembros de las Naciones Unidas. En este contexto, una de las 

principales preocupaciones es la presencia de contaminantes de emergentes (CECs) en el 

medio acuático, como pueden ser los productos farmacéuticos, los productos de cuidado 

personal, los disruptores endocrinos, etc. Entre ellos, requieren de especial atención los 

productos farmacéuticos, que se utilizan para tratar una amplia variedad de enfermedades, y 

cuya presencia ha aumentado en diferentes matrices de agua, incluidas las aguas subterráneas 

y el agua potable. Los productos farmacéuticos pueden entrar al medio ambiente a través de 

diferentes vías, habitualmente desechos ganaderos, aguas residuales urbanas, industriales y 

hospitalarias. 

Los antibióticos, los medicamentos antiinflamatorios no esteroideos (NSAIDs), los 

analgésicos y los β-bloqueadores son los fármacos detectados con mayor frecuencia en el 

agua. Aunque estos productos farmacéuticos aparecen en concentraciones muy bajas, del 

orden de ng/L a µg/L, su exposición prolongada en el agua puede causar un impacto adverso 

en organismos acuáticos como peces, crustáceos y algas. Sin embargo, la configuración y el 

diseño de las plantas de tratamiento de aguas residuales (WWTPs) convencionales no 

pueden eliminarlos completamente debido a su naturaleza altamente persistente y la 

diferencia en las propiedades fisicoquímicas es, por lo tanto, muy importante desarrollar 

materiales avanzados y tecnologías eficientes en el tratamiento de las aguas residuales. 

Entre las nuevas soluciones para la remediación ambiental del agua, la fotocatálisis aplicada 

a la degradación de contaminantes emergentes está recibiendo un considerable interés. Esta 

tecnología consiste en el uso de fotocatalizadores para generar especies altamente oxidantes 

bajo la radiación de la luz (UV o luz solar), que destruyen los contaminantes convirtiéndolos 

en compuestos inocuos. Los semiconductores TiO2 y ZnO son los fotocatalizadores más 

utilizados en este ámbito gracias a algunas de sus propiedades, como son su bajo coste y alta 

eficiencia fotocatalítica. Sin embargo, estos semiconductores presentan algunos 
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inconvenientes, como es el hecho de que solo se activan bajo radiación UV, debido al amplio 

bandgap, lo que conduce a una baja eficiencia fotocatalítica bajo radiación solar, ya que 

menos del 4% de esta radiación corresponde a UV. Además, la rápida recombinación de 

pares electrón-hueco fotogenerados también reduce la eficiencia fotocatalítica. Aparte de 

estas limitaciones, otro obstáculo es la recuperación/reutilización del fotocatalizador después 

del tratamiento del agua. Los fotocatalizadores en suspensión presentan limitaciones en su 

recuperación y reutilización, lo que implica procesos lentos y costosos. Además, la posible 

contaminación secundaria de las nanopartículas liberadas en agua puede causar a largo plazo 

efectos nocivos en los organismos acuáticos. El trabajo presentado aquí abordará estos 

problemas relevantes, la modificación del fotocatalizador para una absorción de luz de 

mayor longitud de onda bajo radiación solar, así como la inmovilización de fotocatalizadores 

para un proceso fotocatalítico más reutilizable, amigable ambientalmente y económico para 

la remediación ambiental en agua. 

En función de estos objetivos principales, el trabajo se ha estructurado en cinco capítulos, 

comenzando por una breve introducción a la problemática actual y a las soluciones 

propuestas en esta investigación para realizar una aplicación más práctica de la fotocatálisis 

en la degradación de fármacos (Capítulo 1). 

En el segundo capítulo, se presentan los estudios sistemáticos que correlacionan la 

interacción entre los fármacos y los fotocatalizadores, la generación de especies de oxígeno 

reactiva (ROS) y la eficiencia fotocatalítica. El estudio también incluye la preparación de 

fotocatalizadores plasmónicos que incorporan Au a los semiconductores para mejorar la 

eficiencia fotocatalítica bajo luz solar. Para comprender cómo la alta diversidad de productos 

farmacéuticos determina la selección de un fotocatalizador adecuado para eliminar 

eficientemente a un amplio grupo de contaminantes, se sintetizaron dos fotocatalizadores, 

TiO2 y ZnO, por el método de co-precipitación, y luego se compararon sistemáticamente en 

la degradación fotocatalítica de cuatro fármacos representativos: fosfato de cloroquina 

(CLQ), paracetamol (PAR), diclofenaco sódico (DCF) y ciprofloxacina (CIP). Los 

resultados mostraron que las propiedades fisicoquímicas de los fotocatalizadores y los 

productos farmacéuticos juegan un papel crucial en la adsorción de contaminantes en la 

superficie del fotocatalizador y la generación de ROS, lo cual significativamente influye en 

el rendimiento de la degradación fotocatalítica. Bajo UV y a pH neutro, las moléculas 

zwitteriónicas como CIP fueron altamente degradadas por todos los fotocatalizadores, con 

una eficiencia de degradación del 83% y del 94% para TiO2 y ZnO. Las moléculas catiónicas 
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como CLQ se degradaron mejor con TiO2 cargado negativamente, mostrando una eficiencia 

de degradación del 54%. Al mismo tiempo, las moléculas aniónicas como DCF se 

degradaron de manera más eficiente con ZnO cargado positivamente, con una eficiencia de 

degradación del 28%, pero se degradaron de forma baja o insignificante con TiO2. En el caso 

de las moléculas neutras como PAR, el ZnO presentó una mayor eficiencia de degradación 

debido a la mayor cantidad de ROS generada. Después de incorporar la nanopartículas 

esféricas de Au, se mantuvo la correlación entre la afinidad de los contaminantes y la 

superficie de los fotocatalizadores y la eficiencia fotocatalítica bajo radiación UV. Esta 

modificación de los semiconductores hizo posible la fotocatálisis bajo luz visible ya que los 

fotocatalizadores pudieron absorber una mayor cantidad de luz en la zona visible (la 

reflectancia disminuyó del 94% al 74% para TiO2:Au, y del 88% al 68% para ZnO:Au). 

En el tercer capítulo, se sintetizaron nuevas nanopartículas híbridas TiO2:Au-NS a través de 

un método de crecimiento mediado por semillas para mejorar aún más la eficiencia de los 

fotocatalizadores basados en TiO2:Au y superar la limitación de la banda plasmónica (~520 

nm) típica de nanopartículas esféricas de Au. La síntesis se centró en la modificación de la 

forma de las nanopartículas de Au, pasando de una morfología esférica a una morfología 

ramificada (nanoestrella). Se desarrolló un proceso de varios pasos, donde las nanopartículas 

esféricas de Au se generaron inicialmente en nanopartículas comerciales de TiO2 (TiO2-P25) 

a través de un método de deposición-precipitación, y luego se modificaron (crecimiento) 

para inducir un cambio en la forma mediante una síntesis de nanoestrellas sin surfactante, 

generando una morfología ramificada. Una vez que se optimizó el proceso de síntesis, se 

produjeron TiO2:Au-NS con diferentes tamaños de nanoestrellas de Au cambiando la 

condición de síntesis (proporción de solución de semillas a Au añadida). Los resultados de 

caracterización mostraron que el cambio de forma de las nanopartículas de Au en la 

superficie de TiO2, de morfología esférica a morfología nanoestrella, puede mejorar la 

absorción de luz visible disminuyendo la reflectancia de 75% a 51% en la región visible y 

reducir el bandgap de 3,14 eV a 3,10 eV. Al aumentar el tamaño de la nanoestrella de Au, la 

reflectancia de las nanopartículas híbridas disminuyó del 51% al 14% en la región visible. 

Además, el aumento en el tamaño de la nanoestrella Au extendió la absorción de luz a todo 

el visible y parte de la región de infrarrojo cercano (NIR) y redujo el bandgap de 3,10 eV a 

2,86 eV, respectivamente. 

Las nanopartículas híbridas TiO2:Au-NSs, con diferentes tamaños de nanoestrellas de Au, 

se evaluaron y compararon sus actividades fotocatalíticas bajo radiación de luz visible y UV 



Resumen 

 

para degradar el antibiótico ciprofloxacina (CIP). Las nanopartículas de TiO2:Au-NSs con 

una morfología de nanoestrella de Au más pequeña y la cantidad más baja de Au añadida 

mostraron un mejor rendimiento fotocatalítico al degradar el 83% y 89% de CIP bajo 30 min 

de radiación UV y 150 min de radiación visible, respectivamente. Por otro lado, también se 

llevó a cabo el ensayo fotocatalítico bajo diferentes longitudes de onda, desde la región 

visible hasta la NIR, para comprender el efecto del aumento de tamaño de las nanoestrella 

de Au. Las nanopartículas de TiO2:Au-NSs con nanoestrellas de Au más pequeñas pudieron 

activarse bajo radiación de luz azul, verde y roja mostrando una eficiencia de degradación 

de CIP del 57%, 34% y 39%, respectivamente. El mayor tamaño de nanoestrella de Au limitó 

la captación de luz de TiO2 y redujo la actividad fotocatalítica, aunque mostraron una 

absorción de luz más amplia en toda la región visible y parte de la región NIR de la radiación 

solar. Posteriormente, las nanopartículas de TiO2:Au-NSs con la mejor eficiencia 

fotocatalítica se incorporaron con éxito a la matriz polimérica de poli(fluoruro de vinilideno-

co-hexafluoropropileno) (PVDF-HFP) mediante la técnica de separación de fases no 

inducida por disolventes (NIPS) para degradar la ciprofloxacina, abriendo la puerta a futuras 

aplicaciones de una manera rentable para degradar una gran cantidad de contaminantes 

emergentes. 

Una vez que la matriz polimérica de PVDF-HFP se validó experimentalmente como soporte 

para la incorporación de nuevas nanopartículas de TiO2:Au-NSs, la investigación se 

desplazó hacia el estudio de la técnica de inmovilización de fotocatalizadores. Por lo tanto, 

en el Capítulo 4, se evaluó la influencia de las técnicas de procesamiento de inmovilización. 

Para ello, se correlacionaron diferentes microestructuras/morfologías de membranas 

poliméricas basadas en PVDF-HFP con cantidades variables de nanopartículas incorporadas 

con la eficiencia fotocatalítica final. Se incorporaron diferentes cantidades de nanopartículas 

híbridas de TiO2:Au-NSs sintetizadas (0, 3, 8 y 10 % en peso) en la matriz polimérica de 

PVDF-HFP, a través de dos métodos diferentes, “Doctor Blade” y “salt leaching”, en 

combinación con la separación de fases inducida térmicamente (TIPS), dando lugar a dos 

tipos de membranas fotocatalíticas con diferentes microestructuras porosas. Ambos tipos de 

membranas presentaron alta porosidad (80-90%) con poros bien distribuidos e 

interconectados independientemente del contenido de nanopartículas, sin embargo, 

mostraron grandes diferencias. Las membranas obtenidas por Doctor Blade mostraron una 

estrecha distribución de tamaños de poro (0,5-7 µm) y un carácter hidrófobo 

independientemente de la radiación UV y la cantidad de nanopartículas. Por el contrario, las 
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membranas obtenidas por salt leaching presentaron una amplia distribución de tamaños de 

poros (5-200 µm) y un carácter más hidrófilo al aumentar el contenido de nanopartículas 

(ángulo de contacto de 96 a 80°) o bajo radiación UV (ángulo de contacto bajó hasta 71°). 

Posteriormente, se estudió la influencia de la microestructura de la membrana sobre el 

rendimiento fotocatalítico mediante la degradación de antibiótico ciprofloxacina (CIP), bajo 

radiación UV y visible. Aunque un aumento en la cantidad de nanopartículas mejoró la 

eficiencia fotocatalítica, las membranas obtenidas por salt leaching presentaron una mejor 

actividad fotocatalítica atribuido a la mayor porosidad y acceso del contaminante a la 

superficie de las nanopartículas bajo las mismas condiciones. Las membranas obtenidas por 

salt leaching que contenían 10% en peso de nanopartículas presentaron la eficiencia de 

degradación más alta, de 45%, con una constante cinética de degradación de 16 × 10-3 min-

1 bajo 300 min de radiación UV y una eficiencia de degradación de 35% con una constante 

cinética de 8,0 × 10-3 min-1 bajo 480 min de radiación visible. Por el contrario, las membranas 

obtenidas por Doctor Blade mostraron una eficiencia de degradación más limitada, del 36 % 

con una constante cinética de 12 × 10-3 min-1 bajo radiación UV y del 32 % con una constante 

cinética de 8,0 × 10-4 min-1 bajo radiación visible. 

Para todas las membranas, la eficiencia fotocatalítica de las nanopartículas inmovilizadas se 

reduce en comparación con aquellas en suspensión (en el Capítulo 3) debido a la pérdida de 

centros activos al estar en contacto con la matriz polimérica. Sin embargo, esta pérdida de 

eficiencia se compensa con la capacidad de reutilización y prolongada vida útil. Por lo tanto, 

se llevaron a cabo ensayos de reutilización para las dos membranas más eficientes. Se 

demostró la robustez de la membrana, con una pérdida de eficiencia promedio de alrededor 

del 2% en el peor caso después de tres usos consecutivos, e incluso eficiencias mejoradas 

para las membranas obtenidas por salt leaching. Finalmente se evaluó el uso de estas 

membranas para la degradación de ciprofloxacina en agua residual tratada. Se demostró que 

las membranas eran completamente funcionales, alcanzando una eficiencia de degradación 

del 50 y 48% bajo radiación UV y visible, respectivamente, después de tres usos 

fotocatalíticos consecutivos. 

Por lo tanto, el presente trabajo muestra un conjunto de diferentes métodos que abordan los 

principales problemas relacionados con la aplicación de fotocatálisis en la degradación de 

fármacos: baja eficiencia de los fotocatalizadores bajo luz solar y procesos costosos y lentos 

para la recuperación/reutilización del fotocatalizador. Se prepararon diferentes 

fotocatalizadores plasmónicos con una eficiencia mejorada bajo radiación solar en 



Resumen 

 

comparación con los semiconductores puros. Los sistemas inmovilizados producidos 

mostraron un eficiente funcionamiento y una apropiada reutilización para degradar de una 

manera rentable los contaminantes emergentes y evitar la contaminación secundaria causada 

por la liberación de nanopartículas. En el capítulo 5, se recogen las principales conclusiones, 

así como las perspectivas para su implementación y mejora, de este trabajo.  
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Laburpena 

Kezka sortzen ari diren kutsatzaileek, hala nola, produktu farmazeutikoek, arazo global berri 

bat dakarte uraren kalitaterako; konposatu horiek oso erresistenteak dira ohiko hondakin-

uren tratamenduetan, eta ingurumena kutsa dezakete. Hori dela eta, kalte larriak eragiten 

dizkiete uretako organismoei eta ondorioz, gizakien osasunari. Azken hamarkadetan, 

fotokatalisi erdieroalea etorkizun handiko teknologia bihurtu da kutsatzaile horiek 

degradatzeko. Hala ere, eguzki-argipean dauden fotokatalizatzaileen eraginkortasuna eskasa 

da. Gainera, uraren erremedizazioan aplikatzeko bi arazo nagusienak dira denbora asko 

kontsumitzea eta fotokatalizatzaileak berreskuratzeko/berrerabiltzeko prozesu garestiak 

izatea. Doktore-tesi honek oztopo horiek gainditzea du helburu. Lehenik eta behin, kontuan 

hartu da kutsatzaileen eta fotokatalizatzaileen arteko elkarrekintzaren garrantzia, 

errendimendu fotokatalitikorako oxigeno espezie erreaktiboak (ROS) sortuz. Gero, 

fotokatalizatzaile plasmoniko funtzionalak garatu dira. Ondoren, TiO2 funtzionalizatzen 

duen urrezko nanoizarrek erabiltzen duten fotokatalizatzaile berriak eta eraginkorragoak 

garatu eta probatu dira aplikazio fotokatalitikorako. Azkenik, fotokatalizatzaile berriak 

polimeroen matrizean erantsi dira teknika ezberdinen bidez aplikazio fotokatalitikoetan 

berrerabili eta berreskuratzeko. Lortutako emaitzei esker, ondoriozta daiteke garatutako 

material hibrido fotokatalizatzaileek atea irekitzen dutela CEC kutsatzaileen mota asko 

modu eraginkorrean degradatzeko eguzkiaren argia erabiliz, uraren purifikazio prozesuan. 
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总结 

药物等新兴污染物 (CECs) 的出现已成为全球性的问题。由于传统污水

处理方法不能有效地去除这些污染物，使其进入大自然对水生生物和人

类健康造成严重威胁。近来，半导体光催化技术在新兴污染物降解方面

的应用得到了广泛的关注。然而，光触媒在阳光下的低利用效率，耗时、

昂贵的回收和再利用等过程限制了光催化在水修复中的应用。这篇博士

论文的重点是克服这些障碍。首先，考虑了污染物与光催化剂之间相互

作用和活性氧物种 (ROS) 的产生对光催化性能的影响。然后，进行了等

离子体光催化剂的开发。使用金纳米星改良过的二氧化钛来制备新型高

效的光催化剂。最后，通过不同的技术将新型光催化剂固定在聚合物中，

以实现其在光催化应用中的可重复使用和回收。实验结果表明，所制备

的光催化材料能高效利用太阳能降解多种新兴污染物，为光催化在污水

处理方面的应用打开了大门。 
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Chapter  1 
 Introduction 

 

 

 

 

 

 

The presence of pharmaceuticals in the environment has gained increasing attention and 

many efforts have been made to tackle it. Among many solutions, photocatalysis arises as 

a promising technology for degrading pharmaceuticals in water. This chapter presents a 

state-of-the-art of the central concepts of photocatalysis and photocatalytic materials used 

in the current work. The primary objectives and structure of the thesis are also indicated. 
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1.1. Motivation 

Nowadays, water scarcity affects a significant part of the worldwide population [1]. 

According to United Nations Children’s Fund (UNICEF) and World Health Organization 

(WHO), nearly 785 million people in the world - almost 10% of the global population, in 

particular in underdeveloped countries, have no access to safe drinking water (Figure 1.1) 

[2]. Thus, addressing clean water scarcity has been selected as the sixth goal of the 

Sustainable Development Goals (SDGs) adopted by the United Nations Member States in 

2015 [1]. 

 

Figure 1.1. Proportion of the population using at least basic drinking water services in 2020 

according to the assessment of UNICEF and WHO. Adapted from [2]. 

 

The increasing water pollution due to world population and humankind activity growth is 

aggravating the water stress [3–5] which is estimated to affect over half of the global 

population by 2050 [4]. Additionally, more than 1.5 million deaths per year are estimated 

due to the consumption of unsafe/contaminated water [6]. The pollutants such as pathogens, 

fertilizers, pesticides, dyes and heavy metals mainly coming from agriculture and industry 

effluents [5,7], have traditionally been considered the main cause of water pollution [7]. 

People are aware of these conventional pollutants because of their known permissible 

standard limit and well-described harmful effects on ecosystems and human health [7,8]. 

In recent decades, one of the biggest concerns in the environmental field is the contaminants 

of emerging concern (CECs) [3,9]. Although their risk of health hazardous is uncertain due 

to a lack of studies and there are no established regulations [7,9,10], the elimination of CECs 

from the water bodies has raised attention to prevent their potentially toxic consequences 

and possible adverse effects on the health of living aquatic organisms and humans [9,11]. 
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On the other hand, a watch list for nearly 30 priority pollutants has been established by 

European Commission to monitor these concerned substances in water for human 

consumption [8,12]. 

 

1.2. Contaminants of emerging concern and pharmaceuticals 

Contaminants of emerging concern (CECs) are a group of natural and synthetic chemicals 

such as pharmaceuticals, personal care products, endocrine-disrupting chemicals (EDCs), 

disinfection byproducts and nanomaterials [3,11,13]. Among them, pharmaceuticals, which 

are used to treat a wide variety of diseases, have gained great interest since they can be found 

in different water matrices such as wastewater [3], hospital sewers [11], surface waters 

[11,14], groundwater [14] and drinking water [14], entering the environment through 

different pathway [3,14–16], as shown in Figure 1.2. 

 

Figure 1.2. Sources and pathways of the pharmaceuticals in the environment [3,14,16,17]. 
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The urban wastewater and livestock waste are the main sources, which contains a high load 

of pharmaceuticals from human and animal excrement [14,16] because certain 

pharmaceuticals cannot be completely metabolized in their body [3,14]. Furthermore, the 

inadequate disposal of unused drugs can also be one of the pathways of pharmaceuticals into 

the environment [14,16]. The pharmaceutical industry and hospital wastewater are other 

direct sources, with high concentrations of pharmaceuticals [16,17]. These types of 

wastewater enter into wastewater treatment plants (WWTPs) before discharging into the 

environment [16,17]. However, these resilient pharmaceutical compounds cannot be 

removed efficiently by the conventional treatment processes and may end up in effluents 

[3,14], contaminating the aquatic environment [16,18]. On the other hand, chemicals used 

in aquaculture and animal excreta used in agriculture as fertilizers are other sources for 

pharmaceuticals entering surface water and groundwater [3,16]. 

Among pharmaceuticals, antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), 

analgesics and β-blockers are the most commonly detected classes in water [3,13,16,19]. 

Table 1.1 shows the most frequently detected pharmaceuticals according to their type 

[3,16,19]. Usually, these pharmaceuticals appear at a very low concentration, in the order of 

ng/L to µg/L [3,20,21]. However, their prolonged exposure in water can cause an adverse 

impact on aquatic organisms [3,11] like fishes [17], crustaceans [22], and algae [23]. 

Furthermore, many of them can even be bioaccumulated and, ultimately, end up in human 

bodies through the food chain and drinking water [3,11,15]. For example, antibiotics are of 

special concern due to their high consumption, persistent nature, partial metabolism and easy 

movement through ecosystems [11,16,24]. Moreover, their presence in nature water can 

develop antimicrobial resistance in microorganisms leading to antibiotic resistant bacteria 

(ARB) [3,16,21], which reduces the efficiency of current antibiotics to treat infections and 

diseases [11,16]. NSAIDs and analgesics, having a high production and consumption, are 

often combined with antibiotics in veterinary medicine [16]. Their release into the 

environment has biological effects on living organisms and plant growth [16]. β-blockers is 

another highly consumed pharmaceutical group for hypertension treatment [25]. Their 

dissemination in nature can cause neurotoxic and reproductive disorders in living organisms 

[16]. On the other hand, there is a suddenly increased use of many pharmaceuticals including 

analgesics, mucolytics and anti-biotic/viral/inflammatory drugs to control and treat COVID-

19 [26] ignoring their potential environmental impact [27]. 
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Table 1.1. Common detected pharmaceuticals in environmental waters. 

Type  Pharmaceuticals 

Antibiotics  
Ciprofloxacin, Norfloxacin, Sulfamethoxazole, 

Trimethoprim 

Non-steroidal anti-inflammatory drugs 

(NSAIDs) 
 Diclofenac, Ibuprofen, Naproxen, Ketoprofen 

Analgesics  Paracetamol, Acetylsalicylic acid 

β-blockers  Propranolol, Atenolol, Metoprolol, Bisoprolol 

 

Due to the highly persistent nature and difference in the physicochemical properties of the 

present pharmaceuticals [3,28], the configuration and design of conventional technologies 

such as coagulation/flocculation, filtration and biological processes in WWTPs facilities 

cannot remove them completely [28,29]. For instance, the small size of many 

pharmaceuticals makes them difficult to be removed completely by filtration [11] and bio-

recalcitrant nature of pharmaceuticals render the biological treatment ineffective [28,29]. 

Hence, it is crucial to develop advanced materials and efficient technologies in wastewater 

treatment. Several approaches have been studied and tested to tackle this problem, such as 

activated carbon adsorption [3], membrane technology [20] and Advanced Oxidation 

Processes (AOPs) [13,29]. 

Although activated carbon adsorption is extensively used in wastewater treatment with high 

removal efficiency of NSAIDs type pharmaceuticals [3], the pollutants are not eliminated 

and only pass from a liquid to a solid phase requiring further treatments [30]. In membrane 

filtration like nanofiltration and reverse osmosis (RO), pollutants are retained in the 

pressurised side of the membrane while the clean water passes to the other side. This 

technology shows the same disadvantage as adsorption that cannot remove the pollutants 

completely and generates new waste. Furthermore, membrane technologies require an 

enormous energy demand [11]. To overcome these challenges, AOPs as an innovative water 

treatment technology has attracted attention [29]. 

 

1.3. Advanced oxidation processes 

Advanced Oxidation Processes (AOPs) are efficient environmentally friendly processes 

based on the generation of highly reactive species such as hydroxyl radical (•HO), which can 

degrade the pollutants in wastewater [9,28,31]. The most common AOPs include techniques 
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such as ozonation, photolysis, Fenton oxidation, electrochemical oxidation, ultrasound 

irradiation and photocatalysis, among others [9,21,28]. 

Ozonation has proven to be capable of efficiently oxidise a wide range of pollutants [9,11]. 

In this process, ozone is decomposed in water to form hydroxyl radicals, which is a stronger 

oxidising agent than ozone [32]. This technique has the advantage of allowing the 

application even at unstable flow rates [9,32]. Additionally, the ozonation treatment can be 

enhanced by coupling with hydrogen peroxide and/or light radiation [9]. However, there are 

many disadvantages to this process, mainly high cost, mass transfer limitations of O3, and 

high temperature and pH dependence [9,13]. 

Photolysis is the decomposition of pollutants dissolved in water through chemical reactions 

induced by light radiation (artificial or natural) [21,32]. However, the process efficiency 

depends on the absorption spectrum of the target pollutant, radiation intensity and frequency, 

and water matrix, among others [9,32]. Direct photolysis is relatively ineffective in the 

removal of recalcitrant contaminants effluents towards other treatments [9]. It is typically 

applied with photo-sensitive compounds like oxygen, hydroxyl or peroxyl radicals [9,21,32]. 

Fenton oxidation is another widely applied AOP [21], which takes place under mild acidic 

conditions with a mixture of hydrogen peroxide solution and an iron salt catalyst (ferrous or 

ferric ions) [21,28]. The mechanism is based on the decomposition of ferric ions by the 

hydrogen peroxide in the aqueous phase, yielding hydroxyl radicals [9,32]. Moreover, this 

process can be significantly increased through combination with UV light (photo-Fenton), 

with an electrochemical process (electro-Fenton) or even with both (photo-electro-Fenton) 

[21,28]. However, the process is highly dependent on the pH, temperature and hydrogen 

peroxide, among others [9,32], and requires a time-consuming process to recover the 

precipitates [21]. 

During the electrochemical processes, oxidation occurs on the surface of the anodes in the 

presence of an electrolyte [32]. Typically, graphite (C), titanium dioxide (TiO2), Ti-based 

alloys, iridium oxide (IrO2) and, more recently, boron-doped diamond (BDD) are used for 

anodes [28]. In this way, pollutants are firstly adsorbed onto the anode surface and then 

destroyed through a direct anodic oxidation-anodic electron exchange [32]. Although there 

is no need any additional chemicals, this process requires high energy and its efficiency 

depends on the selection and maintenance of the electrode materials [28,29,33]. 
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Another AOP which has gained popularity is ultrasound irradiation, which is based on the 

production of hydroxyl radical (•OH) from water pyrolysis due to the high intensity of cavity 

bubbles produced by acoustic radiation [28]. Despite not requiring additional chemicals, this 

technique is rather energy-demanding, limiting its application in the industry [28,29]. 

It is in this context that semiconductor photocatalysis becomes a promising technology. 

Mainly because when compared with other AOPs, it is eco-friendly and only requires a 

source of radiation (UV or sunlight) and a photocatalyst without the addition of any 

chemicals or current, making it a straightforward and a cost-effective process [9,21,34]. 

Furthermore, photocatalysis can be carried out at ambient conditions and could allow the use 

of solar energy as a light source [21]. A more detailed explication of it is given in the 

following section. 

 

1.4. Heterogeneous photocatalysis in water remediation 

Catalysis is a term introduced by Baron J. J. Berzelius in 1835 to describe the property of 

substances, the so-called catalysts, that facilitate chemical reactions without being consumed 

in them [35]. Homogeneous catalysts are present in the same phase as reactants and products, 

while heterogeneous catalysts are present in a different phase which can be easily separated 

from the product stream [35]. The term “photocatalysis” was mentioned for the first time in 

1911 by Eibner when referring to catalytic processes induced by radiation absorption 

(ultraviolet, visible, or infrared), using a photocatalyst [36]. In 1960’s, Fujishima and Honda 

published a work related to water splitting under visible radiation with a titanium dioxide 

(TiO2) electrode and without an application of external voltage [36,37]. Later, in 1977, Frank 

and Bard reported the degradation of cyanide and sulfite from water with different 

photocatalysts [36,38]. This work proved that photocatalysis was an effective wastewater 

treatment method because it allowed the degradation of organic contaminants into innocuous 

compounds such as CO2 and H2O [39,40]. Our work will focus on heterogeneous 

photocatalysis. 

 

1.4.1. Mechanism and reaction pathways 

The photocatalysis, as shown in Figure 1.3, takes place when a photocatalyst absorbs a 

photon with energy (h) equal or higher than its bandgap (Eg) under light radiation [41,42]. 
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This makes an electron (𝑒𝐶𝐵
− ) excited from the valence band (VB) of photocatalyst into the 

conduction band (CB), leaving a hole (ℎ𝑉𝐵
+ ) in the valence band (VB) [42,43]. This 

photogenerated electron-hole (e--h+) pair can recombine again producing heat [21,42] or 

migrate to the photocatalyst surface being involved in the redox reactions to produce highly 

reactive oxygen species (ROS) [21,41]. Holes react with water to produce hydroxyl radicals 

(•OH) and electrons react with dissolved O2 in water to form superoxide radicals (•O2
−), 

which degrade pollutants into harmless compounds [41,43,44]. 

 

Figure 1.3. Schematic representation of the photocatalytic mechanism on a semiconductor 

nanoparticle in the presence of a water pollutant and with light irradiation (hυ). 

 

In brief, the mechanism of photocatalysis and formation of ROS can be presented in the 

following equations (Equation 1.1-1.8) [21,44,45]. As mentioned, the principle of 

photocatalysis lies on the activation of the photocatalyst by an energy source (light 

radiation), represented in Equation 1.1. 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
     ℎ𝜐     
→    ℎ𝑉𝐵

+ + 𝑒𝐶𝐵
−           (1.1) 

The photogenerated holes (ℎ𝑉𝐵
+ ) have a high oxidation potential yielding hydroxyl radicals 

(•OH) by oxidising water molecules (Equation 1.2). The electrons ( 𝑒𝐶𝐵
− ) reduce the 

dissolved oxygen, originating superoxide radicals (•O2
−) (Equation 1.3). These can 

subsequently react with hydrogen ions (H+) to form hydroperoxyl radicals (•HO2) (Equation 

1.4), which afterwards are converted into hydrogen peroxide (H2O2) (Equation 1.5). 

ℎ𝑉𝐵
+ + 𝐻2𝑂 →  

•𝑂𝐻 + 𝐻+          (1.2) 
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𝑒𝐶𝐵
− + 𝑂2 →  

•𝑂2
−           (1.3) 

 •𝑂2
− + 𝐻+ →  •𝑂𝑂𝐻           (1.4) 

 •𝑂𝑂𝐻 +  •𝑂𝑂𝐻 → 𝐻2𝑂2 + 𝑂2         (1.5) 

The produced H2O2 may act as an electron receptor generating other hydroxyl radicals 

(Equation 1.6) or may react with the •O2
− (Equation 1.7): 

𝑒𝐶𝐵
− + 𝐻2𝑂2 → 𝑂𝐻

−+ •𝑂𝐻          (1.6) 

 •𝑂2
− + 𝐻2𝑂2 → 𝑂𝐻

−+ •𝑂𝐻          (1.7) 

Finally, the generated ROS degrade pollutants through several cascade reactions to finally 

give rise to smaller molecules such as water or carbon dioxide (Equation 1.8): 

 •𝑂𝐻/ •𝑂2
−/ •𝑂𝑂𝐻 + 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝐻2𝑂 + C𝑂2       (1.8) 

 

1.4.2. Kinetics of reaction 

Kinetic is another widely studied issue related to photocatalytic degradation of water 

pollutants since it is useful for the understanding of the mechanisms involved in the reaction 

as well as process scale-up [46,47]. The overall heterogeneous photocatalysis process can 

be decomposed into the following steps [42,48,49]: 

1) Mass transfer of the pollutants from the liquid phase to the photocatalyst surface 

2) Adsorption of the pollutant on the photocatalyst surface 

3) Redox reactions in the adsorbed phase for pollutants 

4) Desorption of products 

5) Mass transfer of the products into the liquid phase 

The kinetic model is developed considering the step 2, 3 and 4 [21,48]. Several studies have 

stated that these photocatalytic reactions usually follow the classical Langmuir-Hinshelwood 

(L-H) model which is simplified to pseudo-first order kinetics or zero-order kinetics, 

depending on the experimental conditions [46,50,51]. The initial concentration of the 

pollutant is an important factor since it directly affects the coverage of the surface of the 

catalyst [21]. Under a high concentration, the pollutant completely covers and saturates the 

photocatalyst surface and the Langmuir-type kinetic rate is the zero-order type, which 

implies that the overall rate does not depend on external mass transfer. When the initial 
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concentration of the pollutant is low, the kinetic rate is pseudo-first order type. In this case, 

the kinetic depends on mass transfer regardless of the initial concentration [46,47,52]. 

This L-H model (Equation 1.9) is commonly used to estimate the kinetics of heterogeneous 

photocatalytic materials, on the assumption of the adsorption/desorption equilibrium of the 

reactants to the catalyst [47]: 

𝑟 = −
𝑑𝐶

𝑑𝑡
=
𝑘𝑟𝐾𝐿𝐶

1+𝐾𝐿𝐶
           (1.9) 

where, r is the reaction rate, t is time, C is pollutant concentration, kr is the reaction rate 

constant and KL is the Langmuir adsorption constant. 

If the reactant concentration is low (< 1 mM), (KLC < 1), it is possible to simplify to an 

“apparent” pseudo-first-order kinetic law (Equation 1.10) [49,51]: 

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝑘𝐶         (1.10) 

where k = krKL is the apparent reaction rate constant. After the integration of Equation 1.10 

[51]: 

𝐶 = 𝐶0𝑒
−𝑘𝑡          (1.11) 

where C0 and C represent the concentration of the pollutant at time 0 min and at time t, 

respectively. k is the apparent reaction rate constant. 

However, the L-H model is not able to define the relationship between the reaction rate (r) 

and the intensity of the photon flux [47,48]. Although the L-H model is used in the general 

situation of heterogeneous photocatalytic reactions, it disregards several steps of the process 

such as [47,48]: 

1) Generation of free holes in the valence band and free electrons in the conduction 

band 

2) Reduction of the dissolved oxygen by the photogenerated electrons 

3) Trapping of the photogenerated holes in surface states 

4) Charge carriers recombination 

In spite of the cited restrictions, a significant number of works continue to use the L-H model, 

mainly because the majority of these studies deal with low contaminants concentration 

avoiding photocatalyst saturation, following the L-H kinetics [47,53]. In addition, it offers a 

simple tool that can be used to empirically compare variations in the catalyst to evaluate its 

performance. 
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1.4.3. Operational parameters of photocatalysis 

Apart from the photocatalytic mechanism, it is important to understand the main operating 

conditions to achieve an efficient photocatalytic degradation for pollutant removal [54–56]. 

Several works have studied some crucial operational parameters that influence 

photocatalytic efficiencies, such as the photocatalyst concentration, the contaminant 

concentration (presence of other chemicals, or water matrix effect), the dissolved oxygen 

concentrations, pH, temperature, and the illumination conditions [21,42,44]. For easy 

readability and comprehension, the different parameters are discussed separately. 

 

1.4.3.1. Photocatalyst concentration 

The photocatalyst concentration is one of the most important factors affecting the 

photocatalytic process [56]. Many works have studied its influence on photocatalytic 

efficiency. In general, a higher concentration of photocatalyst led to a higher reaction rate 

[57–60] due to a larger surface area of photocatalysts improving light harvesting, which 

indicated that there are more available active sites and higher rates of reactive oxygen species 

generation [21,44,56]. However, above a threshold concentration the photocatalytic 

efficiency decreased with increasing the photocatalyst concentration [61–64]. Since the 

sedimentation and aggregation of photocatalysts increased the turbidity of the reaction 

solution reducing the penetration of light radiation [44,56,64]. Furthermore, the 

agglomeration of the particles decreased the active surface area of photocatalysts [21,55,62]. 

It is also important to indicate that the optimum concentration of photocatalysts depends on 

the types of photocatalysts and contaminants and the experimental conditions [55,56]. 

 

1.4.3.2. Illumination conditions 

The light source is considered an essential factor to initiate the photocatalysis [56]. The light 

wavelength and intensity should be adequate to excite the electron-hole pair in the 

photocatalyst to start the photodegradation of pollutants [44]. 

The photocatalytic degradation rate depends on the light intensity and three regimes can be 

identified [21]. Under low intensity (< 20 mW/cm2), the reaction rate increases linearly with 

light intensity indicating that the reaction rate can be enhanced by light intensity [45,51]. At 

medium intensity (≈ 25 mW/ cm2) [56], the reaction rate becomes square root dependent on 
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the light intensity since the electron-hole pair formation competes with electron-hole pair 

recombination causing a reduction of photocatalytic efficiency [45,51,56,65]. However, at 

very high intensities the reaction rate is independent of the light intensity because there is a 

predominance of electron-hole recombination [51,65]. 

 

1.4.3.3. pH of solution 

The solution pH plays an essential role in photocatalytic reaction because it affects the 

amount of hydroxyl radicals (•OH), which takes part in the photodegradation of pollutants 

[21,56]. Under basic condition, the high concentration of OH– can improve the production 

of •OH radicals, enhancing the photocatalytic degradation of pollutants [59,62]. 

Additionally, pH also influences the surface charge on the photocatalysts and deprotonation 

process of pollutants molecule affecting the adsorption behaviours between pollutants and 

photocatalysts – the first step of the photodegradation of pollutants [21,42,55]. The point of 

zero charge (PZC) is the point at which the surface of the photocatalyst is zero charged, i.e., 

there is a low coulombic interaction between the photocatalyst particles and charged 

pollutants due to the absence of any electrostatic forces [21,42,46]. In addition, when the pH 

of the solution is equal to the PZC of the photocatalyst and this is in a colloidal suspension, 

the uncharged photocatalysts surface leads to agglomeration and sedimentation of 

photocatalysts and limits the penetration of light [42,46]. When pH is above the PZC value, 

the photocatalyst surface becomes negatively charged, while pH below this value, 

photocatalyst surface becomes positively charged [21,46]. Cationic pollutants can adsorb on 

the negatively charged surface of photocatalyst, while it is repelled from the positively 

charged surface and vice versa [45,56]. In this way, the electrostatic attraction or repulsion 

between the photocatalyst surface and the pollutant may enhance or inhibit the photocatalytic 

efficiency, respectively [45,55]. An optimum pH of solution for improving photocatalytic 

reaction rate should take into account the characteristics of photocatalysts and pollutants 

under different pH values [56,59]. In addition, some works reported on the influence of the 

pH of the solution on the position of conduction and valence bands of photocatalysts also 

affecting the generation of electron-hole pairs and therefore the photocatalyst performance 

[42,45]. 
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1.4.3.4. Reaction temperature 

The photocatalytic systems can be operated at room temperature being a promising method 

for water remediation [42]. The optimum temperature for photocatalysis is between 20 °C 

and 80 °C [42,51], and a slight increase in temperature in this range leads to an increase in 

reaction rate probably due to the increasing fraction of collisions in the Arrhenius equation 

[46,66]. At high temperature (> 80 °C), the adsorption of pollutants on the photocatalyst 

surface is disfavoured and the electron-hole pair recombination is favoured, which decreases 

the efficiency of photocatalytic process [42,46]. At very low temperature (< 0 °C), the 

apparent activation energy is increased, which limits the desorption of the final product and 

reduces the photocatalytic activity [42,51,65]. On the other hand, it should be noted that the 

increase in temperature results in a decrease of the dissolved oxygen, which affects the 

photocatalytic process [65]. 

 

1.4.3.5. Dissolved oxygen 

The presence of dissolved oxygen (DO) is an important parameter affecting the 

photocatalytic efficiency, but does not affect the adsorption on the photocatalyst surface 

[21,44]. Oxygen acts as a trap for photogenerated electrons avoiding them from 

recombination with the photogenerated hole [42,44]. Moreover, it involves the formation of 

reactive oxygen species such as the superoxide radical (•O2
−) improving the photocatalytic 

degradation of pollutants [44,46]. 

 

1.4.3.6. Initial concentration of the pollutant 

The photocatalytic efficiency depends on the initial concentration of pollutants in the 

solution [21,46,56]. It is observed that higher pollutants concentration decreases the 

photocatalytic degradation rate [57,59,67,68]. This is attributed to the fact that higher 

amount of pollutant molecules were adsorbed on the active sites of the photocatalyst 

reducing the formation of reactive oxygen species (ROS) [21,46,62]. Furthermore, high 

concentrations of pollutants produced more byproducts and intermediates during the 

photocatalysis, which competed with pollutants molecules for the limited number of active 

sites on the photocatalyst surface decreasing the degradation rate of pollutants [21,45,61]. In 

addition, the pollutants absorbed the photon of light radiation and attenuated the absorption 
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of photon on the photocatalyst surface reducing the generation of ROS and photocatalytic 

efficiency [21,45,63]. 

 

1.4.3.7. Morphology of the photocatalysts 

The photocatalytic behaviour of photocatalyst significantly depends on its size and 

morphology [42,69]. To date, different synthesis methods are used to obtain photocatalysts 

with controlled structure such as nanofibers, nanoplates, nanosphere and nanorods [70–73]. 

The morphology can affect the surface area increasing or decreasing the contact area 

between the pollutants and photocatalyst, improving or reducing the photocatalytic activity 

[42,69,72]. Additionally, photocatalyst with small particles´ size possess larger surface area 

increasing the number of active sites and photocatalytic activity [42,72]. Furthermore, the 

small photocatalyst size can shorten the pathway for electron-hole pair to migrate to the 

surface of photocatalysts, reducing the possible recombination and enhancing the 

photocatalytic efficiency [72,74]. 

 

1.4.3.8. Presence of chemical species 

The photocatalytic efficiency also depends on the presence of chemical species in the water 

[42]. Adding chemical oxidants, such as hydrogen peroxide, into photocatalytic system can 

improve the reaction rate by preventing the electron-hole pair recombination and generating 

more reactive oxygen species, mainly •OH [21,43,44].  

The presence of inorganic anions in water body has a significant influence on the 

photocatalytic degradation of pollutants [21,45]. These inorganic species, such as Cl−, SO4
2−, 

HCO3
−, NO3

−, NO2
− and HCO3

−, can be absorbed on the photocatalyst surface and react with 

holes and hydroxyl radicals reducing the number of active sites and inhibiting the 

photocatalytic efficiency [21,45,75]. On the other hand, they can affect solution pH leading 

to agglomeration of photocatalysts and decreasing the photocatalytic degradation [21]. 

Organic matter is widely present in natural water body, which reduces the photocatalytic 

efficiency for pollutant removal [21,76,77], since it competes with pollutants for the same 

generated reactive oxygen species [21,77]. The presence of organic matter has an influence 

on the adsorption process reducing the contact between pollutants and the photocatalyst 

surface [76,78]. Furthermore, the organic matter can also absorb the light creating an inner 
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filter effect and reducing the amount of hole-pairs generation and the photocatalytic activity 

[21]. 

 

1.4.4. Photocatalytic materials 

Semiconductors such as TiO2 [21], ZnO [79], CeO2 [80], Fe2O3 [54] and CdS [44] have been 

widely used as photocatalysts for water pollutants degradation [21,34,56]. Among these 

materials, TiO2 and ZnO are highly used photocatalysts [81,82]. TiO2, which has a bandgap 

between 3.0 and 3.2 eV, presents remarkable properties: low cost, high stability, and high 

photocatalytic efficiency to degrade multiple organic contaminants [21,34,61]. Anatase, 

rutile and brookite are the three main crystalline phases of TiO2 [34,56]. The photocatalytic 

efficiency of each phase is different, with the anatase presenting the best photocatalytic 

activity [34,56]. The Evonik TiO2-P25 with a mixed phase of anatase and rutile is the most 

widely used photocatalyst because it presents the better photocatalytic performance [56]. 

ZnO, with a similar bandgap than TiO2 (≈3.2 eV), is another promising photocatalyst, it has 

low cost, and good piezoelectric and photochemical properties [54,56,79]. Moreover, the 

oxygen vacancies on the ZnO surface tend to produce more hydroxyl ions, improving the 

formation of hydroxyl radical (•OH) and having a faster response rate, enhancing the 

photocatalytic efficiency [79,83]. However, ZnO is less photo-stable and presents photo 

corrosion in aqueous solution under UV radiation [44,81]. Likewise, ZnO is also soluble in 

strong acids and alkalis, which limits the working pH in the solution [44]. 

In spite of the mentioned photocatalytic properties, these semiconductors present some 

drawbacks such as only being excited under UV radiation due to the wide bandgap [21,79]. 

Thus, it leads to a poor photocatalytic efficiency under solar radiation, since only less than 

4% of this radiation corresponds to UV [34]. Additionally, the fast recombination of 

photogenerated electron-hole pairs reduces the photocatalytic efficiency [21,79]. Apart from 

these limitations, another hindrance is the recovery of the photocatalyst particles after water 

treatment [42,45,84]. Photocatalysts in suspension show limitations in their recovery and 

reuse, being time-consuming and expensive processes [42,45,84]. Furthermore, the possible 

secondary pollution from nanoparticles released into water bodies may cause long-term 

harmful effects on aquatic organisms [45,46,85]. 

The following section will address both setbacks, the modification of photocatalyst towards 

a broader wavelength absorbance under sunlight, as well as the immobilisation of 
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photocatalysts to improve reusability, eco-friendliness, and cost-effectiveness of 

photocatalytic processes for water remediation. 

 

1.5. Strategies to improve the photocatalytic process 

1.5.1. Modification of photocatalysts 

The enhancement of the light absorption of semiconductors under sunlight has been studied 

to improve photocatalytic efficiency, leading to an increasing number of publications in the 

last two decades (Figure 1.4). Many approaches have been reported to enhance their 

photocatalytic efficiency such as doping, semiconductor combination, surface dye 

sensitisation and noble metal deposition [44,54,79,84]. 

 

Figure 1.4. The number of scientific papers with the keywords "photocatalysis" and 

"sunlight". Source: Web of Science in November of 2022. 

 

Doping is one of the most common and effective methods for improving semiconductor 

performance under visible light [44,54]. According to the type of dopants, doping can be 

divided into doping with metals (including rare earth elements) or non-metals [44,54]. Metal 

ion doping on the photocatalyst can narrow the band gap to improve the light absorption 

region from UV to visible light, which enhances the photocatalytic efficiency under sunlight 

[54,65]. Moreover, doping with metals can delay the recombination of photogenerated 

electron-hole pairs to enhance the formation of ROS, as well as the photocatalytic efficiency. 

[44,79]. Different metals such as silver, platinum, iron and copper have been used [54,56]. 
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Doping with rare earth metal ions can cause semiconductor lattice distortion and impurity 

defects, which favours the electron-hole pair separation enhancing the photocatalytic activity 

[44,54]. The non-metallic dopants, namely N, C, S and F [54,84], may alter both the 

electronic and structural properties of semiconductors by creating oxygen-defect sites to 

narrow the bandgap of photocatalysts improving the photocatalytic efficiency [44,79]. 

Although doping can enhance the overall efficiency of photocatalyst, there are many crucial 

factors that should be considered, namely dopant concentration, type and number of dopants, 

and preparation method [44,45,65]. 

Combination between different semiconductors is an interesting strategy for improving the 

photocatalytic activity of semiconductors [44,54]. The essence of semiconductor blending 

to improve the photocatalytic performance is that photogenerated electrons or holes 

generated by a semiconductor move to the conduction or valence band of another 

semiconductor to separate photogenerated electrons and holes suppressing effectively the 

recombination of photogenerated electron-hole [44,54]. Nonetheless, the stable interfacial 

structures of semiconductor combinations depend on their content, the structural stability of 

the heterojunction and the surface properties [44]. 

Surface dye sensitisation is another approach, which uses photosensitizing dyes to broaden 

the wavelength response range of semiconductors [54]. The dye is adsorbed onto the 

semiconductor surface having a high surface area and forms a dye-sensitized semiconductor 

film [55]. The most reported photosensitizers include various organic dyes and transition 

metal complexes such as Ru and Pt chloride [44,54]. However, dyes can fall off from the 

semiconductor surface, resulting in secondary contamination of water [44,65]. Moreover, 

the dye may suffer from photolysis under radiation changing its structure [44,54]. On the 

other hand, the synthesis process of dyes could be expensive [44,54]. 

Noble metal deposition on the semiconductor surface is an effective way to enhance 

photocatalytic efficiency under sunlight radiation [44,86], which takes place the plasmonic 

photocatalysis [87,88]. Several plasmonic nanoparticles have been used and studied for this 

purpose, such as Au [89] and Ag [90]. The plasmonic resonance of such nanomaterials 

depends on the size, shape and type of metal [86,88], which will be discased in detail in the 

following section. During this thesis, this method for photocatalysts modification will be 

further studied and Au nanoparticles with different shapes will be used to functionalise the 

semiconductor surface. 
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1.5.1.1. Plasmonic photocatalysis 

Plasmonic photocatalysis is an emerging growing field in heterogeneous catalysis to improve 

the photocatalytic efficiency by harvesting the visible light spectrum of sunlight for 

environmental and energy applications [86,91]. Compared to photocatalysis using pristine 

semiconductors, plasmonic photocatalysis present two important features — localised 

surface plasmon resonance (LSPR) and, in many cases, a Schottky junction [44,86]. As 

presented in Figure 1.5, when the noble metal and the semiconductor are in contact, the 

equilibration of Fermi levels of metal and semiconductor causes the bending of the 

conduction band of semiconductor at the interface to form the Schottoky barrier [87,88], 

which improves the separation of photogenerated electrons and holes therefore favouring the 

photocatalytic activity [44,86]. The most prominent feature of noble metals is their LSPR, 

which contributes to the strong absorption of visible light and the excitation of active charge 

carriers (hot electrons), as shown in Figure 1.5 [84,86]. 

 

Figure 1.5. Principle of the plasnomic photocatalytic mechanism. Here Au used as an 

example of metal nanoparticles dispersed on the semiconductor surface [91].  

 

The term “plasmonic” in plasmonic photocatalysis refers to the LSPR that takes places in 

the confined space of a nanoparticle and the induced effects [86,88]. The plasmon is 

considered a mechanical oscillation of the electron gas of a metal resulting from an external 

oscillating electric field [92]. Under this circumstance, surface plasmons can be described as 

coherent oscillations of delocalised electrons in a metal particle which are excited by the 
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electromagnetic field of incident light at a metal-dielectric interface [88,92]. LSPR is created 

when surface plasmon is excited at the surface of a metallic nanoparticle with a size 

comparable to the wavelength of the incident light, the free electrons are confined, creating 

oscillating dipoles [88,92], as presented in Figure 1.6. 

 

 

Figure 1.6. Illustration of the excitation of localised surface plasmon resonance in spherical 

metal particle. Adapted from [92]. 

 

Furthermore, the resonance frequency of the plasmon oscillation depends on the nanoparticle 

material, the dielectric constant of the external media, size, and shape of the nanoparticle. 

An increase in the size of metal particles, for instance, can produce a redshift of the dipolar 

plasmonic peak in the absorption spectrum [88,93], as shown in Figure 1.7. 

 

 

Figure 1.7. Transmission electron microscopy images of Au seed particles and those 

obtained after different growth steps. The particle size increases from 13.5 ± 2.1 to 19.2 ± 

2.6, 24.8 ± 3.4, and 30.5 ± 3.9 nm after 3, 6, and 13 growth steps, respectively (a). Absorption 

spectra of spherical gold nanoparticles with different size obtained after different growth 

steps, normalized at 400 nm to facilitate comparison (b). Adapted from [94]. 
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Apart from the size, the shape of the metal nanoparticles is an important factor that highly 

influences the LSPR resonance frequencies [87,93]. The change in shape can affect the 

frequency, and appearance of different dipolar and higher polar order plasmon modes, 

absorption to scattering relative ratios, and magnitude of the generated local electric fields 

close to the surface [93]. Moreover, charges tend to concentrate in corners and tips in 

anisotropic nanoparticles, also known as lightning rod effect, generating an enhanced local 

electromagnetic field [88,93,95]. For example, particles with nanorod morphology have two 

peaks, one corresponding to the transverse plasmon dipolar mode and the other 

corresponding to the longitudinal plasmon dipolar mode, as a consequence of the change in 

polarizability (Figure 1.8) [92,96]. Nanostar is another interesting morphology of 

anisotropic nanoparticles. Its plasmon resonances result from the hybridization of plasmons 

associated with the core and the individual tips of the particle [97,98], as shown in Figure 

1.9. 

 

 

Figure 1.8. Illustration of the excitation of localised surface plasmon resonance in nanorod 

metal particle at longitudinal and transverse plasmon bands (a). Absorption spectra of 

nanorod (b). Adapted from [92]. 
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Figure 1.9. Structure of Au nanostar (a) and illustration of plasmon hybridization in the 

nanostar (b). Adapted from [97]. Absorption spectra of nanostar (c) with transmission 

electron microscopy image of Au nanostar with core diameters of 49.72 ± 0.10 nm and tip 

length of 19.44 ± 0.35 nm (inset). Adapted from [99]. 

 

1.5.2. Immobilisation of photocatalysts 

As previously mentioned, another drawback of photocatalytic suspended systems lies on the 

recovery of the suspended nanoparticles from the treated water [42,45,84], which is also a 

critical obstacle towards applications in industrial scale [45]. Additionally, this difficulty is 

associated with secondary pollution from the nanoparticles [85,100], the loss of 

photocatalyst [45,84], increasing the overall cost of the treatment [45,84]. Thus, the 

immobilisation of photocatalysts is the right path to endow a photocatalytic system with 

reusability and to prevent the discharge of suspended photocatalyst in the treated effluents. 
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A literature review for “suspended photocatalysis” and “immobilised photocatalysis” 

(Figure 1.10) presents that the immobilised photocatalytic system has gained increasing 

attention during the recent two decades, being continuously increased from 2000 to 2022. In 

contrast, the number of publications on “suspended photocatalysis” increases slowly and 

tends to be stable. 

An efficient immobilisation of photocatalysts requires many critical conditions [45]. For 

instance, the support should allow a durable adherence to the photocatalyst, high specific 

surface area, high adsorption and affinity to the pollutants, and the catalytic properties of the 

catalyst should not be negatively affected by the immobilisation process [45,84,101]. 

Moreover, there are limitations in immobilisation, such as the mass transfer limitation, 

reduction of light-harvesting, loss of surface area and available active sites and photocatalyst 

agglomeration in the support materials, resulting in a lower photocatalytic efficiency 

compared with photocatalysis in suspension [84,101]. 

 

Figure 1.10. The number of scientific papers with the keywords "suspended photocatalysis" 

vs. "immobilised photocatalysis". Source: Web of Science in November of 2022. 

 

Over the last few decades, significant advances were made in the scope of immobilised 

photocatalysts at lab scale, while the application of this technology for real water/waste 

water treatment still need be more studies [45,55,56]. Many efforts have been made to select 

appropriate supports for photocatalysts immobilisation [45,84]. Various types of opaque and 

transparent support materials have been studied, such as glass [102,103], activated carbon 

[104,105], stainless steel [106,107] and polymers [79,108]. Furthermore, many 
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immobilisation techniques, namely chemical vapour deposition (CVD), dip coating, sol-gel, 

and electrospinning were developed to achieve photocatalyst immobilisation [55,109]. For 

instance, gas-phase methods (e.g., CVD) are typically used for the catalyst deposition on 

glass and metals substrates, while liquid phase methods (e.g., dip coating) are usually used 

for deposition onto polymeric and heat sensitive substrates [110]. The liquid phase methods 

require simple equipment and mild conditions [110]. Additionally, electrospinning seems to 

be an effective and suitable immobilisation method since it is a simple and low-cost approach 

used to produce fibres with thinner diameter (from nanometre to micrometre) and a larger 

surface area [55,111,112]. 

Despite the many materials and techniques tested, the optimal immobilisation of 

photocatalytic nanoparticles remains a challenge. Many of the mentioned supports lack the 

conditions required for photocatalytic applications, such as adequate adhesion of the 

nanoparticles to the substrate and catalyst reactivity after its attachment [101,113]. Among 

all the materials, the attention seems to be growing towards polymers [79,101]. Many 

synthetic polymers have been tested as photocatalyst support [79,101], for example, 

polyester [114], poly(methyl methacrylate) (PMMA) [115] and poly(vinylidene fluoride) 

(PVDF) [116]. Their growing interest lies on their properties as chemically inert, 

inexpensive, flexible, mechanically stable and durable materials, which matches the 

conditions of an ideal support material [79,101]. 

 

1.5.2.1. Poly(vinylidene fluoride) and its copolymers 

In particular, poly(vinylidene fluoride) (PVDF) and its copolymers have attracted interest 

due to their chemical resistance and good mechanical properties. Moreover, their good UV 

radiation resistance, because of the C-F bonds of the polymer chain, makes them suitable for 

photocatalytic applications [108,117]. 

PVDF is a semi-crystalline fluoropolymer with the repeating unit (-CH2CF2-) [117,118]. 

Many of the interesting properties of PVDF are related to the strong electrical dipole moment 

of the PVDF monomer unit (5-8 × 10-30 Cm), due to the electronegativity of fluorine atoms 

[119]. PVDF shows a complex structure and possesses five crystalline phases, corresponding 

to different chain conformations [119,120]. Among them the three most investigated PVDF 

phases, as shown in Figure 1.11, are TTT (all trans planar zigzag) for the β phase, TGTG′ 

(trans-gauche-trans-gauche) for the α phases and T3GT3G′ for the γ phase [119,120]. The β 
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phase presents the highest dipolar moment per unit cell (8 × 10-30 C m) [119]. Several co-

polymers of PVDF such as Poly(vinylidene fluoride-Trifluoroethylene) (PVDF-TrFE), 

Poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE) and Poly(vinylidene 

fluoride-co-hexafluoropropene) (PVDF-HFP) have been developed to enhance certain 

properties and adjust them to the increasing technological demands [119,121]. 

PVDF-HFP is one of the most common PVDF copolymers, which can be synthesised by 

polymerization of VDF (vinylidene fluoride) and amorphous phase of HFP 

(hexafluoropropylene) [119,122], as presented in Figure 1.12. Compared to pure PVDF, 

PVDF-HFP presents a lower crystallinity degree because of the bulky CF3 groups having a 

negative effect on obtaining high piezoelectricity [122]. However, its flexibility is increased 

greatly compared to pure PVDF [122,123]. Moreover, the increase in fluorine content from 

HFP group makes it more hydrophobic than pure PVDF [122,124]. This copolymer has been 

mainly studied as an electrolyte material for lithium batteries [119,123]. Furthermore, 

PVDF-HFP can be produced in various structure/morphology through different processing 

technologies [85,120,125]. The simple and well-studied processability of PVDF-HFP opens 

the perspective to shape it as a membrane with controlled porous structures [24,125]. Thus, 

PVDF-HFP has been widely used in water remediation as a support material for the removal 

of heavy metals [100,125–127], organic matter [128,129] and contaminants of emerging 

concern [24,85,100] among others. During this thesis, PVDF-HFP will be used as substrate 

to immobilise the photocatalysts. 

 

Figure 1.11. A schematic representation of the chain conformation of α, β, and γ-phases of 

PVDF. Adapted from [119]. 
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Figure 1.12. Polymerization of PVDF-HFP. Adapted from [122]. 

 

On the other hand, it is important to emphasise that when using polymeric membranes, the 

photocatalytic reaction can take place, not only at the surface of the membrane but also in 

the inside pores [18,46,85,130]. There is, however, always the risk of problems such as the 

deterioration of the membrane structure, low photocatalytic activity and the loss of the 

attached photocatalysts over time/use [46,130]. 

Numerous processing techniques have been proposed and employed for production of 

PVDF-HFP membranes with porous structures. This thesis will focus on Non-solvent-

Induced Phase Separation (NIPS), Temperature-Induced Phase Separation (TIPS) methods, 

and salt leaching methods [120]. NIPS is one of the most commonly used to prepare 

asymmetric porous membranes because of its simplicity [120,131]. In this approach, the 

polymer solution is cast on a suitable support and then immersed in a coagulation bath 

containing a non-solvent. The exchange of the solvent in the polymer solution with the non-

solvent in the coagulation bath results in the phase separation and formation of pores 

[117,120]. It should be noted that the processing conditions such as polymer concentration, 

solvent and non-solvent type can affect the morphology of the film leading to different 

degrees of porosity and pore sizes of films [117,120]. 

Apart from NIPS, porous membrane can be produced through TIPS method [120]. A 

homogeneous polymer solution is cast into the desired shapes on a suitable support and dried 

to eliminate the solvent [120]. The temperature during the solvent dry process affects the 

rate of evaporation and phase separation, which determines the degree of porosity and pore 

size of the membrane [117]. For instance, rapid evaporation of the solvent may cause a less 

porous structure and slow evaporation leads to a small pore size distribution in the 
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membranes [120]. Furthermore, TIPS can produce membranes with high mechanical 

strength and narrow pore size distribution [120]. 

On the other hand, the addition of sacrificial material such as NaCl particles in the polymer 

solution can affect the final morphology of the membrane [120]. After the elimination of 

solvent in the membrane [117], the NaCl can be washed and eliminated easily by water to 

form additional pores in the membrane [120,132]. The size and amount of these additional 

pores depend on the size and content of NaCl particles [120]. 

 

1.6. General objectives and outline of the thesis 

Considering the previously mentioned limitation of applying photocatalysis for 

pharmaceuticals degradation in water remediation, the main objective of this thesis is to 

produce, characterise and test photocatalytic nanoparticles and nanocomposites to enhance 

photocatalytic efficiency under sunlight radiation and enable reuse/recycling the 

photocatalysts by immobilisation technique. 

Thus, several specific objectives of this work are detailed as follows: 

 Systematic studies correlate the interaction between pollutants and photocatalysts 

and the generation of ROS with photocatalytic performance 

 Development of Au functionalised plasmonic photocatalysts enhancing the 

photocatalytic performance 

 Optimisation and study of the influence of synthesis conditions of novel TiO2:Au-

NSs hybrid nanoparticles improving the photocatalytic performance 

 Study of the possibility to incorporate the synthesised nanoparticles into PVDF-HFP 

polymer matrix for photocatalytic applications 

 Study of the influence of the different morphologies of the PVDF-HFP polymer 

matrix and the incorporated photocatalysts´ load on photocatalytic performance 

 Study of the reusability of the photocatalytic membranes and their suitability in a real 

treated effluent water matrix for pollutant degradation 

 

As the core subject of this thesis is to develop and study the photocatalytic materials for 

water treatment to degrade pharmaceuticals, the thesis has been divided into five chapters 

taking into account the previously mentioned objectives. 

Chapter 1 concerns the presence and impact of pharmaceuticals on the environment and the 

importance of their removal from water bodies. Then, a general overview of photocatalysis 
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as a promising technology for pollutant degradation, in particular, its mechanism, kinetics, 

operational parameters, limitations and strategies for enhanced efficiency are presented. It is 

to notice that the specific state of the art on the different issues related to the present work 

are provided in all the chapters. The main objectives and the structure of the thesis are 

described in this chapter. 

Chapter 2 comprises the synthesis and characterisation of two common photocatalysts, TiO2 

and ZnO, for the degradation of different pharmaceuticals in a suspended photocatalytic 

system under UV radiation. The obtained results by both photocatalysts are compared and 

analysed considering the physicochemical properties of pollutants and photocatalysts. This 

chapter also introduces the production of plasmonic photocatalysts (TiO2:Au and ZnO:Au) 

by functionalising TiO2 and ZnO with spherical Au nanoparticles to enhance photocatalytic 

efficiency under visible light. 

Chapter 3 is focused on the improvement of photocatalytic efficiency of TiO2:Au-based 

plasmonic photocatalyst by means of expanding the absorption wavelength under sunlight. 

This chapter is dedicated to the synthesis and characterisation of novel nanoparticles, 

TiO2:Au-NSs, modifying the shape of Au nanoparticles on the TiO2 surface, from spherical 

to branched morphology (nanostar). The increase of Au nanostar size influence on the 

photocatalytic degradation of ciprofloxacin, under UV, visible and different wavelength 

radiation is assessed. Finally, the possibility to incorporate these hybrid nanoparticles into 

PVDF-HFP polymer matrix for photocatalytic application is also studied. 

Chapter 4 shows the immobilisation of the hybrid nanoparticles, TiO2:Au-NSs, in PVDF-

HFP polymer matrix by two different technologies, doctor blade and salt leaching, to obtain 

porous membranes with two different morphologies. The influence of the membrane 

morphology on photocatalytic performance is assessed by ciprofloxacin degradation in an 

immobilised photocatalytic system under UV and visible radiation. Furthermore, the 

reusability of the membranes is also tested. The suitability of these membranes for 

ciprofloxacin degradation in the real treated effluent water matrix was finally assessed. 

Finally, Chapter 5 presents the main results, conclusions and suggestions for future work. 
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Chapter  2 
 Au-sensitised TiO2 and 
ZnO photocatalysts for 

broadband 
pharmaceuticals 

degradation  

 
 

This work reports on the comparative study of photocatalytic performance of TiO2 and 

ZnO in the degradation of four pharmaceuticals: chloroquine phosphate, paracetamol, 

diclofenac sodium, and ciprofloxacin. Additionally, TiO2 and ZnO were functionalised 

with spherical Au nanoparticles to enhance the photocatalytic efficiency under visible 

light. 

 

This chapter is based on the following publication: Zheng, F., et al., Au-sensitised TiO2 and 

ZnO nanoparticles for broadband pharmaceuticals photocatalytic degradation in water 

remediation. (Under revision) 
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2.1. Introduction 

As stated in the first chapter, a large number of contaminants of emerging concern (CECs), 

such as most pharmaceuticals, exhibit high persistency in water bodies due to the difficulty 

of their removal by conventional treatment methods, causing severe environmental issues 

[1,2]. Hence, developing efficient materials and technologies to degrade these resilient 

compounds is essential. In this context, photocatalysis has become an exciting solution to 

remove these pollutants through photocatalytic degradation [3,4]. 

Semiconductors have been widely used as photocatalysts [4–6], particularly titanium dioxide 

(TiO2), which has a bandgap between 3.0 and 3.2 eV depending on the crystalline phase, 

which presents remarkable properties, including low cost, high stability, low toxicity, and 

high photocatalytic efficiency in degrading multiple organic contaminants [5–7]. 

Additionally, TiO2 nanoparticles have also been used to provide photocatalytic properties to 

discarded materials such as recovered cellulose-based materials [8]. Zinc oxide (ZnO), with 

a similar bandgap (≈ 3.2 eV), is another commonly used photocatalyst due to its suitable 

optoelectronic, piezoelectric and photochemical properties [4,9,10]. Moreover, the oxygen 

vacancies on the ZnO surface produce more hydroxyl ions, improving the formation of 

hydroxyl radical (•OH) and showing a faster response rate, enhancing the photocatalytic 

efficiency [10,11]. Thus, a systematic comparison of TiO2 and ZnO nanoparticles 

photocatalytic degradation under the same conditions, for diverse pharmaceutical pollutants, 

is important to understand how the type of semiconductor and generation of ROS affect the 

photocatalytic efficiency. 

Despite the described advantageous properties of TiO2 and ZnO nanoparticles, these 

photocatalysts also present relevant drawbacks. The main one is that they require excitation 

under UV radiation due to their wide bandgap [6,10], limiting their efficiency under solar 

radiation [5,6,10] and requiring a UV lamp to provide radiation, which makes the process 

less cost-effective [7,12,13]. Furthermore, the fast recombination of the photogenerated 

electron-hole pair, decreasing the photocatalytic efficiency, is another limitation [6,10]. 

Among several strategies to overcome these limitation, the use of plasmonic nanoparticles, 

mainly Au [14], Ag [15] and Cu [16], to sensitise semiconductor nanoparticles results in one 

of the most promising strategies, as it allows efficient photocatalytic activities under visible 

light due to the metal-semiconductor Schottky junction and the localised surface plasmon 

resonance (LSPR) [13,17,18]. The former benefits charge separation and transfer, reducing 

the recombination rate, whereas the latter contributes to the strong absorption of visible light 
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and the excitation of active charge carriers (hot electrons) [13,17]. Au has been extensively 

studied because of its excellent plasmonic resonance in visible and UV ranges, ease of 

synthesis, low toxicity, and physical and chemical stability [7,13,14]. 

Different techniques have been used to synthesise Au/semiconductor hybrid nanoparticles 

to enhance their photocatalytic activity under visible light [7,19–21]. Among those 

commonly used methods, the impregnation (IMP) method is a simple method for 

synthesising Au-supported catalysts [20]. However, large Au nanoparticles are often 

produced by the IMP method [20,21], which reduces the light-harvesting of the 

semiconductor, reducing the photocatalytic efficiency [13]. Photoreduction (PR) method is 

an alternative to depositing the smaller Au nanoparticles on the semiconductor surface 

[19,22], resulting in a higher deposition ratio of Au [22]. Despite these advantages, the PR 

method requires light illumination of appropriate wavelength [19,22]. Deposition-

Precipitation (DP) method is the most used and effective method to obtain small Au 

nanoparticles on semiconductor surface [19–21]. However, the control of the size of Au 

depends on pH values and Au loading during the process [19,20,22]. Herein, an optimised 

DP method [7] is used to prepare cost-effectively TiO2:Au and ZnO:Au hybrid nanoparticles 

using the lowest Au loading to enhance the photocatalytic activity of nanocomposite under 

visible light. 

In this chapter, TiO2 and ZnO were synthesised under the same conditions in the laboratory 

instead of using the commercial nanoparticles in order to make a more fair comparative 

study. The co-precipitation method [23,24] was chosen because of its ease of implementation, 

scalability, and relatively low cost [9]. On the other side, its functionalisation with Au 

nanoparticles was carried out through an optimised deposition-precipitation (DP) technique 

[7] due to its relative simplicity and cost-effectiveness [19–21]. The quantification of the 

different reactive oxygen species (ROS) generated in each sample was studied to relate it 

with the photocatalytic degradation efficiencies. The photocatalytic activity of the 

semiconductors before and after functionalising with Au was tested through the degradation 

of several target pharmaceuticals which are highly relevant in water remediation and with 

different physicochemical properties (Figure 2.1 and Table 2.1): Chloroquine phosphate 

(CLQ), Paracetamol (PAR), Diclofenac sodium (DCF), and Ciprofloxacin (CIP). CLQ has 

been used for decades as an anti-inflammatory in treating and preventing malaria, 

rheumatoid arthritis, and systemic lupus erythematosus [25,26]. Despite not being one of the 

most detected compounds in water bodies, CLQ has been considered a potential treatment 
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for the disease COVID-19, which contributed to a suddenly increased use [26–28], and there 

is a lack of work devoted to its photocatalytic degradation evaluation, being just a few works 

related to its elimination though other methods [25,29]. PAR, an analgesic and antipyretic 

found at high concentrations in different water matrixes [3], is one of the most commonly 

used drugs, being considered one of the most widely used analgesics in Europe [30], one of 

the top three drugs prescribed in England [31,32] and among the top 200 in USA [31,33]. Its 

consumption has increased since paracetamol was used as an alternative treatment for fever 

and systemic symptoms related to COVID-19 [34,35]. DCF, used as a pain killer and non-

steroidal anti-inflammatory drug [36–38], is another widespread pharmaceutical in different 

water matrixes [3] since it is one of the most used pharmaceuticals worldwide without 

requiring a medical prescription [36,37]. CIP, a second-generation fluoroquinolone 

antibiotic, is often detected in all types of water matrixes worldwide [3,6,7] due to its high 

consumption [6]. 

 

Figure 2.1. Molecular structure of Chloroquine phosphate (CLQ) (a), Paracetamol (PAR) 

(b), Diclofenac (DCF) (c) and Ciprofloxacin (CIP) (d). 
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Table 2.1. Physicochemical properties of CLQ, PAR, DCF, and CIP. 

 
Chloroquine 

phosphate (CLQ) 
Paracetamol 

(PAR) 
Diclofenac 

(DCF) 
Ciprofloxacin 

(CIP) 

Molecular formula C18H26ClN3·2H3PO4 C8H9NO2 C14H11Cl2NO2 C17H18FN3O3 

Molecular weight 

(g/mol) 
515.9 151.16 296.14 331.34 

pKa1; pKa2; (pI) 8.4 [25] 9.3 [31] 4.1 [39] 
6; 8.7 [39] 

(7.35) 

Charged form at 

neutral pH 
Cationic Uncharged Anionic Zwitterionic 

Solubility in water 

(g/L) 
256 [40] 14.9 [41] 14.18 [42] 30 [6] 

 

 

2.2. Experimental 

2.2.1. Materials 

Titanium (IV) isopropoxide (C12H28O4Ti, 97%) and Zinc acetate dihydrate 

(C4H6O4Zn·2H2O, ≥99.0 %) were purchased from Sigma-Aldrich. Sodium hydroxide 

(NaOH, 98.0-100.5 %) was obtained from Panreac. Milli-Q ultrapure water (resistivity 18.2 

MΩ·cm) was used in all experiments. Chloroquine phosphate (CLQ, Pharmaceutical 

Secondary Standard, C18H26CIN3·2H3PO4) with maximum light absorption at a wavelength 

of 342 nm was supplied by Sigma-Aldrich. Paracetamol (PAR, European Pharmacopoeia 

(EP) Reference Standard, C8H9NO2) with maximum light absorption at a wavelength of 243 

nm was supplied by Sigma-Aldrich. Diclofenac sodium (DCF, European Pharmacopoeia 

(EP) Reference Standard, C14H10Cl2NNaO2) with maximum light absorption at a wavelength 

of 276 nm was supplied by Sigma-Aldrich. Ciprofloxacin (CIP, ≥98 % (HPLG), 

C17H18FN3O3) with maximum light absorption at a wavelength of 277 nm was supplied by 

Sigma-Aldrich. 

 

2.2.2. Sample preparation 

2.2.2.1. TiO2 and ZnO nanoparticles synthesis 

TiO2 nanoparticles were synthesised by co-precipitation method [23] with slight 

modification. Briefly, 200 mL of ultrapure water was added slowly into 10 g of titanium 
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isopropoxide to generate the hydrolysis of the alkoxide and precipitation of hydrous titanium 

oxides. Afterwards, NaOH solution (1 M) was added dropwise to obtain a pH = 8. The mixed 

solution was thoroughly mixed by continuous stirring at 100 °C for 1 hour. Then, the pH 

was rechecked and readjusted with NaOH solution (1 M) to 8 and kept stirring at room 

temperature for 1 hour.  

ZnO nanoparticles were synthesised using the same co-precipitation technique [24]. In this 

case, 10 g of zinc acetate dihydrate was initially dissolved in 300 mL of ultrapure water, and 

the rest of the protocol was the same as for the TiO2 nanoparticles. 

For nanoparticle purification, the white precipitate formed in the reaction was filtered and 

washed several times with deionised water. The last step was to dry the washed precipitate 

at 80 °C in an oven overnight and then anneal it at 400 °C for 3 hours. The final product was 

ground with a pestle and mortar to obtain a fine powder. 

 

2.2.2.2. TiO2:Au and ZnO:Au nanoparticles synthesis 

TiO2:Au and ZnO:Au multicomponent nanoparticles were synthesised, employing the 

deposition-precipitation method (DP) as previously described [7]. Briefly, 200 mg of 

semiconductor (TiO2 and ZnO nanoparticles) in 40 mL of ultrapure water were dispersed in 

a sonication bath for 30 min. Then, this solution was stirred at room temperature, and a 

calculated volume of HAuCl4 (1 mM) was added to achieve the Au loading of 0.05 wt.%. 

The solution was stirred for 10 min to disperse the gold precursor homogeneously. 

Afterwards, NaOH (0.1 M) was added dropwise to obtain a pH = 9 and then left to react for 

10 min. Finally, the solution was centrifuged and washed two times with ultrapure water. 

The last step was to dry the nanoparticles at 80 °C in an oven overnight and grind it with a 

mortar to obtain a fine powder. 

 

2.2.3. Sample characterisation 

Transmission electron microscopy (TEM) images were acquired with a JEOL JEM 1400 

Plus set up operating at 100 kV in a bright field and a Talos (Thermo Scientific) system 

working at 200 kV for the HAADF-STEM measurements. The analysis of the images was 

performed using the Image J software package. To prepare the samples, the nanoparticles 

powder was dispersed in ultrapure water and sonicated for 1 min, and then a drop of the 
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suspension was placed on a 400-mesh carbon-coated copper grid and dried at room 

temperature. 

The crystal structure of the synthesised nanoparticles was evaluated by X-ray diffraction 

(XRD) using a Philips X'Pert PRO automatic diffractometer operating at 40 kV and 40 mA, 

in theta-theta configuration, secondary monochromator with Cu-K radiation (λ = 1.5418 Å) 

and a PIXcel solid-state detector (active length in 2θ 3.347°). Data were collected from 5 to 

80° 2θ, step size 0.026°, and time per step of 60 s at room temperature. 1° fixed soller slit 

and divergence slit giving a constant sample illumination volume were used. 

The phase composition (wt.%) of TiO2 was calculated from the integrated areas of the main 

peaks of anatase, brookite, and rutile by the following expressions (Equation 2.1-2.3) [43]: 

𝑊𝐴% =
𝐾𝐴𝐼𝐴

𝐾𝐴𝐼𝐴+𝐼𝑅+𝐾𝐵𝐼𝐵
           (2.1) 

𝑊𝐵% =
𝐾𝐵𝐼𝐵

𝐾𝐴𝐼𝐴+𝐼𝑅+𝐾𝐵𝐼𝐵
           (2.2) 

𝑊𝑅% =
𝐼𝑅

𝐾𝐴𝐼𝐴+𝐼𝑅+𝐾𝐵𝐼𝐵
           (2.3) 

where WA, WB and WR are the weight fractions of anatase, brookite, and rutile, respectively, 

and IA, IB, and IR are the integral areas of anatase, brookite and rutile peaks in the XRD 

spectra, respectively [43]. KA=0.886 and KB=2.721 are correction coefficients [43]. 

Diffuse reflectance spectroscopy (DRS) measurements were carried out in the 200-2200 nm 

wavelength range using a UV-Visible-NIR Jasco V-770 spectrometer equipped with a 150 

mm diameter integrating sphere coated with Spectralon with 1 nm spectral resolution. A 

Spectralon reference was used to measure the 100 % reflectance, and internal attenuators 

were used to determine zero reflectance to remove background and noise. The sample was 

placed in a quartz cuvette, sealed, and mounted on a Teflon sample holder for the DRS 

measurement. The measured reflectance spectra were subsequently converted to Kubelka-

Munk (K-M) absorption factors to evaluate the absorption spectra of the powders by using 

the K-M equation (Equation 2.4) [44]: 

𝐹(𝑅) = (1 − 𝑅∞)
2/(2𝑅∞)            (2.4) 

where R∞ (RSample/RBaSO4) corresponds to the sample's reflectance and F(R) is the absorbance. 

The sample bandgap was estimated using the Tauc plot: 

[𝐹(𝑅)ℎʋ]1/𝑛 𝑣𝑒𝑟𝑠𝑢𝑠 ℎʋ  
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where h is Planck's constant, ʋ the frequency, and n is the sample transition parameter taken 

as n=2 for indirect transition [45]. 

N2 adsorption-desorption isotherms were carried out at 77 K using a Quantachrome 

Autosorb-iQ-MP analyser. Samples were degassed in situ at 120 ºC in vacuum for 12 hours 

before the measurements. The specific surface area values were calculated through 

Brunauer-Emmett-Teller (BET) method [46,47]. 

Dynamic light scattering (DLS) and Zeta-potential were measured in a Zetasizer NANO ZS-

ZEN3600 (Malvern Instruments Limited, United Kingdom), equipped with a He–Ne laser 

(wavelength 633 nm) and backscatter detection (173°). The nanoparticles were dispersed (1 

mg/mL) in ultrapure water and sonicated at room temperature for 1 hour to avoid aggregation, 

and each sample was measured six times at pH = 11 to obtain the hydrodynamic diameter. 

The Zeta-potential was assessed at different pH (3, 5, 7, 9, and 11), and each sample was 

measured six times. HCl (0.1 M) and NaOH (0.1 M) solutions were used to adjust de pH. 

The result was obtained using the Smoluchowski model [48]. The manufacturer software 

(Zetasizer 7.13) was used to estimate the hydrodynamic diameter of the nanoparticles (Z-

average), the polydispersity index (PDI), and zeta potential values. 

 

2.2.4. Photogenerated ROS (•OH and 1O2) measurements 

2.2.4.1. Detection of hydroxyl radicals (•OH) 

The hydroxyl radicals (•OH) produced after illumination were detected and quantified as 

previously reported [49] by fluorescence spectroscopy through the hydroxylation reaction of 

terephthalic acid (TA) to 2-hydroxyterephthalic acid (2-HTA) in the heterogeneous phase, 

as shown Figure 2.2. 

 

Figure 2.2. Scheme of hydroxylation reaction of terephthalic acid (TA). 
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Firstly, a TA solution (0.5 mM) was prepared by dissolving TA in a dilute NaOH solution 

(2 mM). Then, 50 mg nanoparticles as photocatalysts were dispersed in 50 mL of TA 

solution (0.5 mM) and stirred in the dark for 30 min. Afterwards, the suspension was stirred 

and irradiated for 60 min under UV illumination. An aliquot was taken out at different 

irradiation times and centrifuged to remove the nanoparticles. 200 µL of supernatant was 

collected and analysed using a microplate reader Infinite 200 Pro. This analysis was 

performed by evaluating the emission peak at 425 nm of the 2-HTA, which has an excitation 

wavelength of 315 nm [50] in the fluorescence spectrum. A standard calibration curve was 

constructed to quantify the relationship between the fluorescence signal and the produced 

hydroxyl radicals. 

 

2.2.4.2. Detection of singlet oxygen (1O2) 

Singlet oxygen (1O2) was determined as previously reported [49] by applying the histidine 

test (Figure 2.3) in a heterogeneous phase as an indirect way to quantify the generated •O2
−. 

50 mg of nanoparticles were added to a mixed solution of 40 mL L-histidine solution (0.2 

mM) and 10 mL of N,N-p-nitrosodimethylaniline solution (0.2 mM). Afterwards, the 

suspension was stirred in the dark for 30 min, and then irradiated for 60 min under UV 

illumination. At different irradiation times, aliquots were taken out, centrifuged, and then 

analysed using an Agilent Cary 60 UV-Vis Spectrophotometer. This analysis evaluated the 

characteristic band of N,N-p-nitrosodimethylaniline at 440 nm in the UV-Vis spectrum. The 

reaction between histidine and 1O2 produces a trans-annular peroxide, as presented in Figure 

2.3. The latter compound was detected by bleaching the p-nitrosodimethylaniline at 440 nm. 

Singlet oxygen alone cannot cause bleaching of the latter compound; no bleaching occurs in 

the mixture of histidine and p-nitrosodimethylaniline without singlet oxygen. The produced 

1O2 was quantified from the calibration curve between absorbance and N,N-p-

nitrosodimethylaniline solution concentration. 
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Figure 2.3. Mechanism of histidine test.  

 

2.2.5. Photocatalytic degradation under UV and visible radiation 

The nanoparticles' photocatalytic activity was tested under UV and visible radiation. Firstly, 

the CLQ solution of 30 mg/L, the PAR solution of 15 mg/L, the DCF solution of 30 mg/L, 

and the CIP solution of 5 mg/L were prepared separately as pollutants. These concentrations 

were selected taking into account the limitation of the pollutants detection in the UV-Vis 

spectrophotometer and the possibility of monitoring the degradation of pollutants. 50 mg of 

nanoparticles were added and stirred in 50 mL of the solutions (CLQ, PAR, DCF, or CIP) 

for 30 min in the dark to achieve the adsorption-desorption equilibrium before initiating the 

photocatalysis. 

The UV degradation tests were carried out in a photoreactor with eight UV lamps of 8 W, 

with an emission peak at 365 nm, over 60 min. The suspensions of photocatalysts and 

solutions were kept stirred in a 100 mL beaker under illumination from the top. The distance 

between the solution and the lamp was 13.5 cm, and the irradiation at the sample was 3.3 

W/m2. 

For the visible light degradation, a Xenon lamp was used with an excitation peak at 550 nm 

and an irradiance of 300 W/m2 (spectra in Figure 2.4) over 240 min. The suspensions of 
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photocatalysts and solutions were kept stirred in a 100 mL beaker under illumination from 

the lateral side. The distance between the solution and the lamp was 21 cm. 

 

Figure 2.4. Xenon Lamp arc (with UV filter) and sunlight spectra. 

 

The photocatalytic efficiency was evaluated by monitoring the absorbance variation of the 

main absorption peak (λmax) of each pollutant in the UV-Vis spectrum (CLQ (λmax = 342 

nm), PAR (λmax = 243 nm), DCF (λmax = 276 nm) and CIP (λmax = 277 nm)) in the samples 

taken out at different times during the degradation assays. After removing the photocatalysts 

in all the collected samples through centrifugation, 200 µL of the supernatant in each sample 

was taken out and analysed using a microplate reader Infinite 200 Pro in the range from 230 

to 450 nm. 

The photocatalytic degradation rate was fit to a pseudo-first-order reaction, which is based 

on the Langmuir–Hinshelwood model described by Equation 2.5: 

ln (
𝐶

𝐶0
) = −𝑘𝑡                                                          (2.5) 

where C and C0 represent the pollutant concentration at time t and at the beginning of the 

photocatalytic assessment, respectively, and k is the first-order rate constant of the reaction 

[7]. 
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2.3. Results and discussion 

2.3.1. Nanoparticles synthesis and characterisation 

TEM (Figure 2.5) assessed the morphology of synthesised nanoparticles. Homogeneous size 

distribution is observed, with an average particle diameter of 11.55 ± 4.23 nm and 52.83 ± 

8.27 nm, for TiO2 and ZnO, respectively. Despite using the same synthesis method, ZnO 

presented a much bigger size, probably due to the difference in nucleation and growth 

kinetics in both syntheses [9].  

 

Figure 2.5. TEM images of pristine TiO2 (a) with different magnification (inset) and ZnO 

(b) nanoparticles. 

 

STEM-HAADF, offering higher contrast, was used to visualise the Au morphology and 

distribution on the surface of the semiconductors after sensitising the semiconductor 

nanoparticles (Figure 2.6). A homogenous dispersion of spherical Au NPs over the TiO2 and 

ZnO surface was observed, with an average diameter of the Au component of 11.16 ± 1.57 

nm on the TiO2 surface and 20.61 ± 3.18 nm on the ZnO surface. 
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Figure 2.6. STEM-HAADF images of TiO2:Au (a) and ZnO:Au (b) hybrid nanoparticles 

with different magnification. 

 

XRD was performed to assess the crystal structure of the synthesised TiO2 and ZnO 

nanoparticles and TiO2:Au and ZnO:Au multicomponent nanoparticles (Figure 2.7 a) and 

b)). TiO2 nanoparticles (Figure 2.7 a) ) presented a crystalline structure composed mainly 

of anatase with a composition of 65%, being the rest of the components rutil 23% and 

brookite 12%, calculated by Equations 2.1-2.3. ZnO nanoparticles (Figure 2.7 b)) presented 

the positions of reflexes corresponding to the pure hexagonal wurtzite phase [24]. 

Additionally, after functionalising with Au, there was no significant difference in the crystal 

structure compared with the pristine semiconductors. On the other hand, no diffraction peaks 

of Au were detected neither in TiO2:Au nor in ZnO:Au, which can be explained by the low 

amount of Au present in these samples (below the limit of detection).  

DRS was used to evaluate the optical properties of the prepared samples to understand the 

differences in the photocatalytic performance of the semiconductor before and after 

functionalising with Au. For TiO2 and TiO2:Au (Figure 2.7 c)), both demonstrated similar 

behaviour in the UV range (200-400 nm). In the visible range (400-700 nm), the pristine 

TiO2 nanoparticles reflected almost entirely (≈ 95%) of the radiation. The TiO2:Au 

nanocomposite showed a reflectance below 75% with a minimum reflectance (≈ 63%) at 

544 nm due to the LSPR of Au spherical nanoparticles, in good agreement with the literature 

[7,51]. Similar results are observed in the reflectance spectra of ZnO and ZnO:Au (Figure 

2.7 d)). Both samples presented the same behaviour in the UV range, while the presence of 

Au on the surface of ZnO decreased the reflectance in the visible range from 88% to 69%. 
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Figure 2.7. X-ray diffraction spectra (a, b) and UV-Vis reflectance spectra (c, d) with the 

estimation of the bandgap (inset) at [F(R)hʋ]1/2 → 0 for pristine TiO2 and TiO2:Au 

nanoparticles (a, c) and ZnO and ZnO:Au nanoparticles (b, d). 

 

The bandgap of all the samples was estimated from the DRS spectrum through Tauc plot 

method and after line fitting in the linear region 3.2-3.5 eV, shown in the inset graph of 

Figures 2.7 c) and d) and Table 2.2. The pristine TiO2 nanoparticle presented a bandgap of 

3.14 eV, typical for TiO2 (3.0 to 3.2 eV) [52]. The TiO2:Au showed a lower effective bandgap 

than pure TiO2, 3.13 eV. Similar results are observed for ZnO:Au nanoparticle, which 

possessed a slightly lower effective bandgap (3.15 eV) than the pristine ZnO nanoparticle 

(3.16 eV). A decrease of the bandgap in semiconductors after functionalising with Au is 

related to the absorption of longer wavelengths, and the amount of Au can affect this 

reduction, as previously reported for other TiO2:Au [7,53,54] and ZnO:Au [55,56] 

multicomponent nanoparticles. However, we did not observe a substantial change, and the 
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slight difference could also be attributed to the measurement's precision or the low amount 

of Au in samples. 

 

Table 2.2. Summary of the characteristics of TiO2, TiO2:Au, ZnO, and ZnO:Au 

nanoparticles. 

 TiO2 TiO2:Au ZnO ZnO:Au 

Particle size (nm) 11.55 ± 4.23 - 52.83 ± 8.27 - 

Bandgap (eV) 3.14 ± 0.04 3.13 ± 0.04 3.16 ± 0.09 3.15 ± 0.17 

Surface area (m²/g) 152 144 8 8 

Zeta-Potential at neutral 

media (mV) 
-36 ± 0.41 -35 ± 0.47 38 ± 0.23 28 ± 1.22 

Point of zero charge 6.1 ± 0.06 6.2 ± 0.03 8.2 ± 0.20 8.2 ± 0.30 

Hydrodynamic size (nm) 251 ± 12.64 370 ± 35.35 517 ± 5.18 548 ± 10.46 

 

The surface characteristics of all samples were assessed by N2 adsorption-desorption 

isotherm measurements, as presented in Figure 2.8 a) and b). Table 2.2 shows the specific 

surface area of each sample calculated by Brunauer-Emmett-Teller (BET) method [46]. It is 

observed that the N2 adsorption-desorption isotherms of TiO2 (Figure 2.8 a)) and ZnO 

(Figure 2.8 b)) could be classified as type IV showing mesoporous characteristics [46,57] 

and type II, indicating non-porous or macroporous solid [46,57], respectively. Taking into 

account IUPAC classification, the hysteresis loops of TiO2 and ZnO had different shapes and 

were considered type H1 [46] and H3 [46], respectively, indicating the formation of pores 

due to the agglomeration of particles [46,57]. TiO2 presented a much higher specific surface 

area (152 m2/g) than ZnO (8 m2/g) due to its smaller particle size and mesopores formed by 

particles' agglomeration. Additional details of the BET analysis, as well as the pressure range 

used and the goodness of fit obtained, are shown in Table 2.3. This indicated that TiO2 had 

an additional area than ZnO to contact with pollutants in the solution during the 

photocatalysis. Additionally, incorporating Au on the surface of TiO2 and ZnO did not affect 

their surface characteristics in isotherms or specific surface areas. 
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Figure 2.8. N2 adsorption-desorption isotherms (a, b) and the intensity size distribution and 

respective Z-average hydrodynamic size (c, d) with zeta potential measurements (inset) 

performed at different pHs (3, 5, 7, 9, and 11) for pristine TiO2 and TiO2:Au nanoparticles 

(a, c) and ZnO and ZnO:Au nanoparticles (b, d). 

 

Table 2.3. Surface area (SBET), analysis pressure range (ΔP/P0), goodness of fit (R2), 

microporous surface (Smicro), external surface (Sext), microporous volume (Vmicro) and total 

volume (VT) for TiO2, TiO2:Au, ZnO, and ZnO:Au nanoparticles. 

Sample 
SBET 

(m²/g) 
ΔP/P0 R2 

Smicro 

(m²/g) 

Sext 

(m²/g) 

Vmicro 

(cm3/g) 

VT 

(cm3/g) 

TiO2 152 0.029-0.299 0.999887 0 152 0 0.364 

TiO2:Au 144 0.028-0.299 0.999589 0 144 0 0.349 

ZnO 8 0.049-0.3 0.998539 0 8 0 0.071 

ZnO:Au 8 0.05-0.3 0.997843 0 8 0 0.068 
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The hydrodynamic size for all synthesised nanoparticles was studied by DLS, as shown in 

Figures 2.8 c) and d) and Table 2.2. The nanoparticles' size measured in DLS was larger 

than in TEM for all samples, attributed to the agglomeration of the nanoparticles in aqueous 

media [58]. On the other hand, ZnO possessed a bigger hydrodynamic size than TiO2. 

Regarding TiO2 and TiO2:Au nanoparticles (Figure 2.8 c)), the hydrodynamic diameter was 

251 ± 12.64 nm and 370 ± 35.35 nm (Table 2.2), respectively. The results of ZnO and 

ZnO:Au nanoparticles (Figure 2.8 d)) showed a diameter of 517 ± 5.18 nm and 548 ± 10.46 

nm (Table 2.2), respectively. In both cases, the presence of Au on the semiconductors 

nanoparticle surface did not significantly change the size distribution when compared with 

the pristine semiconductors. 

Zeta-potential of all the samples was carried out in a pH range of 3-11. TiO2 and TiO2:Au 

presented a very similar profile with an estimated point of zero charge (PZC) [59] around 

pH = 6 for both samples (Figure 2.8 c) and Table 2.2). The modulus of the Ζeta-potential 

increased when separating from this pH, being positively charged at pH lower than the PZC 

and negatively charged at pH higher than the PZC. Moreover, it is observed that the modulus 

of the Ζeta-potential for both samples showed values higher than 30 mV for pH below 5 or 

above 7 where the nanoparticles had superior electrostatic stability [60,61], improving the 

nanoparticles' repulsions and preventing their aggregation and precipitation [60,62]. 

Regarding the ZnO and ZnO:Au nanoparticles (Figure 2.8 d) and Table 2.2), at low pH 

values (pH < 5), the zeta potential exhibited negative values due to the effect of the 

nanoparticles dissolution [63]. Both samples showed a very similar profile when pH 

increased above 7, with an estimated PZC [59] around pH = 8. The modulus of the Ζeta-

potential of both samples was higher than 30 mV at pH above 9 and around 7 where the 

nanoparticles had superior electrostatic stability [60,61]. 

 

2.3.2. Photogenerated ROS (•OH and 1O2) measurements 

As it has been previously reported, the photocatalytic efficiency is highly dependent on the 

photogenerated ROS at the photocatalysts surface [49,64–66]. Hence, detecting and 

quantifying the ROS during photocatalysis is essential, allowing an understanding of the 

photocatalytic performance of different semiconductors. Shortly, when a semiconductor 

absorbs a photon under illumination with energy (ℎ𝜈) higher than its bandgap (Eg), an 

electron (𝑒𝐶𝐵
− ) promoted from its valence band (VB) to conduction band (CB) leaving a 
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positively charged hole (ℎ𝑉𝐵
+ ) which initiate the reduction and oxidation reaction of O2 and 

H2O adsorbed on the semiconductor surface and generate ROS such as •O2
− and •OH. This 

process of ROS generation can be expressed by the following equations (Equation 2.6-2.10) 

[65,67]: 

𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
      ℎ𝜐     
→    ℎ𝑉𝐵

+ + 𝑒𝐶𝐵
−           (2.6) 

𝐻2𝑂 + ℎ𝑉𝐵
+ →  •𝑂𝐻 + 𝐻+          (2.7) 

𝑂2 + 𝑒𝐶𝐵
− →  •𝑂2

−           (2.8) 

 •𝑂2
− + ℎ𝑉𝐵

+ →  1𝑂2           (2.9) 

 •𝑂2
− +𝐻+ →  •𝑂𝑂𝐻         (2.10) 

Firstly, it is essential to determine the possibility of the generation of ROS in the synthesised 

nanoparticles, TiO2 and ZnO. Thus, a theoretical approach can be used by comparing the 

energy levels of the valence band (VB) and conduction band (CB) of nanoparticles with the 

standard redox potential (E0) of these ROS. The redox potential for the dissolved 

oxygen/superoxide couple (O2/
•O2

−) is -0.16 eV (E0 vs NHE), for the (•O2
−/1O2) couple is 

0.65 eV (E0 vs NHE) and for the H2O/•OH couple is 2.32 eV (E0 vs NHE). The conduction 

band (CB) and valence band (VB) edge positions of TiO2 and ZnO nanoparticles were 

estimated according to the concept of electronegativity by Equation 2.11-2.12 [64,68]: 

𝐸𝐶𝐵 = 𝑋−𝐸𝑒 +
𝐸𝑔

2
         (2.11) 

𝐸𝑉𝐵 = 𝐸𝑔 − 𝐸𝐶𝐵         (2.12) 

where ECB and EVB are the CB and VB edge potential, respectively, X is the electronegativity 

of the semiconductor (5.83 eV for TiO2 and 5.57 eV for ZnO [69], respectively), which is 

the geometric mean of the electronegativity of the constituent atoms [64,68]. Ee is the energy 

of free electrons on the hydrogen scale (about 4.5 eV), and Eg is the band gap energy of the 

semiconductor [64,68]. 

The calculated CB and VB edge positions for TiO2 nanoparticles were -0.24 eV and 2.9 eV, 

and for ZnO nanoparticles are -0.33 eV and 2.83 eV. Thus, the excited electrons in the 

conduction band and the holes in the valence band of the synthesised TiO2 and ZnO can 

theoretically initiate the redox reactions and generate these ROS. Hence, experiments were 

conducted to detect and quantify the generated ROS. The •OH radical was detected by the 
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hydroxylation reaction of TA, while singlet oxygen (1O2) was determined by the histidine 

test as an indirect way to quantify the generated •O2
− radical [64]. 

The generation of hydroxyl radical (•OH) for TiO2 and ZnO nanoparticles, as shown in 

Figure 2.9 a), increased during the 60 min of UV irradiation. Additionally, the results 

demonstrated that ZnO nanoparticles generated six times more hydroxyl (•OH) radical than 

TiO2 nanoparticles did under the same conditions, indicating the stronger oxidation ability 

of the ZnO nanoparticle. This higher quantity of •OH could be attributed to the oxygen 

vacancies on the ZnO surface [9,10], which enhanced the water dissociation, improving the 

generation of •OH [49]. 

 

Figure 2.9. Quantification of photogenerated hydroxyl radical (•OH) (a) and singlet oxygen 

(1O2) (b) by TiO2 and ZnO under 60 min of UV radiation. 

 

The same tendency of the photogenerated singlet oxygen (1O2) for TiO2 and ZnO was 

observed (Figure 2.9 b)). All the samples showed an increase in the production of 1O2 over 
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irradiation time. In contrast to the formation of •OH radical, TiO2 nanoparticles generated 

approximately two times more 1O2 than ZnO under the same conditions. It should be noted 

that this measurement is an indirect way to quantify •O2
− and the capacity to form 1O2, 

depending on the VB edge positions of the semiconductor. TiO2 had VB edge positions at 

2.9 eV vs 2.83 eV for ZnO, enhancing the oxidation of •O2
− to 1O2 (Equation 2.9). On the 

other hand, a part of •O2
− formed by ZnO could react with H+ (Equation 2.10) to form 

another type of ROS due to the high quantity of H+ produced by ZnO (Equation 2.7), as 

mentioned before. 

In general, ZnO nanoparticles generated more significant amount of ROS than TiO2 

nanoparticles, indicating that ZnO had more active centres than TiO2 for photocatalysis 

despite its lower surface area. This may be partially attributed to the few anatase phase 

composition, only 65%, in the crystalline structure of TiO2, which is the most photoactive 

phase in TiO2 [4,5], and the oxygen vacancies on the ZnO surface [9,10]. 

 

2.3.3. Photocatalytic degradation under UV radiation 

The photocatalytic activity of the produced nanoparticles under UV radiation was assessed 

for four different pollutants: CLQ, PAR, DCF, and CIP (Figure 2.10 and Table 2.4). Table 

2.4 shows the apparent reaction rate (k) calculated by Equation 2.5 for the different 

nanoparticles. The photolysis of the target pollutants as controls was performed under UV 

radiation (Figure 2.11). In the absence of nanoparticles, there was minimal degradation of 

the four pollutants under UV radiation. A comparison of the photocatalytic activity of TiO2 

and ZnO under the same condition for pollutant removal (pH, photocatalysts and pollutant 

concentration, illumination condition, among others) is presented in Figure 2.10 c). 

Although both TiO2 and ZnO nanoparticles had similar bandgaps showing similar UV 

absorption during photocatalysis (Figure 2.7 c) and d)), very different behaviour was 

observed for the same pollutant under the same experimental conditions. 

Since the pH of the solution can determine the surface charge and agglomeration of the 

photocatalysts, the generation of ROS and the structural form of pollutants molecule [4,70], 

all the solutions of the target pollutant used for this work were under the neutral condition. 

Considering the zeta-potential results, the surface charge was negative for TiO2 and positive 

for ZnO (Table 2.2) at this pH, which correlates with the charge interaction with the 

pollutants and, therefore, the difference in adsorption. Under the experiment's fixed 
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conditions, it is expected that the adsorption behaviour of pollutants on the surface of the 

photocatalyst – which is the first step for pollutant removal [4,70], together with the ROS 

formation, will be ultimately the main parameters that dictate the photocatalytic efficiency.  

 

Figure 2.10. Photocatalytic degradation with TiO2 (a) and ZnO (b) and comparison of 

degradation efficiency (%) between TiO2 and ZnO (c) for CLQ (30 mg/L), PAR (15 mg/L), 

DCF (30 mg/L) and CIP (5 mg/L) removal under 60 min of UV radiation. 
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Table 2.4. CLQ, PAR, DCF, and CIP degradation efficiencies (DE) and corresponding 

apparent reaction rate constants (k) under 60 min of UV radiation for TiO2 and ZnO. 

Sample Pollutant k  103 (min -1) DE (%) 

TiO2 

CLQ 17.0 ± 0.7 54 ± 1.4 

PAR 4.1 ± 0.3 23 ± 1.8 

DCF - - 

CIP 32.4 ± 0.3 83 ± 0.3 

ZnO 

CLQ 8.3 ± 0.0 37 ± 0.3 

PAR 8.3 ± 0.3 41 ± 0.6 

DCF 5.9 ± 0.2 28 ± 1.3 

CIP 43.3 ± 0.6 94 ± 0.2 

 

 

Figure 2.11. Photolysis assay of CLQ (30 mg/L) (a), PAR (15 mg/L) (b), DCF (30 mg/L) 

(c) and CIP (5 mg/L) (d) under 60 min of UV radiation. 
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Regarding chloroquine phosphate (CLQ) degradation, 53% of CLQ was adsorbed by TiO2 

in the dark and only 8.3% by ZnO. Despite generating higher ROS quantity, ZnO showed a 

degradation efficiency of 37% for CLQ removal with k = 8.310-3 min-1, while TiO2 

degraded nearly 54% of CLQ with k = 1710-3 min-1 under the same time. The high 

adsorption of CLQ on TiO2 compared to ZnO is due to the electrostatic interaction (CLQ 

has pKa = 8.4 presenting cationic form [25]), which seemed to be the main reason for this 

difference in degradation efficiency. Furthermore, the much higher surface area of TiO2 also 

played an important role in the electrostatic attraction during this adsorption process. 

Regarding paracetamol (PAR) degradation, there was minimal PAR adsorbed on TiO2 and 

ZnO surfaces under dark conditions. ZnO showed a degradation efficiency of 41% for PAR 

removal, higher than the 23% obtained with TiO2 nanoparticles. ZnO also presented higher 

kinetic constant, k = 8.310-3 min-1, than TiO2 with k = 4.110-3 min-1. PAR has a pKa = 9.3, 

being neutral with a different resonance structure at a pH lower than pKa [31]. Therefore, 

the electrostatic interaction between PAR and the photocatalysts can be discarded as the 

main factor affecting the photocatalytic results. The higher photocatalytic efficiency of ZnO 

can be attributed to the phenol group in PAR chemical structure having a large affinity to 

ZnO nanoparticles [71]. On the other hand, PAR acted as a Lewis base towards a positive 

ZnO surface during the experiments because the pH in the solution was lower than 9.3 [31]. 

Additionally, ZnO nanoparticles generated more ROS than TiO2 under the same condition 

enhancing the photocatalytic performance. 

For the diclofenac (DCF) degradation, no degradation nor adsorption of DCF were observed 

when using TiO2 as a photocatalyst. On the contrary, ZnO degraded 28% of DCF with a 

degradation rate (k) 5.910-3 min-1 under the same condition. DCF has pKa = 4.1 being 

anionic form [37,39] during the experiments, which promoted an electrostatic repulsion 

between anionic DCF and negatively charged TiO2 surface, opposite to ZnO nanoparticles, 

which inhibited the contact with formed ROS on the surface, reducing the photocatalytic 

efficiency. 

Regarding ciprofloxacin (CIP) degradation, TiO2 and ZnO presented similar adsorption of 

CIP under dark conditions, 17% and 16%, respectively. The degradation efficiency for TiO2 

and ZnO was 83% and 94%, respectively. The degradation rate (k) for TiO2 and ZnO was 

32.410-3 and 43.310-3 min-1. During the experiments, CIP presented zwitterionic form 

[6,39] due to its pKa1= 6 and pKa2=8.7 [39]. This indicated that CIP molecules could be 



 Au-sensitised TiO2 and ZnO photocatalysts for broadband pharmaceuticals degradation 

 

71 

adsorbed on the surface of TiO2 and ZnO due to the electrostatic interaction, improving 

photocatalytic activity. On the other hand, the higher photocatalytic degradation presented 

by ZnO is explained by, the higher amount of ROS produced, as previously demonstrated. 

TiO2:Au and ZnO:Au multicomponent nanoparticles were also tested under UV radiation, 

as shown in Figure 2.12 a) and b) and Table 2.5. There was no significant change in the 

photocatalytic degradation of the same pollutant between TiO2 and TiO2:Au (Figure 2.12 

a)) nor between ZnO and ZnO:Au (Figure 2.12 b)).  

 

Figure 2.12. Comparison of degradation efficiency (%) between TiO2 and TiO2:Au (a), ZnO 

and ZnO:Au (b) for CLQ (30 mg/L), PAR (15 mg/L), DCF (30 mg/L) and CIP (5 mg/L) 

removal under 60 min of UV radiation. 

 

Table 2.5. CLQ, PAR, DCF, and CIP degradation efficiencies (DE) and corresponding 

apparent reaction rate constants (k) under 60 min of UV radiation for TiO2:Au, and ZnO:Au. 

Sample Pollutant k  103 (min -1) DE (%) 

TiO2:Au 

CLQ 15.1 ± 0.5 50 ± 1.3 

PAR 4.3 ± 0.5 23 ± 1.1 

DCF - - 

CIP 24.6 ± 4.5 77 ± 4.9 

ZnO:Au 

CLQ 8.9 ± 0.4 40 ± 1.1 

PAR 7.7 ± 0.4 38 ± 1.0 

DCF 5.7 ± 0.3 28 ± 1.2 

CIP 33.7 ± 0.8 87 ± 0.4 
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When comparing the degradation efficiency between TiO2:Au and ZnO:Au for the same 

pollutant (Table 2.5), similar behaviours were observed in the comparison between TiO2 

and ZnO (Figure 2.10 c)). These similar behaviours can be attributed to the fact that the 

surface characteristic of pristine semiconductors was maintained (Figure 2.8 and Table 2.2), 

and the sensitisation of Au only enhanced the plasmonic absorption in the visible region, 

therefore not influencing the photocatalytic properties under UV radiation. 

Although the conditions applied in the literature change from work to work, and there is not 

a single study that compares all the pollutants tested here; Table 2.6 and Table 2.7 

summarise some of those results and the different conditions applied to the target pollutants. 

These comparisons are not straightforward, but the comparative study allows contextualising 

of the results. The results are in line with previous results for PAR, DCF, and CIP despite 

the much lower light power used in this work except for DCF-TiO2, where we did not 

observe a significant degradation. 

 

Table 2.6. Comparison of degradation efficiency (DE) between the present work and 

previous works that used TiO2 on CLQ, PAR, DCF and CIP degradation. 

Pollutant 
[Pollutant] 

(mg/L) 

[Photocatalyst] 

(mg/mL) 
UV Radiation  

DE 

(%) 

Time 

(min) 
Ref. 

CLQ 30 1 3.3 W/m2 (8W) 54 60 
Present 

work 

PAR 50 1.33 6.4 W 50 170 [72] 

PAR 20 0.4 250 W/m2 71 180 [73] 

PAR 15 1 3.3 W/m2 (8W) 23 60 
Present 

work 

DCF 5 0.05 150W 30 60 [74] 

DCF 30 0.35 20W 54 180 [36] 

DCF 30 1 3.3 W/m2 (8W) - 60 
Present 

work 

CIP 5 1 15−17 W/m2 75 30 [7] 

CIP 33 1.5 125 W 85 30 [75] 

CIP 5 1 3.3 W/m2 (8W) 83 60 
Present 

work 
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As previously mentioned, the use of CLQ has been increasing due to COVID-19 [26–28]. 

Hence, only a few works [25,29,76–80] reported on its degradation using different materials 

and approaches like the ones in our work. The utmost similar studies for CLQ degradation 

were based on the advanced oxidation processes (AOPs) [25,29]. Yi et al. [25] used 

PDINH/MIL-88A(Fe) composites which was the combination of metal-organic frameworks, 

MIL-88A(Fe), and semiconductor, 34,910-pyre- netetracarboxydiimine (PDINH), to 

remove CLQ through the synergistic effects of peroxydisulfate (PDS) photocatalytic 

activation. Despite the remarkable degradation efficiency under 30 min of visible radiation, 

95.7%, the used materials, PDINH/MIL-88A(Fe), and processes using persulfate solution 

were more costly than ours. Furthermore, Electro-Fenton oxidation was reported on CLQ 

degradation showing a degradation efficiency of 92% after 60 min of reaction [29]. However, 

the electro-Fenton oxidation process required the electrical consumption, which was more 

complex and costly than our work. 

 

Table 2.7. Comparison of degradation efficiency (DE) between the present work and 

previous works that used ZnO on the degradation of CLQ, PAR, DCF and CIP. 

Pollutant 
[Pollutant] 

(mg/L) 

[Photocatalyst] 

(mg/mL) 
UV Radiation 

DE 

(%) 

Time 

(min) 
Ref. 

CLQ 30 1 3.3 W/m2 (8W) 37 60 
Present 

work 

PAR 200 1 20 W 70 180 [81] 

PAR 7.5 0.5 40 W/m2 90 180 [71] 

PAR 15 1 3.3 W/m2 (8W) 41 60 
Present 

work 

DCF 30 0.35 20 W 80 180 [36] 

DCF 25 0.1 37 W/m2 (500 W) 50 350 [82] 

DCF 30 1 3.3 W/m2 (8W) 28 60 
Present 

work 

CIP 0.3 1 17 W/m2 100 45 [83] 

CIP 10 0.15 9 W 100 140 [84] 

CIP 5 1 3.3 W/m2 (8 W) 93 60 
Present 

work 
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Concerning PAR, DCF and CIP, the results show comparable results to previous works, 

producing in general higher degradation efficiencies under UV radiation using TiO2 (Table 

2.6) or ZnO (Table 2.7). Compared to experimental conditions used in our work, these 

results are expected as all the previous works used a much higher intensity of UV radiation 

[7,36,84,71–75,81–83] (in some cases more than one order of magnitude and therefore being 

a less cost-effective process) like the work of Silva et al. using 17 W/m2 UV radiation for 

ciprofloxacin removal [83] or longer reaction time [36,71–73,81,82,84], like the work of 

Lozano-Morales et al. maintaining 180 min for paracetamol degradation [73]. 

 

2.3.4. Photocatalytic degradation under visible radiation 

After the systematic comparison of the photocatalytic activity of synthesised TiO2 and ZnO 

nanoparticles and their Au-sensitised versions under UV radiation, photocatalytic assays 

were also carried out under visible radiation. Table 2.8 and Figure 2.13 show the results. 

As controls, photolysis of the target pollutants (CLQ, PAR, DCF, and CIP) was performed 

under visible radiation (Figure 2.14). In the absence of nanoparticles, there was negligible 

degradation of the pollutants under visible radiation except for DCF, which was degraded 

by nearly 20% only during the first 20 min. 

 

Table 2.8. CLQ, PAR, DCF, and CIP degradation efficiencies (DE) and corresponding 

apparent reaction rate constants (k) under 240 min of visible radiation for TiO2:Au and 

ZnO:Au. 

Sample Pollutant k  103 (min -1) DE (%) 

TiO2:Au 

CLQ 3.3 ± 0.6 70 ± 2.9 

PAR 3.7 ± 0.1 61 ± 1.0 

DCF 3.0 ± 0.2 53 ± 0.9 

CIP 2.0 ± 0.0 55 ± 0.7 

ZnO:Au 

CLQ 3.0 ± 0.0 54 ± 0.4 

PAR 5.7 ± 0.1 76 ± 0.3 

DCF 4.0 ± 0.1 57 ± 1.1 

CIP 5.7 ± 0.6 81 ± 2.9 
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Figure 2.13. Photocatalytic degradation with TiO2:Au (a) and ZnO:Au (b) and comparison 

of degradation efficiency (%) between TiO2:Au and ZnO:Au (c) for CLQ (30 mg/L), PAR 

(15 mg/L), DCF (30 mg/L) and CIP (5 mg/L) removal under 240 min of visible radiation.  

 

As presented in Figure 2.13 a) and b), the incorporation of Au on the surface of TiO2 and 

ZnO made them possible to produce the photocatalytic degradation of CLQ, PAR, DCF, and 

CIP under visible light due to the improvement of the absorption of longer solar wavelengths 

as well as the lower bandgap (Figure 2.7 c) and d)). Note that in the absence of Au, 

negligible degradation is produced, presenting only similar adsorption in the dark (for 

clarity, those results are therefore not included in the comparative). 
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Figure 2.14. Photolysis assay of CLQ (30 mg/L) (a), PAR (15 mg/L) (b), DCF (30 mg/L) 

(c) and CIP (5 mg/L) (d) under 240 min of visible radiation. 

 

Interestingly, when comparing the degradation efficiency between TiO2:Au and ZnO:Au for 

the different pollutants under visible light (Figure 2.13 c)), a similar trend to the degradation 

under UV radiation shown above was observed (Table 2.4). This similar trend indicates that 

surface characteristics are maintained and play a substantial role in the photocatalytic 

processes. Regarding CLQ degradation, TiO2:Au and ZnO:Au showed a degradation 

efficiency of 70 and 54%, with the kinetic constant (k) 3.310-3 and 3.010-3 min-1. As 

exposed above, this is due to the high adsorption of cationic CLQ on the negatively charged 

TiO2:Au surface, enhancing the photocatalytic efficiency. For PAR degradation, ZnO:Au 

showed a photocatalytic degradation of 76% with a k = 5.710-3 min-1. TiO2:Au presented 

lower degradation efficiency of PAR, 61%, with a k = 3.710-3 min-1. As also mentioned, 
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this difference could be due to the great affinity of the PAR molecule to ZnO:Au surface, 

improving photocatalytic performance. In terms of CIP degradation, ZnO:Au presented 

higher degradation efficiency and kinetic constant (81% and 5.710-3 min-1) than TiO2:Au 

(55% and 2.010-3 min-1) due to the higher amount of generated ROS on the surface of 

ZnO:Au. Finally, for the DCF degradation, the ZnO:Au showed a degradation efficiency of 

57%, slightly higher than the 53% obtained with TiO2:Au. Surprisingly, DCF could be 

degraded by TiO2:Au under visible radiation, which was not observed under UV radiation. 

The difference in illumination intensity between UV and xenon lamps applied in the assays 

could explain these results, indicating that under UV radiation some degradation also took 

place but was not detected due to the meagre power used in the assays. 

 

2.4. Conclusions 

TiO2 and ZnO, TiO2:Au and ZnO:Au were synthesised under the same conditions, using 

simple and low-cost synthesis methods, characterised, and the photocatalytic degradation of 

four different pharmaceuticals compared. The co-precipitation synthesis applied here 

yielded TiO2 (11.55 ± 4.23 nm) and ZnO (52.83 ± 8.27 nm) nanoparticles with homogeneous 

size distribution, being TiO2 with smaller particle size and, therefore, a higher specific 

surface area (152 m²/g) than ZnO (8 m²/g). These surface properties were maintained after 

Au functionalisation but reducing the band gap of the pristine semiconductors. Regarding 

the ROS generation over the surface of both nanoparticles, despite the difference in their 

surface area, ZnO(:Au) generated nearly 2.3 times more ROS than TiO2(:Au). 

Afterwards, four pharmaceuticals with different physicochemical properties were selected 

and tested for photocatalytic assays. A correlation was observed between the affinity of 

pollutants and nanoparticles' surface and the photocatalytic degradation efficiency and 

kinetics. This correlation was independent of the Au functionalisation of the nanoparticle 

and was highly related to the electrostatic attraction-repulsion. Under UV and at neutral pH, 

zwitterionic molecules such as CIP were highly degraded by all photocatalysts, a degradation 

efficiency of 83% and 94% for TiO2 and ZnO. On the other hand, cationic molecules such 

as CLQ were superiorly degraded under TiO2 showing a degradation efficiency of 54%. 

Moreover, anionic molecules such as DCF were more efficiently degraded by ZnO, with a 

degradation efficiency of 28%, but lowly or negligibly degraded by TiO2. For the case of 

neutral molecules such as PAR, all nanocatalysts show degradation, although better for the 
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ZnO nanoparticles, attributed in this case to the higher amount of generated ROS. After Au 

functionalisation, TiO2:Au and ZnO:Au presented similar photocatalytic behaviour of 

pharmaceuticals degradation as pristine semiconductors under UV radiation. 

However, the sensitisation of semiconductors with Au made photocatalysis possible under 

visible light; the nanoparticles could absorb a higher amount of light (reflectance decreased 

from 94% to 74% for TiO2:Au, and from 88% to 68% for ZnO:Au) and use it as an energy 

source to degrade the different pharmaceutical pollutants. The trend of efficiencies was very 

similar to the case observed under UV light, pointing out the significant influence on the 

pollutants' nanoparticle affinity and the higher ROS generation of the ZnO-based catalysts. 

In short, this work indicates that the photocatalytic efficiency highly depends on the kind 

and capacity of ROS generation by the photocatalyst, the type of pollutants to degrade, and 

their interaction with the photocatalyst surface. This study makes a broad classification 

possible for selecting the best photocatalyst, or combinations of photocatalysts, for more 

efficient degradation of pharmaceuticals in polluted water bodies. Finally, photocatalytic 

degradation under visible light was remarkably enhanced using semiconductor:Au 

multicomponent nanoparticles that, with a small amount of added Au (0.05 wt. %), can use 

sunlight to generate similar pharmaceuticals degradation, making the process more cost-

effective and sustainable. 
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Chapter  3 
 Size effect in hybrid 
TiO2:Au nanostar for 

photocatalysis 
 

 

 
 

This work repots on the development of novel hybrid nanoparticles, TiO2:Au-NSs, for 

photocatalytic application. Under different synthesis conditions, TiO2 nanoparticles were 

functionalised with different size of Au nanostar nanoparticles. The produced TiO2:Au-

NSs nanoparticles were characterised and then assessed them in ciprofloxacin 

degradation. Finally, the most efficient TiO2:Au-NSs nanoparticles were incorporated into 

PVDF-HFP based polymer matrix to validate its photocatalytic application 

 

This chapter is based on the following publication: Zheng, F., et al., Size Effect in Hybrid 

TiO2:Au Nanostars for Photocatalytic Water Remediation Applications. Int. J. Mol. Sci. 

2022, 23, 13741, doi:10.3390/ijms232213741. 
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3.1. Introduction 

As explained in the previous chapter, the photocatalytic performance of the semiconductors 

under sunlight not only depends on their affinity with pollutants and generation of ROS, but 

also on their absorption of light under sunlight. In this context, Au nanoparticles have been 

used to functionalise semiconductors to extend their light absorption improving the 

photocatalytic performance under sunlight [1–3]. 

Nevertheless, most works use spherical Au nanoparticles, limiting its sensitising use to a 

relatively narrow plasmonic band around 520 nm, leaving unused a large region of visible 

and infrared (IR) radiation of the sunlight spectrum [4]. Although the plasmonic resonance 

of Au highly depends on the size and shape of the nanoparticles [1,2,5], there are just a few 

studies [4,6–15] expanding this response to other wavelengths of the visible spectrum by 

using gold with different morphologies (mainly combined with TiO2 macroscopic 

substrates) such as nanorods [4,6–10,12,14], nanostar [11,13,15], trigonal nanoprisms [9], 

and hexagonal nanoprisms [9]. Au nanostars (Au with branched morphology), which are 

particles with the morphology of multiple highly sharp branches protruding from a central 

core [15], are ideally suited platforms for the synthesis of nanostructured photocatalysts due 

to their multiple plasmonic electromagnetic hot-spots and high light absorption cross-section 

[13,15]. Furthermore, they allow localised surface plasmon resonance (LSPR) tunability by 

changing the size of the Au nanostars (NSs), concomitant with a change of the nanostar 

spikes aspect ratio, which can be used to enhance its light absorption from the visible to near 

infrared (NIR) region [13,16]. 

Among several wet chemistry-based synthesis methods for Au nanostar preparation, the 

seed-mediated-growth process is a common method for the synthesis of monodisperse 

nanostars [17]. Many of these synthesis methods use surfactants or polymers as shape-

directing agents [13,16]. However, their presence can reduce the photocatalytic efficiency 

by blocking the active sites of the photocatalysts [18]. In this sense, surfactant-free methods, 

mainly based on the use of Ag as a shape-directing agent [19] to synthesise the Au nanostar 

are highly suited for catalytic applications with variable plasmon resonance from visible to 

NIR. 

In this chapter, we have developed a multistep approach to produce new hybrid Au-

sensitised TiO2 nanoparticles that are surfactant-free and where the gold component has a 

size-tunable nanostar morphology. In this multistep approach, Au spherical nanoparticles 
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were initially generated onto commercial TiO2 nanoparticles (TiO2-P25) through a 

deposition–precipitation method, and then further modified (growth) to induce a change in 

shape by a surfactant-free nanostars synthesis, generating a branched morphology. The TiO2-

P25 was chosen since it is one of the most studied TiO2 sample presenting a proven excellent 

photocatalytic performance, as explained in the Chapter 1. By changing the synthesis 

conditions (seeds to growth Au ratio) different sizes of Au NSs were produced which support 

broadening the absorption band to the whole visible region and a part of the NIR region. 

The different versions of these nanoparticles, with different nanostar sizes, were evaluated 

and compared for their photocatalytic activity under UV and visible light radiation to 

degrade the antibiotic ciprofloxacin (CIP). CIP was chosen as the target contaminant as it is 

one of the most detected antibiotics in different water matrixes [20–22] due to its inefficient 

removal by conventional wastewater treatment plants and, like all antibiotics, due to their 

risk to generating antimicrobial resistance bacteria in water reservoirs [22]. Moreover, the 

photocatalytic assay under different wavelengths from the visible to NIR region was also 

carried out to understand the correlation between the increase of size of Au branched 

nanoparticles and its capability to absorb light and transform it in the generation of hole-

electron pairs. 

Finally, it was studied the possibility of incorporating these novel nanoparticles into a porous 

polymer matrix of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) for 

photocatalytic application, degrading pollutants in a cost-effective way and avoiding the 

possible secondary pollution coming from nanoparticles [23,24]. 

 

3.2. Experimental 

3.2.1. Materials 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, SOLEF® 21216/1001) was 

purchased from Solvay. N, N-dimethylformamide (DMF, ≥99%) and sodium chloride (NaCl, 

analytical reagent grade) were supplied by Fisher-Scientific. Titanium dioxide (TiO2) 

nanoparticles were provided by Evonik Industries AG. Hydrogen tetrachloroaurate (III) 

trihydrate (HAuCl4·3H2O, 99.99%) was supplied by Alfa Aesar. Sodium hydroxide (NaOH, 

98.0–100.5%) was obtained from Panreac. Hydrochloric Acid (HCl, 37%) was supplied by 

LABKEM. L-ascorbic acid (AA, ≥99%) and silver nitrate (AgNO3, ≥99%) were purchased 
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from Sigma-Aldrich. Milli-Q ultrapure water (resistivity 18.2 MΩ·cm) was used in all 

experiments. Ciprofloxacin (CIP, ≥98% (HPLG), C17H18FN3O3) with maximum light 

absorption at a wavelength of 277 nm was supplied by Sigma-Aldrich. Absolute ethanol 

(C2H5OH, ≥99.5%) were purchased from Sigma-Aldrich. 

 

3.2.2. Sample preparation 

3.2.2.1. TiO2:Au-NSs nanoparticles synthesis 

The synthesis of TiO2:Au-NSs hybrid nanoparticles was divided into two steps. In the first 

step, Au nanoparticles (NPs) were grown into TiO2 nanoparticles by a deposition–

precipitation method (DP) as described by Martins et al. [3] to obtain TiO2:Au nanoparticles, 

where the Au part formed small spherical particles (NSph) of around 5 nm. Briefly, 200 mg 

of TiO2 nanoparticles were dispersed in 40 mL of ultrapure water in a sonication bath for 30 

min. Afterwards, a specific volume of HAuCl4 (1 mM) was added to achieve an Au loading 

of 0.05 wt.% and stirred at room temperature for 10 min to disperse the gold precursor 

homogeneously. Later, NaOH (0.1 M) was added dropwise to obtain a pH = 9 and then 

stirred for 10 min. Finally, the solution was centrifuged and washed twice with ultrapure 

water. In the last step, the nanoparticles were dried overnight in an oven at 80 °C and then 

grounded with a mortar to obtain a fine powder (TiO2:Au-NSph). 

In a second step, the Au morphology in the TiO2:Au-NSph was modified by the seed-

mediated-growth process, from spherical Au to star-shaped (NS) Au, using the modified 

surfactant-free method with the assistance of Ag as a shape-directing agent [25]. Then, 150 

mg of TiO2:Au-NSph nanoparticles were dispersed in 3.8 mL of ultrapure water in a 

sonication bath for 30 min as the seed solution. Afterwards, a growth solution was prepared 

by mixing 18.9 mL of ultrapure water, 19 µL of HCl (1 M), and 95 µL of HAuCl4 (50 mM), 

considering a volume ratio between the gold solution (HAuCl4, 50 mM) and seed solution 

of 0.025. Then, the prepared seed solution was added to this growth solution at room 

temperature and under moderate stirring. According to the used growth solution volume, 57 

µL of AgNO3 (10 mM) and 95 µL of AA (100 mM) solution were simultaneously and 

quickly added to the above mixture under vigorous stirring. The solution rapidly turned from 

light pink to purplish-grey, indicating the modification of Au morphology from Au sphere 

to star. This colour tended to be more bluish when the ratio of the gold solution to seed 

solution increased, indicative of the formation of bigger nanostars with higher aspect ratio 
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branches. The obtained samples (TiO2:Au-NSs) were centrifuged and washed twice with 

ultrapure water, resuspended in ultrapure water, and named Sample A for the final 

application. 

In terms of NP size tuning, the final Au star size was controlled by modifying the volume 

ratio between the gold solution and seed solution in the seed-mediated-growth synthesis step. 

Samples B and C were obtained by maintaining the volume of the seed solution but 

modifying the volume of the gold solution (HAuCl4, 50 mM), with a volume ratio between 

gold solution and seed solution of 0.1 and 0.25, for Samples B and C, respectively. The 

volume of the other reagents in the growth solution, AgNO3 and AA solution, were prepared 

proportionally to the volume of gold solution (HAuCl4, 50 mM). 

 

3.2.2.2. Membranes production 

The most photocatalytic efficient TiO2:Au-NSs of the previously synthesized nanoparticles 

were used to prepare nanoparticle-loaded membranes through a salt leaching technique 

combined with a Non-solvent-Induced Phase Separation (NIPS) following the main 

guidelines previously described [26] but using different type of coagulation bath. 111 mg of 

TiO2:Au-NSs nanoparticles were dispersed in 9 mL of DMF to obtain a TiO2:Au-

NSs/PVDF-HFP final mass ratio of 0 and 10 wt.% in an ultrasonication bath for 2 hours with 

control of temperature to achieve a good nanoparticles dispersion. Later, 1 g of PVDF-HFP 

polymer was added to the solution to obtain a PVDF-HFP/DMF concentration of 1:9 v/v. 

After dissolving the polymer completely, 5 g of NaCl particles with a diameter of 90 µm 

were added and stirred for 1 hour to achieve a homogeneous distribution of the NaCl 

particles. Then, the mixed solution was spread onto a glass substrate by a doctor blade with 

a defined gap of 950 µm. Afterwards, the glass substrate was immersed in an absolute 

ethanol coagulation bath at room temperature and detached the films. Then, the films were 

immersed in a distilled water bath at 45 °C to remove possible traces of solvent and dried at 

room temperature for 24 hours. Finally, the film was washed in deionized water for 1 week 

to remove NaCl particles and then dried at room temperature. 
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3.2.3. Sample characterisation 

Transmission electron microscopy (TEM) images were acquired with a JEOL JEM 1400 

Plus set up operating at 100 kV in bright field and a Talos (Thermo Scientific) system 

working at 200 kV for the HAADF-STEM and EDX-STEM measurements. To prepare the 

samples, the nanoparticle powder was dispersed in ultrapure water and sonicated for 1 min, 

and then 2 μL of the suspension was placed on a 400-mesh carbon-coated copper grid and 

left to dry at room temperature. The analysis of the images was performed using the ImageJ 

software package. 

To perform diffuse reflectance spectroscopy (DRS), a UV-Visible-NIR Jasco V-770 

spectrometer equipped with a 150 mm diameter integrating sphere coated with Spectralon 

with 1 nm spectral resolution was used. DRS was carried out in the 250–2200 nm wavelength 

range. A Spectralon reference was used to measure the 100% reflectance, and internal 

attenuators were used to determine zero reflectance to remove background and noise. The 

samples saved in ultrapure water were placed in the support and dried at room temperature 

and the powder samples were placed in a quartz cuvette, sealed, and mounted on a Teflon 

sample holder before the DRS measurement. The measured reflectance spectra were 

subsequently converted to Kubelka–Munk (K-M) absorption factors to evaluate the 

absorption spectra of the samples. This conversion was performed using the K-M equation 

(Equation 3.1) [27]: 

𝐹(𝑅) = (1 − 𝑅∞)
2/(2𝑅∞)            (3.1) 

where R∞ (RSample/RSpectralon) corresponds to the reflectance of the sample and F(R) is the 

absorbance. 

The sample bandgap was estimated using the Tauc plot: 

[𝐹(𝑅)ℎʋ]1/𝑛 𝑣𝑒𝑟𝑠𝑢𝑠 ℎʋ  

where h is Planck’s constant, ʋ the frequency, and n the nature of the electronic bandgap 

transition type, taken as n = 2 for indirect transition [28]. 

Dynamic light scattering (DLS) and Z-potential were measured with a Zetasizer NANO ZS-

ZEN3600 (Malvern Instruments Limited, United Kingdom), equipped with a He–Ne laser 

(wavelength 633 nm) and backscatter configuration (173°). The nanoparticles were 

dispersed (1 mg/mL) in ultrapure water in an ultrasonication bath at room temperature for 1 

h to avoid aggregation, and each sample was measured five times at pH = 3 to obtain the 



Chapter 3 

 
98 

hydrodynamic diameter. The Z- potential was evaluated at different pH (3, 5, 7, 9, and 11), 

and each sample was measured five times. HCl (0.1 M) and NaOH (0.1 M) solutions were 

used to adjust the pH. The resulting particle size was determined using the Smoluchowski 

model [29]. The manufacturer software (Zetasizer 7.13) was used to estimate the 

hydrodynamic diameter of the nanoparticles (cumulant diameter), the polydispersity index 

(PDI), and zeta potential values. 

The crystal structure of the nanoparticles was assessed by X-ray diffraction (XRD) using a 

Philips X’pert PRO automatic diffractometer operating at 40 kV and 40 mA, in theta-theta 

configuration, secondary monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel 

solid-state detector (active length in 2θ 3.347°). Data were collected from 5 to 80° 2θ, step 

size 0.026° and time per step of 60 s at room temperature, total measurement time 10 min. 

Then, 1° fixed soller slit and divergence slit which provided a constant volume of sample 

illumination, was used. 

X-ray fluorescence (XRF) was used to quantify the ratio of Au:TiO2 (wt.%). The 

measurements were obtained by using a MIDEX SD (Spectro) X-ray microfluorescence 

spectrometer, energy dispersion ED-XRF for elemental analysis. Automatic XYZ tray and 

collimator changer, X-ray with Mo tube with maximum power 40 W/voltage 48 kV and 

silicon drift detector (SDD) with 30 mm2 area. The calibration and calculations were done 

by fundamental parameters FP Plus. 

A field emission gun scanning electron microscope (FEG-SEM) Hitachi S-4800N operating 

at 10 kV voltage was used to image the membranes. The samples were coated with a thin 

layer of gold (≈15 nm) in an Emitech K550X ion-sputter before measurement. 

Elemental analysis was carried out by Energy Dispersive X-ray spectroscopy (EDX) using 

a Carl Zeiss EVO 40 (Oberkochen, Germany) SEM equipped with an EDX Oxford 

Instrument X-Max detector (Abingdon, U.K.). The measurement were performed in a high 

vacuum condition, at a voltage of 20 kV, a current of 100–400 pA and a working distance 

of 9–10 mm. 

 

3.2.4. Photogenerated ROS (•OH and 1O2) measurements 

3.2.4.1. Detection of hydroxyl radicals (•OH) 

The hydroxyl radicals (•OH) produced after illumination were detected and quantified as 

previously reported [30] by fluorescence spectroscopy through the hydroxylation reaction of 
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terephthalic acid (TA) to 2-hydroxyterephthalic acid (2-HTA) in the heterogeneous phase, 

as shown Figure 3.1. 

 

Figure 3.1. Scheme of hydroxylation reaction of terephthalic acid (TA). 

 

Firstly, a TA solution (0.5 mM) was prepared by dissolving TA in a dilute NaOH solution 

(2 mM). Then, 50 mg nanoparticles as photocatalysts were dispersed in 50 mL of TA 

solution (0.5 mM) and stirred in the dark for 30 min. Afterwards, the suspension was stirred 

and irradiated for 30 min under UV illumination. An aliquot was taken out at different 

irradiation times and centrifuged to remove the nanoparticles. 200 µL of supernatant was 

collected and analysed using a microplate reader Infinite 200 Pro. This analysis was 

performed by evaluating the emission peak at 425 nm of the 2-HTA, which has an excitation 

wavelength of 315 nm [31] in the fluorescence spectrum. The 2-hydroxyterephthalic acid a 

standard calibration curve was constructed to quantify the relationship between the 

fluorescence signal and the produced hydroxyl radicals. 

 

3.2.4.2. Detection of singlet oxygen (1O2) 

Singlet oxygen (1O2) was determined as previously reported [30] by applying histidine test 

(Figure 3.2) in a heterogeneous phase as an indirect way to quantify the generated •O2
−. 50 

mg of nanoparticles were added to a mixed solution of 40 ml L-histidine solution (0.2 mM) 

and 10 mL of N,N-p-nitrosodimethylaniline solution (0.2 mM). Afterwards, the suspension 

was stirred in the dark for 30 min, and then irradiated for 30 min under UV illumination. At 

different irradiation times, aliquots were taken out, centrifuged, and then analysed using an 

Agilent Cary 60 UV-Vis Spectrophotometer. This analysis evaluated the characteristic band 

of N,N-p-nitrosodimethylaniline at 440 nm in the UV-Vis spectrum. The reaction between 

histidine and 1O2 produces a trans-annular peroxide, as presented in Figure 3.2. The latter 
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compound was detected by bleaching the p-nitrosodimethylaniline at 440 nm. Singlet 

oxygen alone cannot cause bleaching of the latter compound; no bleaching occurs in the 

mixture of histidine and p-nitrosodimethylaniline without singlet oxygen. The produced 1O2 

was quantified from the calibration curve between absorbance and N,N-

pnitrosodimethylaniline solution concentration. 

 

Figure 3.2. Mechanism of histidine test. 

 

3.2.5. Photocatalytic degradation under UV and visible radiation 

The photocatalytic activity of the produced TiO2:Au-NSs nanoparticles, A, B, and C, were 

tested under both UV and visible light radiation. Firstly, the CIP solution of 5 mg/L was 

prepared and adjusted to pH = 3. Before the degradation assays, 50 mg of nanoparticles as 

photocatalysts were stirred in 50 mL of CIP solution in the dark for 30 min to achieve an 

adsorption-desorption equilibrium. 

The photocatalytic activity of the produced membranes was tested under visible light 

radiation using the same CIP solution. Before the degradation assays, the membrane, with a 

sample area of 18 cm2, was immersed and stirred in 50 mL of CIP solution in the dark for 

30 min to achieve an adsorption–desorption equilibrium. 
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The UV degradation of CIP was performed in a photoreactor with eight UV lamps of 8 W, 

with an emission peak at 365 nm, over 30 min. The suspensions of photocatalysts and CIP 

were kept stirred in a 100 mL beaker under illumination from the top. The distance between 

the solution and the lamp was 13.5 cm, and the irradiance at the solution was 3.3 W/m2. 

For the visible light degradation, a filtered Xenon lamp (sun emulator) with an excitation 

peak at 550 nm and irradiance of 300 W/m2 (spectra in Figure 3.3) was used, over 150 min 

for degradation in suspension and 600 min for degradation using membranes. The 

suspensions of photocatalysts and CIP were stirred in a 100 mL beaker under lateral 

illumination. The distance between the CIP solution and the lamp was 21 cm. 

 

Figure 3.3. Xenon Lamp arc (with UV filter) and sunlight spectra. 

 

Aliquots as samples were taken out at different periods during the degradation assays and 

centrifuged to remove the photocatalysts. Afterwards, the 200 µL of the supernatant in each 

sample after centrifugation was analysed by UV-Vis spectroscopy. The absorbance variation 

of the 277 nm peak of the CIP spectrum was monitored using a microplate reader Infinite 

200 Pro in the range of 230 to 450 nm. 

The photocatalytic degradation rate was fit to a pseudo-first-order reaction, which is based 

on the Langmuir–Hinshelwood model described by Equation 3.2: 

ln (
𝐶

𝐶0
) = −𝑘𝑡                                                          (3.2) 
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where C and C0 represent the pollutant concentration at time t and at the beginning of the 

photocatalytic assessment respectively, and k is the first-order rate constant of the reaction 

[3]. 

 

3.2.6. Photocatalytic degradation under different wavelengths 

The photocatalytic activity of the produced TiO2:Au-NSs nanoparticles, A, B, and C was 

also assessed under different wavelengths of light radiation: blue light (emission peak at 460 

nm), green light (emission peak at 530 nm), red light (emission peak at 630 nm), NIR light 

(emission peak at 730 nm), for ciprofloxacin degradation. 

Firstly, the CIP solution of 5 mg/L was prepared and adjusted to pH = 3. After achieving the 

adsorption–desorption equilibrium of the photocatalysts and CIP solution as described 

previously (Section 3.2.5), the degradation of CIP was carried out in a cuvette under 

different wavelengths of light radiation with an intensity of 0.5 W, over 180 min. The 

suspensions of photocatalysts and CIP were kept stirred under lateral illumination. The 

distance between the CIP solution and the lamp was 1 cm. 

Aliquots were withdrawn at different times during the degradation assessment, and 

centrifuged and analysed using an Agilent Cary 60 UV-Vis Spectrophotometer. 

 

3.3. Results and discussion 

3.3.1. Nanoparticle synthesis and characterisation 

Hybrid nanoparticles of Au and TiO2 were synthesised following a multistep approach 

(Section 3.2.2.1). Starting with commercial TiO2 nanoparticles, Au nanoparticles (NPs) 

were grown from those nanoparticles through a deposition–precipitation method. As 

previously described [3], this step generates the formation of small randomly distributed Au 

spherical nanoparticles attached to the TiO2 nanoparticles (TiO2:Au-NSph) (Figure 3.4 a) 

and b)). EDX mapping was used to confirm the homogeneous distribution of small Au NPs 

(red colour) on the surface of TiO2 (blue colour) in TiO2:Au-NSph (Figure 3.4 c)). In a 

second step, the Au component of the hybrid nanoparticles was further grown through a 

seed-mediated-growth process and using Ag, a shape-directing agent, to generate Au 

nanostars attached to the TiO2 nanoparticles (TiO2:Au-NSs). The added Au grows from the 
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Au component of the TiO2:Au-NSph because it is a more energetically favourable process 

as has been shown in other hybrid nanoparticles [32–34]. This branched-induction 

mechanism has the advantage that it is produced through a surfactant-free method offering 

a non-coated nanoparticle surface, which is advantageous for the catalytic function of the 

nanoparticles. Based on this method, three different versions of nanoparticles, Sample A, B, 

and C, were generated with an increasing quantity of Au and, therefore, with the expanding 

size of the Au nanostar parts (bigger size and longer spikes). 

 

Figure 3.4. STEM-HAADF micrographs of TiO2:Au-NSph with different magnifications 

(a, b). Au nanoparticles appear as whiter, smaller, and quite circular shapes, scattered 

through the sample. The zoom-in, with the green arrow, shows one of these Au nanoparticles 

bound to a TiO2 nanoparticle surface. EDX mapping of TiO2:Au-NSph: Au (red) and Ti 

(blue) (c). 
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STEM-HAADF was used to assess the morphology of the synthesised nanoparticles. As 

presented in Figure 3.5 a), b), d), e), g) and h), non-spherical Au nanoparticles on the TiO2 

surface can be detected as high contrast areas in the STEM-HAADF. The shape of the Au 

part depends on the synthesis conditions. Increasing the volume ratio of the gold solution to 

the seed solution generated bigger Au NSs with more developed tips exhibiting higher aspect 

ratios (Figure 3.5 b), e) and h)). Moreover, EDX mapping was used to confirm the presence 

of Au (red colour) on the surface of TiO2 (blue colour) in TiO2:Au-NSs-A, B, and C (Figure 

3.5 c), f) and i)). 

 

Figure 3.5. STEM-HAADF micrographs with the different magnifications (a, b, d, e, g, h) 

and EDX mapping (c, f, i) of TiO2:Au-NSs, Sample A (a–c), Sample B (d–f), and Sample C 

(g–i). 
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Regarding the crystal structure, XRD (Figure 3.6 a)) showed the presence of anatase (peaks 

at 25.3, 37.8, and 48.0°) and rutile (peaks at 27.49°) in all the samples, in good agreement 

with the literature [3,35]. Moreover, there was no significant difference between the 

intensities or positions of the peaks from these samples, independent of the Au presence and 

size. On the other hand, no diffraction peaks of Au were detected in TiO2:Au-NSph and 

TiO2:Au-NSs-A, -B and -C, which can be explained by the low amount of Au present in 

these samples. In addition, XRF was used to detect the amount of Au in the synthesised 

hybrid nanoparticles (Figure 3.6 and Table 3.1). 

 
Figure 3.6. X-ray diffraction spectra of pristine TiO2, TiO2:Au-NSph, TiO2:Au-NSs-A, B, 

and C nanocomposites and identification of the representative diffraction peaks for anatase 

(A) and rutile (R) phases (a). XRF spectrum of TiO2:Au-NSs-A (b), TiO2:Au-NSs-B (c), and 

TiO2:Au-NSs-C (d). 
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Table 3.1. Amount of Au with respect to TiO2 (wt. %) in the samples, theoretical value 

(considering the added reagents in the synthesis reaction) vs. XRF measurement. 

Sample Au:TiO2 wt.% theoretical Au:TiO2 wt.% XRF 

TiO2:Au-NSph 0.05 * 

TiO2:Au-NSs-A 0.68 * 

TiO2:Au-NSs-B 2.55 2.38 

TiO2:Au-NSs-C 6.3 5.83 

* No detected Au since the amount of Au is less than 1% wt. in sample 

 

The amount of Au with respect to TiO2 was 2.38 and 5.83 wt.% in TiO2:Au-NSs-B, and -C, 

respectively, very similar to the theoretical values, considering the quantities of the reagents, 

indicating a high yield of the Au reduction. Due to the quantification limit of the technique, 

<1wt.%, the amount of Au could not be determined for TiO2:Au-NSph and TiO2:Au-NSs-A 

although similar results are expected. 

The hydrodynamic size for Samples A, B, and C was studied by DLS, (Figure 3.7 a)). The 

results show diameters of 390 ± 13.4, 126 ± 2.9, and 122 ± 0.8 nm for A, B, and C, 

respectively. These diameters were much smaller than the one of the pristine TiO2 

nanoparticles previously reported [3] and decreased when increasing the Au-NS size. This 

is probably due to the different processing that takes place during the growth of Au on the 

hybrid nanoparticles, with respect to other methods, and the presence of Au nanoparticles 

over the TiO2 surface, preventing the formation of big nanoparticles’ aggregates [3]. 

Concerning Z-potential, the measurements were performed as a function of the pH and it is 

presented in Figure 3.7 b). In general, they presented a zero potential around a pH range of 

6–7 and a Ζ-potential modulus that rapidly increased when separating from that point to 

reach values higher than 30 mV for pH below 3 or above 9 where the nanoparticles show 

superior electrostatic stability [36,37]. When comparing the different nanoparticles, a slight 

increase of the pH at zero potential was observed when increasing the Au-NS size from 

Sample A to Samples B and C together with a more pronounced slope, probably due to the 

smaller aggregate size as indicated in the DLS measurements. 
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Figure 3.7. The intensity size distribution of the TiO2:Au-NSs-A, B, and C nanocomposite 

and respective Z-average hydrodynamic size (a). Zeta potential measurements performed at 

different pHs (3, 5, 7, 9, and 11) for TiO2:Au-NSs-A, B, and C nanocomposite (b). 

 

This change in Au morphology affected the optical properties of the nanoparticles. DRS was 

used to evaluate the optical properties of pure TiO2 nanoparticles, TiO2:Au-NSph and 

TiO2:Au-NSs (Figure 3.8 a), c) and e)), and TiO2:Au-NSs at different Au-NSs sizes (Figure 

3.8 b), d) and f)). 

When observing the reflectance spectra of the three types of nanoparticles (Figure 3.8 a)), 

all the samples showed similar low reflectance in the UV range (200–400 nm) mainly due 

to the TiO2 high cross-section at the UV. On the other hand, in the visible range (400–700 

nm), the pure TiO2 nanoparticles had a reflection of ≈87% of the radiation, while the 

nanohybrids TiO2:Au-NSph presented a reflectance below 75% for the same range with a 

minimum reflectance (≈63%) at 544 nm due to the surface plasmon of Au spherical 

nanoparticles, which are in line with the literature [3,38]. In the same range, TiO2:Au-NSs-

A showed a reflectance below 51% due to the higher content of Au and its branched 

morphology. When comparing the TiO2:Au-NSs at different Au-NSs sizes (Figure 3.8 b)), 

reflectance decreased further with the increasing amount and size of gold nanostars. 

TiO2:Au-NSs-B and C, in the same range, presented a reflectance below 32% and 14%, 

respectively. 
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Figure 3.8. UV-Vis reflectance spectra (a, b) and UV-Vis absorption spectra (c, d) of the 

nanoparticles in the different synthesis steps (a, c) and nanoparticles with different Au NS 

sizes (b, d). Estimation of the bandgap for nanoparticles at different steps of the synthesis 

(e) and nanoparticles with different Au-NS sizes (f). (The bandgap is taken as the 

extrapolation of the linear part at [F(R)hʋ]1/2 = 0). 
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The complementary graph of absorbance shows that this one changed significantly when Au 

was included, with the appearance of a plasmonic peak in the visible region that extended to 

near IR (Figure 3.8 c)). This absorption increased with the concentration of Au and the size 

of Au-branched NPs, generating a broader peak that extended to much higher wavelengths 

(Samples B and C in Figure 3.8 d)). This redshift is in agreement with the literature for 

homocomponent nanostars [16,19], while the broadening can be due to the interaction with 

the excess of TiO2 nanoparticles affecting its uniformity and morphology. 

The bandgap of the samples was estimated from the DRS spectrum by applying Tauc plot 

method and after line fitting in the linear region 3.3–3.6 eV, as shown in Figure 3.8 e) and 

f). The pure TiO2 nanoparticle showed a bandgap of 3.15 eV, typical for TiO2 (3.0 to 3.2 eV 

depending on the ratio of crystalline phases) [39]. The TiO2:Au-NSph and TiO2:Au-NSs-A 

showed a lower bandgap than pure TiO2: 3.14 and 3.10 eV, respectively. This decrease in 

the bandgap is related to the absorption of longer wavelengths and has been previously 

reported for other hybrid systems [3,35,40]. The bandgap reduction was more evident when 

increasing the Au nanostar size due to their higher absorption in the visible region with 

values of 2.83 and 2.86 for TiO2:Au-NSs-B and C, respectively (Figure 3.8 f)). 

 

3.3.2. Photocatalytic degradation under UV and visible radiation 

The photocatalytic activity of the synthesized TiO2:Au-NSs-A, B, and C nanoparticles was 

evaluated and compared with TiO2:Au-NSph under both UV and visible light radiation in 

the degradation of CIP under colloidal suspension conditions. Table 3.2 shows the apparent 

reaction rate constant (k) calculated by Equation 3.2 for the different synthesized 

nanoparticles. 

Table 3.2. CIP degradation efficiencies (DE) and corresponding apparent reaction rate 

constants (k) under 30 min of UV radiation and 150 min of visible radiation for TiO2:Au-

NSs-A, B, and C nanoparticles. 

Sample 
UV Visible 

k (min−1) DE (%) k (min−1) DE (%) 

TiO2:Au-NSs-A 0.053 83 0.014 89 

TiO2:Au-NSs-B 0.040 78 0.012 88 

TiO2:Au-NSs-C 0.023 64 0.009 86 

TiO2:Au-NSph 0.031 76 0.008 84 
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Figure 3.9 a) and b) show the results of photocatalytic experiments under UV and visible 

radiation, respectively. As a control procedure, it should be noted that under the same 

irradiation conditions of UV or visible light and in the absence of nanoparticles, there was 

very low photolysis of CIP (Figures 3.10). 

 

 

Figure 3.9. Photocatalytic degradation of CIP (5 mg/L) with TiO2:Au-NSph, TiO2:Au-NSs-

A, B, and C nanoparticles under 30 min of UV radiation (a) and 150 min of visible radiation 

(b). 

 

 

Figure 3.10. Photolysis assay of CIP (5 mg/L) under 30 min of UV radiation (a) and 150 

min of visible radiation (b). 
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The photocatalytic assays under UV light had a degradation efficiency of 83, 78, and 64% 

for A, B, and C nanoparticles, respectively, under the same experimental conditions. The 

reaction rate constant showed a similar tendency, k = 0.053, 0.040, and 0.023 min−1 for A, 

B, and C nanoparticles, respectively. Nanoparticles A presented the best degradation 

efficiency under UV of the three samples. This result can be rationalized by the lower 

quantity of TiO2 (total nanoparticle mass is kept constant) and the lower active area presented 

by the photocatalyst when adding the Au to its surface for an increasing quantity of Au. 

Among these samples, A showed better photocatalytic activity than TiO2:Au-NSph, which 

presented a degradation efficiency of 76%, with k = 0.031 min−1. The change of the Au 

spherical morphology to branched morphology reduced the bandgap of TiO2 and improved 

the photocatalytic efficiency. 

On the other hand, in the adsorption process in the dark (before irradiation), Samples A, B, 

and C adsorbed 12%, 28%, and 32% of CIP, respectively. The higher amount of Au on TiO2 

surface led to a higher CIP adsorption, which agrees with previously reported work [3]. 

Interestingly, the addition of Au onto the TiO2 surface made it possible to produce the 

photocatalytic degradation of CIP by the nanoparticles under visible light (Figure 3.9 b)) 

due to the improvement of the absorption of longer solar wavelengths as well as the lower 

bandgap (Figure 3.8 e) and f)). Under this illumination, all the TiO2:Au-NSs nanoparticles 

presented very similar degradation efficiency, 89%, 88%, and 86%, with k = 0.014, 0.013, 

and 0.009 min−1, for A, B, and C, respectively. The nanoparticle TiO2:Au-NSph showed 

slightly lower photocatalytic performance with a degradation efficiency of 84% with k = 

0.008 min−1 compared with A, B, and C. Note here that although TiO2:Au-NSs-A, B, and C 

showed a similar effect under visible radiation, Samples B and C showed a broader 

plasmonic band that extended deeper into the near IR and could be beneficial for the light-

harvesting of higher wavelengths of the sunlight radiation. Finally, the TiO2:Au-NSs-A, B, 

and C after the photocatalytic tests were recovered and assessed by XRD to confirm their 

stability after photocatalytic application. There was no difference observed in the crystal 

structure of nanoparticles before (Figure 3.6 a)) and after photocatalysis (Figure 3.11 a)). 

Based on the photocatalytic activity results presented, Sample A—with the best 

photocatalytic performance—was selected as the best candidate to immobilise into a PVDF-

HFP-based nanocomposite membrane. Additionally, further experiments were carried out 

for highly reactive oxygen species (ROS) detection, •OH and 1O2, in Sample A. Figure 3.11 

b) shows that the generation of hydroxyl radical (•OH) increased during the 30 min of UV 
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radiation. The result also indicates that the concentration of 1O2 achieved a maximum at an 

irradiation time of 15 min, after which the generation of 1O2 became constant. Therefore, 

•OH played the dominant role during the photocatalytic degradation of CIP. 

 

Figure 3.11. X-ray diffraction spectra of TiO2:Au-NSs-A, B, and C nanocomposites after 

photocatalytic application (a). Quantification of photogenerated hydroxyl radical (•OH) and 

singlet oxygen (1O2) by TiO2:Au-NSs-A under 30 min of UV radiation (b). 

 

On the other hand, a comparison between TiO2:Au-NSs-A and previous work using TiO2-

based plasmonic photocatalysts was performed (Table 3.3). Due to the different 

experimental conditions applied in each work, this comparison is not straightforward but 

allows contextualizing of our results. Although the previous works showed a slightly higher 

degradation of CIP than our results, they used a much higher amount of plasmonic 

nanoparticles and intensity of visible radiation (less cost-effective process) or longer 

degradation time than the one we used, which makes the comparison less straightforward. 
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Table 3.3. Comparison of degradation efficiency (DE) between the present work and 

previous work that used plasmonic nanoparticles to functionalise TiO2 for ciprofloxacin 

(CIP) degradation under visible light. 

[CIP] 

(mg/L) 
Photocatalyst 

Cu, Ag 

or Au 

amount 

(wt.%) 

[Photocatalyst] 

(mg/mL) 
Irradiation 

DE 

(%) 

Time 

(min) 
Ref. 

30 Cu/TiO2 1.0 0.5  500 W/m2 99 180 [41] 

80 Cu/TiO2 1.0 0.25 500 W/m2 85 240 [42] 

3.3 Ag/TiO2 5.0 0.5 60 W 87 60 [43] 

30 Ag/TiO2 1.5 0.5 500 W/m2 99 240 [41] 

30 Au/TiO2 1.5 0.5 500 W/m2 99 180 [41] 

5 Au/TiO2 0.5 1.0 98 W/m2 45 180 [3] 

5 TiO2:Au-NSs-A 0.68 1.0 300 W/m2 89 150 
Present 

work 

 

3.3.3. Photocatalytic degradation under different wavelengths 

To understand the photocatalytic behaviour of the nanoparticles after increasing the Au branched 

morphology, the synthesized TiO2:Au-NSs-A, B and C nanoparticles were evaluated under 

different wavelengths of light radiation in the visible and NIR region for the degradation of CIP. 

Table 3.4 shows the apparent reaction rate calculated by Equation 3.2. Figures 3.12 a)-d) show 

the results of photocatalytic experiments under blue (460 nm), green (530 nm), red (630 nm), 

and NIR (730 nm) light radiation, respectively. It should be noted that under the same irradiation 

conditions of these types of light and in the absence of nanoparticles, there was no photolysis of 

CIP (Figure 3.13). 

Regarding the photocatalytic assays under blue light, all nanoparticles showed an excellent 

degradation activity. A degradation efficiency of 53, 53, and 37% was observed for A, B, and C 

nanoparticles, respectively, under the same experimental conditions. The rate constant presented 

a similar tendency, k = 0.031, 0.038 and 0.027 min−1 for A, B and C nanoparticles, respectively. 

This wavelength is lower than the plasmonic band of the Au NSs, however as observed in Figure 

3.8 d), the nanoparticles still showed a high absorbance. Interestingly, the nanoparticles showing 

the highest absorbance are the ones with the lowest degradation activity. 
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Table 3.4. CIP degradation efficiencies (DE, %) and corresponding apparent reaction rate 

constants (k) under 150 min of blue, green, red and NIR radiation for TiO2:Au-NSs-A, B, 

and C nanoparticles. 

Sample 

Blue Green Red NIR 

k 

(min−1) 

DE 

(%) 

k 

(min−1) 

DE 

(%) 

k 

(min−1) 

DE 

(%) 

k 

(min−1) 

DE 

(%) 

TiO2:Au-NSs-A 0.0031 53 0.0024 34 0.0025 39 - - 

TiO2:Au-NSs-B 0.0038 53 - - - - - - 

TiO2:Au-NSs-C 0.0027 37 - - - - - - 

 

 

Figure 3.12. Photocatalytic degradation of CIP (5 mg/L) with TiO2:Au-NSs-A, B and C 

nanoparticles under 180 min of different wavelengths of light (inset): blue (a), green (b), red 

(c) and NIR light (d) radiation. 
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Figure 3.13. Photolysis assay of CIP (5 mg/L) under 180 minutes of blue (a), green (b), red 

(c) and NIR light (d) radiation. 

 

This counterintuitive trend can be rationalized by the high absorbance of light by the 

nanoparticles that block the pass of light deeper in the cuvette and produce the catalytic effect 

only in the first part of the optical path. In fact, sample C, the one with the highest absorbance, 

completely blocked the light in a few millimeters. In addition, the highest content of gold, as 

shown above, produced higher absorption in the dark, and reduced the TiO2 surface area (total 

mass of nanoparticles constant for all experiments) contributing to the lower performance. As 

the wavelength was increased to green and red light, only TiO2:Au-NSs- Sample A was activated 

in the CIP degradation. A degradation efficiency of 34% and 39% of TiO2:Au-NSs-A, with k = 

0.0024 and 0.0025 min−1 for the green and red light radiation was found, respectively. According 
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to the results of photocatalytic assays under NIR light, none of these three nanoparticles could 

be activated. 

For the catalytic process to become activated, electrons from the Au part should gain enough 

energy from the incident absorbed photon to overpass the Shottky barrier, i.e., the difference 

between the work function of the Au and the electron affinity in the TiO2 as determined by the 

Schottky–Mott equation (ΦSB = ϕM − χSM) [44]. Then a lower limit is expected in the absorbed 

photon energies, i.e., a higher limit in the wavelength. On the other hand, several studies have 

shown that ΦSB is not only determined by ϕM and χSM, but also is significantly influenced by 

interfacial chemistry, giving rise to differences between different types of nanoparticles, in this 

case with a limit in the 635–735 nm region [45,46]. 

 

3.3.4. Membranes production and characterisation 

Non-solvent-Induced Phase Separation, NIPS, combined with salt leaching was used to 

incorporate the synthesized TiO2:Au-NSs nanoparticles into the PVDF-HFP polymer matrix 

and to obtain a porous microstructure. The successful incorporation of the nanoparticles in 

the polymer matrix extends their reuse, assuring the recovery of the catalyst and, therefore, 

allowing for a more sustainable and cost-effective application. 

The porous morphology and the presence of nanoparticles were analysed by SEM-EDX 

(Figures 3.14 a) and b)). The thickness of the membranes was 271 µm and 217 µm for 0 

and 10 wt.% TiO2:Au-NSs/PVDF-HFP, respectively. After the incorporation of 

nanoparticles, the thickness of the membranes was slightly reduced. 

High porosity and well-distributed and interconnected pores were observed in both 

membranes. Notably, the incorporated nanoparticles with 10 wt.% amount did not produce 

significant changes in the morphology of the pristine membranes. Both membranes 

presented two ranges of porous distribution due to the polydisperse NaCl grains [26] located 

mainly in the lower part of the membrane and the additional porous formation by the 

simultaneous NIPS mechanism [26]. The EDS spectrum (inset) also confirmed the 

successful incorporation of TiO2:Au-NSs nanoparticles into PVDF-HFP membranes. 
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Figure 3.14. Cross-section SEM images of 0 wt.% (a) and 10 wt.% TiO2:Au-NSs/PVDF-

HFP membranes (b) with EDS spectrum (inset). Photocatalytic degradation of CIP (5 mg/L) 

with 10 wt.% TiO2:Au-NSs/PVDF-HFP membrane under 600 min of visible radiation (c). 

 

The prepared membrane with 10 wt.% TiO2:Au-NSs nanoparticles was tested in the 

degradation of CIP under visible light (Figure 3.14 c)). The membrane did not show a 

release of nanoparticles to the solution and a CIP degradation efficiency of 69% at 600 min, 

with k = 0.002 min−1. 

The photocatalytic degradation process was lower when compared to the corresponding 

colloidal dispersion, mainly due to the blocking of part of the nanoparticle surface by the 
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polymer; however, it was enough to obtain a good degradation of the antibiotic and its 

application facilitates the catalyst recovery and the reusability, and decreases the secondary 

pollution by nanoparticles to the medium, which makes it an excellent system for 

environmental application. 

 

3.4. Conclusions 

Novel hybrid nanoparticles, TiO2:Au-NSs, with a Au branched morphology were 

synthesised successfully through the surfactant-free method and characterised and tested in 

photocatalytic assays for ciprofloxacin (CIP) degradation. The characterisation results of 

TEM and DRS show that different sizes of Au NPs with branched morphology were 

produced by modifying the synthesis conditions, which allowed the tuning of the optical 

properties of hybrid nanoparticles. When increasing the size of Au NPs with branched 

morphology, the reflectance of the hybrid nanoparticles decreased from 57% to 13% in the 

visible region. Additionally, the increase in the size of the Au branched nanoparticles 

extended the light absorption to the whole visible and part of the NIR region and reduced 

the bandgap from 3.10 eV to 2.86 eV, respectively. 

The photocatalytic assays confirmed that all the synthesised nanoparticles degraded target 

compound CIP under both UV and visible radiation. It was also possible to understand the 

impact of the size of Au branched nanoparticles in the photocatalytic response. TiO2:Au-

NSs nanoparticles with smaller Au branched morphology and lowest amount of added Au 

among these hybrid nanoparticles showed a better photocatalytic performance degrading 

83% and 89% ciprofloxacin under UV and visible radiation, respectively. 

According to the results, under the different wavelengths of light in the visible and NIR 

region, the nanoparticles could be activated under blue, green, and red light radiation 

showing a CIP degradation efficiency of 57%, 34%, and 39%, respectively. However, there 

was no photocatalytic degradation of CIP under NIR radiation. The bigger size of Au 

branched nanoparticles limited the light-harvesting of TiO2, and reduced the photocatalytic 

activity, although they showed a broader light absorption in the whole visible and part of the 

NIR region of sunlight radiation. 

The nanoparticles TiO2:Au-NSs with lower branching and best performance were selected 

as the best candidates to incorporate into a PVDF-HFP polymer matrix through the NIPS 

technique. The produced membranes presented a porous structure and degraded successfully 
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ciprofloxacin in water, opening the door to future application in a cost-effective way to 

degrade a high number of contaminants of emerging concern, among other possible 

applications. Moreover, the synthesis method of Au NSs explained here could also be 

applied to other semiconductors. 
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Chapter  4 
 Hybrid TiO2:Au nanostars 

based polymeric 
membranes for 
photocatalysis 

 

 

 
 

This research reports on the development of two porous membranes based on TiO2:Au-

NSs hybrid nanoparticles immobilised into PVDF-HFP membrane by doctor blade and 

salt leaching techniques. After a comparative study of their photocatalytic activity for 

ciprofloxacin degradation, the reusability assays of membranes were performed in 

different types of water matrix: ultrapure water and real treated effluent. 

 

This chapter is based on the following publication: Zheng, F., et al., Hybrid TiO2:Au 

Nanostars Based Polymeric Membranes for Photocatalytic Degradation of Ciprofloxacin in 

Water Samples. Chemosphere 2023, 313, 137630, doi:10.1016/j.chemosphere.2022.137630. 
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4.1. Introduction 

As explained in the previous chapters, the cost-effective way to remove contaminants of 

emerging concern (CECs), such as pharmaceuticals, in water through photocatalysis not only 

depends on the improvement of efficiency of photocatalyst under sunlight, but also on the 

recovery/reuse of photocatalyst after use. Therefore, it is important to develop robust, 

durable and efficient substrates for photocatalysts immobilisation. 

As mentioned in the Chapter 1, the PVDF-HFP polymers have been extensively used as 

membrane materials due to their excellent chemical, mechanical, thermal, and UV resistance 

characteristics, related to the stable C-F bonds of the polymer chain [1–4]. Furthermore, they 

can be produced in different morphologies such as thin films or porous membranes and fibre 

mats with controlled porosity and pore size, which can allow high photocatalytic efficiency 

of the nanoparticles after being supported on the membranes [1,3,5,6]. It has been also 

demonstrated that the photocatalytic efficiency highly depends on the different 

morphologies of the PVDF membranes [3]. Nonetheless, the immobilisation of 

photocatalysts remains a challenge, namely the mass transfer limitation, reduction of light-

harvesting, loss of available active sites of photocatalyst, aggregation of photocatalysts in 

the support materials, or detachment of photocatalysts, leading to a lower efficiency [7]. 

On the other hand, most photocatalytic materials for CECs degradation are tested in ultrapure 

water, and little is known about its performance in natural water matrixes such as a river, 

treated effluent and wastewater [8–10]. Nevertheless, the composition in the real water 

matrixes, namely inorganic anions and organic matter, is more complex, which could have 

a significant effect on the photocatalytic efficiency [10–13], as stated in Chapter 1. 

In this sense, once the PVDF-HFP polymer matrix was experimentally validated as support 

for novel TiO2:Au-NSs nanoparticles incorporation, further studies should shift to the 

influence of the immobilisation processing techniques, the different morphologies of PVDF-

HFP and the amount of incorporated nanoparticles, the type of water matrix on the final 

photocatalytic performance. 

In this chapter, different amounts of synthesised TiO2:Au-NSs hybrid nanoparticles have 

been incorporated into PVDF-HFP polymer matrix, through two different methods, doctor 

blade and salt leaching, in combination with Temperature-Induced Phase Separation (TIPS). 

TIPS method has chosen because it allows the production of membranes with higher 

mechanical strength, as explained in Chapter 1. Moreover, the influence of the membranes 
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processing techniques on the membranes´ characteristics and photocatalytic performance 

has been studied through the degradation of ciprofloxacin (CIP) as a model antibiotic, under 

UV and visible radiation. Finally, the reuse of the membranes and their application in CIP 

degradation in a real treated effluent water matrix was assessed. 

 

4.2. Experimental 

4.2.1. Materials 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, SOLEF® 21216/1001) was 

purchased from Solvay. N, N-dimethylformamide (DMF, ≥99%) and sodium chloride 

(NaCl, analytical reagent grade) were supplied by Fisher-Scientific. Titanium dioxide (TiO2) 

nanoparticles were provided by Evonik Industries AG. Hydrogen tetrachloroaurate (III) 

trihydrate (HAuCl4·3H2O, 99.99%) was supplied by Alfa Aesar. Sodium hydroxide (NaOH, 

98.0-100.5%) was obtained from Panreac. Hydrochloric Acid (HCl, 37%) was supplied by 

LABKEM. L-ascorbic acid (AA, ≥99%) and silver nitrate (AgNO3, ≥99%) were purchased 

from Sigma-Aldrich. Milli-Q ultrapure water (resistivity 18.2 MΩ·cm) was used in all 

experiments. Ciprofloxacin (CIP, ≥98% (HPLG), C17H18FN3O3) with maximum light 

absorption at a wavelength of 277 nm was supplied by Sigma-Aldrich. 

 

4.2.2. Sample preparation 

4.2.2.1. TiO2:Au-NSs nanoparticles synthesis 

The synthesis of TiO2:Au-NSs hybrid nanoparticles has been previously described [14]. In 

the first step, 200 mg of TiO2 nanoparticles in 40 mL of ultrapure water were dispersed in a 

sonication bath for 30 min. Then, this solution was stirred at room temperature, and a specific 

volume of HAuCl4 (1 mM) was added to achieve an Au loading of 0.05 wt.%. Later, the 

solution was stirred for 10 min to disperse the gold precursor homogeneously. Afterwards, 

NaOH (0.1 M) was added dropwise to obtain a pH = 9 and then mixed for 10 min. Finally, 

the solution was centrifuged and washed twice with ultrapure water. The nanoparticles were 

dried overnight in an oven at 80 ºC and subsequently grounded with a mortar to obtain a fine 

powder of TiO2:Au nanospheres (TiO2:Au-NSph). In the second step, 150 mg of TiO2:Au-

NSph nanoparticles were dispersed in 3.8 mL of ultrapure water in a sonication bath for 30 

min as seed solution. Then, a growth solution was prepared by mixing 18.9 mL of ultrapure 
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water, 19 µL of HCl (1 M), and 95 µL of HAuCl4 (50 mM), considering a volume ratio 

between gold solution (HAuCl4, 50 mM) and seed solution of 0.025. Afterwards, the 

prepared seed solution was added to this growth solution at room temperature and under 

moderate stirring. According to the used growth solution volume, 57 µL of AgNO3 (10 mM) 

and 95 µL of AA (100 mM) solution were simultaneously added to the above mixture under 

vigorous stirring. The solution rapidly turned from light pink to purplish-grey, indicating the 

modification of Au morphology from Au sphere to star. The obtained samples (TiO2:Au-

NSs) were centrifuged, washed twice with ultrapure water, and resuspended in ultrapure 

water. 

 

4.2.2.2. Doctor blade membranes production 

The previously synthesised TiO2:Au-NSs nanoparticles were used as fillers to prepare 

nanoparticle-loaded membranes through the Temperature-Induced Phase Separation (TIPS) 

technique, using a doctor blade casting and following the main guidelines described by 

Ribeiro et al. [15]. First, different amounts of TiO2:Au-NSs were dispersed in 9 mL of DMF 

to obtain a TiO2:Au-NSs/PVDF-HFP final mass ratio of 0%, 3%, 8%, and 10%, and placed 

in an ultrasonication bath for 2 hours at room temperature to achieve a good nanoparticles 

dispersion. Afterwards, 1 g of PVDF-HFP polymer was added to the solution to obtain a 

PVDF-HFP/DMF concentration of 1:9 v/v. The solution was stirred at 100 rpm until 

complete dissolution of the polymer is achieved. The nanoparticle/polymer solution was then 

placed in a glass substrate and spread by a doctor blade with a defined gap of 950 µm. The 

DMF was evaporated at room temperature for nearly 2 weeks leading to membranes with an 

average thickness of 120 µm. Based on the nanoparticle/polymer mass relation, the doctor 

blade membranes were identified as 0%, 3%, 8%, and 10% TiO2:Au-NSs_PVDF-HFP. 

 

4.2.2.3. Salt leaching membranes production 

The nanoparticle/PVDF-HFP solution was prepared according to the process described 

above (Section 4.2.2.2), and then 1 g of NaCl particles with a diameter of 150 µm were 

added and mixed. After 1 hour of stirring, to achieve a homogeneous distribution of the NaCl 

particles, this mixture was placed in a glass Petri dish to evaporate DMF at room 

temperature. After drying, the membranes were washed in deionised water for 1 week to 

remove NaCl particles and then dried at room temperature, leading to membranes with an 
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average thickness of 1100 µm. The nanoparticle/polymer mass relation identified the salt 

leaching membranes as 0%, 3%, 8%, and 10% TiO2:Au-NSs_PVDF-HFP. 

 

4.2.3. Sample characterisation 

Transmission electron microscopy (TEM) images were acquired with a JEOL JEM 1400 

Plus setup operating at 100 kV, and a Talos (Thermo Scientific) system working at 200 kV 

for the HAADF-STEM measurements. To prepare the samples, the nanoparticle powder was 

dispersed in ultrapure water and sonicated for 1 minute, and then 4 μL of the suspension was 

placed on a 400-mesh carbon-coated copper grid and left to dry at room temperature. The 

analysis of the images was performed using the ImageJ software package. 

A field emission gun scanning electron microscope (FEG-SEM) Hitachi S-4800N operating 

at 10 kV voltage was used to image the membranes. Before measurement, the samples were 

coated with a thin layer of gold (≈15 nm) in an Emitech K550X ion-sputter. The average 

pore size of the membranes was averaged from the SEM images using the ImageJ software. 

The porous structure of the membranes was determined by mercury intrusion porosimetry 

(MIP) in a Quantachrome Instruments Poremaster-60 GT, operating in the pressure range 

from vacuum (10-4 MPa) to 414 MPa. Samples were degassed in situ at 100 ºC for 12 hours 

prior to the measurements. A contact angle of 140º and surface tension of 480 dyn·cm-1 for 

mercury and a pressure equilibration time of 11 s were used. Before measuring MIP, the He 

densities for all the samples were measured in a Quantachrome Instruments automatic Micro 

Ultrapycnometer. 

Elemental analysis of the membranes was carried out by Energy Dispersive X-ray 

spectroscopy (EDX) using a Carl Zeiss EVO 40 (Oberkochen, Germany) SEM equipped 

with an EDX Oxford Instrument X-Max detector (Abingdon, UK). The measurement 

conditions were in a high vacuum, at a voltage of 20 kV, a current of 100-400 pA, and a 

working distance of 9-10 mm. 

Fourier-transform infrared spectroscopy (FTIR) measurements were carried out using a 

Jasco FT/IR-6100 spectrometer. Analyses were conducted from 600 to 4000 cm-1 after 32 

scans with a resolution of 4 cm-1. 

Differential scanning calorimetric (DSC) analyses were carried out in a Mettler Toledo DSC 

822e equipment from room temperature up to 200 °C at 10 °C/min, under a nitrogen 
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atmosphere (flow rate, 20 mL/min). Approximately 4-6 mg of the samples was measured in 

aluminium pans with perforated lids to allow the release and removal of volatiles. 

The hydrophobicity/hydrophilicity of the membranes was assessed by measuring the contact 

angle of CIP solution at room temperature using an Ossila Contact Angle Goniometer. Three 

drops of 5 µL of CIP solution (5 mg/L) were deposited at different places of each membrane. 

The contact angle was measured immediately after the drop deposition. The curve was fitted 

to the edge of the drop using the contact angle software, and the corresponding angle was 

calculated. The same measurements were repeated after the membranes were exposed to UV 

light for 30 min. 

Ultrahigh-performance liquid chromatography (UHPLC), coupled with time-of-flight high-

resolution mass spectrometry (TOF-HRMS, Synapt G2 from Waters Cromatografia S.A) by 

an electrospray ionisation source in positive mode (ESI+), was used to detect the products 

in liquid solution. The chromatographic separation was achieved using an Acquity UPLC 

BEH C18 column (1.7 μm, 2.1×50 mm i.d.) with an Acquity UPLC BEH C18 1.7 μm 

VanGuard pre-column (2.1×5 mm) (Waters Cromatografia S.A.) and a binary A/B gradient 

(solvent A: water with 0.1% formic acid and solvent B: methanol). The gradient program 

was established as follows: initial conditions were 5% B, raised to 99% B over 2.5 min, held 

at 99% B until 4 min, decreased to 5% B over the next 0.1 min, and held at 5% B until 5 min 

for re-equilibration of the system before the next injection. A flow rate of 0.25 mL/min was 

used, the column temperature was 30 ºC, the autosampler temperature 4 ºC, and the injection 

volume 5 µL. 

 

4.2.4. Photocatalytic degradation under UV and visible radiation 

The photocatalytic activity of the produced membranes was evaluated under both UV and 

visible light radiation. Firstly, a CIP solution of 5 mg/L was prepared and adjusted to pH=3. 

Before the degradation assays, a piece of the membrane was cut to obtain an area of 18 cm2 

guaranteeing the same radiation dose for all the membranes. On the other hand, due to the 

difference in processing and load of nanoparticles, its quantity can vary from 3.8 to 40 mg. 

The substrate was immersed and stirred in 50 mL of CIP solution in the dark for 30 min to 

achieve an adsorption-desorption equilibrium. 

The UV degradation of CIP was carried out in a photoreactor with eight UV lamps of 8 W, 

with an emission peak at 365 nm, over 30 min. The membrane and CIP were kept stirred in 
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a 100 mL beaker under illumination from the top. The distance between the solution and the 

lamp was 13.5 cm, and the irradiance at the sample was 3.3 W/m2. 

For the visible light degradation, a Xenon lamp was used with an excitation peak at 550 nm 

and irradiance of 300 W/m2 (spectra in Figure 4.1), over 150 min. The membrane and CIP 

were kept stirred in a 100 mL beaker under lateral illumination. The distance between the 

solution and the lamp was 21 cm. 

 

Figure 4.1. Xenon Lamp arc (with UV filter) and sunlight spectra. 

 

Aliquots as samples were taken out at different times during the degradation assays to 

analyse the photocatalytic performance. This analysis was conducted by monitoring the 

absorbance variation of the absorption peak at 277 nm of the CIP in the UV-Vis spectrum, 

using a microplate reader Infinite 200 Pro in the range 230 to 450 nm. 

The degradation rate of CIP fits a pseudo-first-order reaction, the Langmuir-Hinshelwood 

model [6], described by Equation 4.1: 

ln (
𝐶

𝐶0
) = −𝑘𝑡                                                          (4.1) 

where C and C0 represent the CIP concentration at time t and t=0, taken at a given time and 

the beginning of the photocatalytic assessment, respectively. k is the first-order rate constant 

of the reaction [6]. 
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4.3. Results and discussion 

4.3.1. Nanoparticles and membranes characterisation 

Hybrid nanoparticles of TiO2:Au were synthesised following a multistep approach as 

previously described [14]. The final nanoparticles exhibited quasispherical TiO2 

nanoparticles with randomly distributed non-spherical Au nanoparticles (Au NSs) (grey and 

white parts of Figure 4.2, respectively). 

 

Figure 4.2. STEM-HAADF micrographs of TiO2:Au-NSs. 

 

Two different processing techniques were used to generate two porous matrices of PVDF-

HFP incorporating the TiO2:Au-NSs hybrid nanoparticles. One processing strategy relied on 

a Temperature-Induced Phase Separation (TIPS) process and doctor blade casting (hereafter 

called doctor blade membranes), and the second one is based on a salt leaching technique, 

where NaCl grains were used as porous generation agent (hereafter called salt leaching 

membranes). 

The morphology of the produced membranes is shown in the representative SEM images in 

Figures 4.3 a)-d). High porosity and well-distributed and interconnected pores are observed 

in both types of membranes. Notably, the incorporated nanoparticles at the working amounts 

did not introduce significant changes in the morphology of the membranes concerning the 

pristine polymer ones. 
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Figure 4.3. SEM micrographs with porous diameter histogram distribution (inset) of the 

doctor blade (a, b) and salt leaching membranes (c, d) with 0 wt.% (a, c) and 10 wt.% (b, d) 

incorporated TiO2:Au-NSs nanoparticles. Porosity obtained by mercury intrusion 

porosimetry (MIP) for the doctor blade and salt leaching membranes (e). 

 

Concerning the doctor blade membranes, the membranes presented a pore size between 0.5 

and 7.0 μm, with prevalence in the range 1-2 μm (Figures 4.3 a)-b)). The incorporation of 

nanoparticles led to a slight decrease in pore size only for the high nanoparticle loading of 
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10 wt.%, with average porous sizes of 1.6 vs. the 2.0 μm observed in the non-loaded 

membrane. The obtained average pore sizes are in line with the ones observed in the 

literature for PVDF-based membranes obtained by TIPS [15,16]. Moreover, the porosity of 

the membranes was slightly reduced, from 86% to 80%, when increasing nanoparticle 

loading from 0 to 10 wt.% (Figure 4.3 e)). Salt leaching membranes, on the other hand, 

presented a broader pore size range due to the polydisperse NaCl grains [15] and the 

additional porous formation by the simultaneous TIPS mechanism. The larger pores were in 

the range of 120-200 µm, similar to the size of added NaCl particles (≈150 µm), while 

smaller pores, related to the simultaneous TIPS process, had a prevalence in the range of 5-

40 μm (Figure 4.3 c)-d)). When nanoparticles were included, there was also a slight decrease 

in average pore size for the membranes with the highest loading of 10 wt.%, from 26.9 μm 

to 22.6 μm. Furthermore, at this nanoparticle concentration the porosity of the membranes 

decreased from 90 to 81% with increasing nanoparticle loading from 0 to 10 wt.% (Figure 

4.3 e)). 

EDX allowed to evaluate the elemental composition of the membranes and the nanoparticles 

distribution, as shown for the 10 wt.% nanoparticles-loaded membranes (Figure 4.4). 

 

Figure 4.4. EDX chemical mapping of Ti along the membrane cross-section (a, b) and 

surface (inset) of the 10% TiO2:Au-NSs_PVDF-HFP doctor blade (a) and salt leaching 

membrane (b). 

 

EDX mapping, in both the top surface and the cross-section, confirms the homogeneous 

dispersion of nanoparticles within the polymer matrix, independently of the processing 

technique employed to produce the membranes, and discards the formation of large 

nanoparticles agglomerates. Nanoparticles inside the pores and on the membrane surface are 

also confirmed. 
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PVDF-HFP is a semicrystalline polymer that can crystallise in different phases depending 

on the processing conditions and/or the presence of fillers [15,17]. Hence, FTIR 

measurement was used to evaluate the polymer phase before and after incorporating the 

nanoparticles and to assess possible chemical interaction between the nanoparticles and the 

polymer matrix. Figures 4.5 a) and b) present the FTIR spectra for the doctor blade and salt 

leaching membranes, respectively. The results confirmed the presence of the polar β-phase 

of the polymer by the characteristic bands at 840 and 1400 cm-1, as well as the non-polar α-

phase, identified by the bands at 766 cm-1 [1,6,17,18] for all membranes. 

 

Figure 4.5. FTIR spectrum of doctor blade (a) and salt leaching membranes (b). 

 

The relative fraction of the β-phase, F(β), of the polymer for each membrane was calculated 

by the Equation 4.2 [17]: 

𝐹(𝛽) =
𝐴𝛽

(
𝐾𝛽

𝐾𝛼
)𝐴𝛼+𝐴𝛽

          (4.2) 

where Aα and Aβ are the absorbances at 766 and 840 cm-1, respectively, and Kα (6.1×104 

cm2/mol) and Kβ (7.7×104 cm2/mol) are the corresponding absorption coefficients [17]. 

The calculated β-phase content in each membrane is presented in Table 4.1, showing that it 

is very similar and dominant in pristine membranes regardless of the processing technique, 

as it has been demonstrated that solvent evaporation at room temperature leads to the 

crystallization of the polymer mainly in the electroactive β-phase [15–17]. On the other hand, 

increasing nanoparticle loading decreased the β-phase content in both types of membranes 
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due to the polymer-filler interactions during polymer crystallization, which is also in line 

with the literature [3]. 

 

Table 4.1. β phase content (%) of doctor blade and salt leaching membranes. 

Sample 
β phase content (%)  

Doctor blade Salt leaching  

0% TiO2:Au-NSs_PVDF-HFP 73.2 73.5  

3% TiO2:Au-NSs_PVDF-HFP 64.5 67.2  

10% TiO2:Au-NSs_PVDF-HFP 57.0 56.7  

 

DSC allowed assessing the melting temperature and the degree of crystallinity of the 

membranes. Figures 4.6 a) and b) present the DSC thermograms of the doctor blade and 

salt leaching membranes, respectively. All the samples showed similar behaviour regardless 

of membranes preparation techniques and the amount of incorporated nanoparticles since 

the processing conditions, room temperature solvent evaporation, dominates the 

crystallization process of the samples. In all cases, a single endothermic peak around 141ºC 

is observed, which identifies the melting temperature of the sample [3,16]. 

 

 

Figure 4.6. DSC thermograms of doctor blade (a) and salt leaching membranes (b). 
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The degree of crystallinity of the samples was calculated by Equation 4.3 [16,18]:  

𝜒𝑐 =
∆𝐻𝑓

𝑥∆𝐻𝛼+𝑦∆𝐻𝛽
          (4.3) 

where ΔHf is the melting enthalpy of the polymer obtained from the DSC, x and y are the α 

and β-phase contents, respectively, calculated from the FTIR spectrum. ΔHα and ΔHβ are the 

melting enthalpies of pure crystalline α-PVDF (93.04 J/g) and β-PVDF (103.40 J/g), 

respectively [16,18]. 

Table 4.2 presents the degree of crystallinity of the membranes. All samples showed a high 

degree of crystallinity >30%, however, the degree of crystallinity in the membranes prepared 

by doctor blade was slightly higher than in salt leaching membranes, and the degree of 

crystallinity increased with increasing nanoparticles loading in both types of membranes, 

which can be attributed to the nucleation effect of nanofillers during polymer crystallization 

[19]. 

 

Table 4.2. Degree of crystallinity (%) of doctor blade and salt leaching membranes. 

Sample 
 Crystallinity (%) 

 Doctor blade Salt leaching 

0% TiO2:Au-NSs_PVDF-HFP  36.2 33.0 

3% TiO2:Au-NSs_PVDF-HFP  36.1 31.6 

10% TiO2:Au-NSs_PVDF-HFP  37.4 36.7 

 

Finally, the wettability of the membranes was assessed by contact angle measurements 

before and after exposition to UV light using CIP solution (5 mg/L) to mimic the conditions 

of the photocatalytic experiments (Figure 4.7). 

The pristine doctor blade and salt leaching membranes showed a hydrophobic character [20] 

with a contact angle of 99 ± 5 and 97 ± 5 degrees, respectively. After exposure to UV 

radiation, there was no significant change in the contact angle, which corroborates the well-

known UV-resistant nature of PVDF polymers [1–3]. In contrast to the pristine membranes, 

the incorporation of nanoparticles decreased the contact angle due to their more hydrophilic 

nature. This decrease was more marked in salt leaching (82 ± 5º) than for doctor blade 

membranes (94 ± 1º) with 10% nanoparticles loading. Furthermore, the contact angle of 

these membranes was reduced even further after the UV radiation (84 ± 10, and 73 ± 6 
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degrees for doctor blade and salt leaching membranes), showing hydrophilic characteristics 

[20]. This result is in line with previously reported works for TiO2 nanoparticles [1] and the 

more hydrophilic properties of TiO2 immediately after UV irradiation [21]. The marked 

difference in the contact angle values between the two types of membranes is in agreement 

with their different porous microstructure, as shown in SEM images (Figures 4.3 a)-d)), 

where the larger pores contribute to a higher exposure of the nanoparticle surfaces to water 

and UV radiation. 

 

Figure 4.7. Average water contact angle of three measurements at room temperature of 

doctor blade and salt leaching membranes before (a) and after (b) UV radiation 30 min. 

 

4.3.2. Photocatalytic degradation under UV and visible radiation 

The photocatalytic activity of the produced membranes under both UV and visible radiation 

was assessed for CIP degradation (Figure 4.8). As controls, the photocatalytic activity of 

the pristine membranes, the photolysis of the CIP, and the adsorption of CIP solution in the 

dark were carried out (Figure 4.8 and Figure 4.9). As expected, in the absence of 

nanoparticles, there was minimal degradation of CIP by photolysis under both UV and 

visible light in the pristine membranes (Figure 4.8) or in absence of membranes (Figures 

4.9 a)-b)). Moreover, the pristine membranes showed null adsorption of CIP without 

illumination, regardless of the processing method and their corresponding membrane 

characteristics (Figures 4.9 c)-d)). 
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Figure 4.8. Photocatalytic degradation of CIP (5 mg/L) with doctor blade (a, b) and salt 

leaching membranes (c, d) under 300 min of UV radiation (a, c) and 480 min of visible 

radiation (b, d). 

 

Under UV radiation, the degradation efficiency (DE) of CIP increased with increasing 

nanoparticles' load in both types of membranes due to the higher available area of 

photocatalyst [22]. An increase from 3 to 10 wt.% of nanoparticles loading raised CIP 

degradation efficiency from DEdb,uv = 16 to 36% for doctor blade membranes and from 

DEsl,uv = 14 to 45% for salt leaching membranes. Thus, it is shown that at high enough 

nanoparticle loading, the salt leaching membranes possessed higher photocatalytic 

efficiency than doctor blade membranes under the same conditions. This is in good 

agreement with the larger pores and better wettability of salt leaching membranes, as 

indicated by the SEM (Figures 4.3 a)-d)) and contact angle results (Figure 4.7), 
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respectively. The larger pores imply a higher exposure of the nanocatalyst and a higher 

available catalytic surface, while a better wettability leads to a better mass transfer of CIP 

throughout the membrane microporous structure, favouring the photocatalytic reaction. 

 

Figure 4.9. Photolysis assay of CIP (5 mg/L) under 300 min of UV radiation (a) and 480 

min of visible radiation (b). Adsorption of CIP (5 mg/L) in the dark, using pristine PVDF-

HFP doctor blade (c) and salt leaching membrane (d). 

 

Table 4.3 shows the apparent reaction rate (k) calculated by Equation 4.1 for the different 

membranes. As expected, a higher load of photocatalysts led to a higher apparent reaction 

rate and degradation efficiency. On the other hand, when the two types of membranes are 

compared, the highest degradation rate constant values obtained for doctor blade membranes 

and salt leaching membranes were kdb,uv = 1.210-3 and ksl,uv = 1.610-3 min-1, respectively, 

again showing the highest photocatalytic capabilities of the salt leaching membranes. 
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Table 4.3. CIP degradation efficiencies (DE) and corresponding apparent reaction rate 

constants (k) under 300 min of UV radiation and 480 min of visible radiation for doctor blade 

and salt leaching membranes. 

Sample 

UV Visible 

kuv104 

(min-1) 
DEuv (%) 

kvis104 

(min-1) 
DEvis (%) 

Doctor blade membranes     

0% TiO2:Au-NSs_PVDF-HFP - - 3.0±0.6 10±1.3 

3% TiO2:Au-NSs_PVDF-HFP 4.0±0.6 16±0.6 - - 

8% TiO2:Au-NSs_PVDF-HFP 7.0±1.0 25±1.6 - - 

10% TiO2:Au-NSs_PVDF-HFP 12.0±0.0 36±1.0 8.0±0.0 32±1.3 

     

Salt leaching membranes     

0% TiO2:Au-NSs_PVDF-HFP - - 3.0±0.6 12±2.5 

3% TiO2:Au-NSs_PVDF-HFP 4.0±0.6 14±1.3 - - 

8% TiO2:Au-NSs_PVDF-HFP 14.0±0.0 42±0.6 - - 

10% TiO2:Au-NSs_PVDF-HFP 16.0±0.0 45±0.8 8.0±1.1 35±2.7 

 

Under visible light radiation, the membranes with 10 wt.% nanoparticles load were also 

evaluated. The salt leaching membranes presented higher photocatalytic degradation, DEsl,vis 

= 35%, than the doctor blade membranes, DEdb,vis = 32%, under the same conditions and 

similar kdb,vis = k sl,vis = 810-4 min-1. Similarly to the results under UV radiation, the 

difference in microstructure and hydrophilic characteristics between salt leaching and doctor 

blade membranes explains the better performance of the first one. 

Finally, a photocatalytic process can form intermediate compounds (byproducts) [13,23]. 

Thus, to determine the possible degradation products of CIP during photocatalysis, the 

aqueous solutions under UV radiation were analysed by UHPLC-TOF-HRMS. The 

chromatographic analysis (Figure 4.10) shows a minimum difference in the mass signal 

intensity between the -30 min and 0 min (dark conditions) due to an almost null adsorption 

of CIP molecules onto the membrane surface. On the other hand, a significant decrease 

between 0 min and 300 min of irradiation indicated the degradation of CIP. 
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Figure 4.10. Chromatograms of CIP degradation using 10% TiO2:Au-NSs_PVDF-HFP salt 

leaching membrane under 300 min of UV radiation. 

 

Furthermore, Table 4.4 presents the detected products, which indicated that at least under 

these conditions, the degradation led to the formation of a high number of intermediate 

subproducts and emphasised the effective photocatalytic degradation of CIP in the presence 

of the prepared membranes. 

Table 4.4. Detected degradation products of CIP. 

Detected 

molecule 

*Detected 

m/z 

Theoretical 

m/z 

Mass error 

(mDa) 

Mass error 

(ppm) 

C17H19N3O3F 332.1412 332.141 0.2 0.5 

C17H20N3O4 330.1451 330.1454 -0.3 -0.9 

C16H17N3O4F 334.1202 334.1203 -0.1 -0.3 

C15H17N3O3F 306.1253 306.1254 -0.1 -0.3 

C17H17N3O3F 330.1257 330.1254 0.3 0.9 

C13H12N2O3F 263.0831 263.0832 -0.1 -0.4 

C17H18N3O5 344.1241 344.1246 -0.5 -1.6 

C17H19N3O4F 348.135 348.136 -1 -2.8 

C15H18N3O4 304.1293 304.1297 -0.4 -1.4 

C17H17N3O5F 362.1146 362.1152 -0.6 -1.7 

C17H19N3O5F 364.1308 364.1309 -0.1 -0.2 

C17H17N3O4F 346.1194 346.1203 -0.9 -2.6 

*The masses found correspond to protonated molecule [M+H]+ 
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4.3.3. Reusability of the membranes 

The immobilisation of photocatalyst addresses the costly post-separation process of 

nanoparticles and their possible secondary pollution after the photocatalytic process in 

suspension [1,7]. However, the immobilised systems present lower efficiency than 

suspended systems due to mass transfer limitations [7], and detachment of weak attached 

nanoparticles after use [3]. Hence, evaluating and studying the efficiency loss of the prepared 

membranes after reusing is essential, allowing the understanding of the potential reusability 

of the developed membranes for a cost-effective pollutants degradation. 

Membranes containing 10 wt.% of TiO2:Au-NSs nanoparticles were evaluated for 

reusability. The same experimental conditions for the photocatalytic test of membranes 

under UV and visible radiation were applied in three consecutive uses. The membranes were 

washed using ultrapure water three times and dried at room temperature between each use. 

Afterwards, the membranes were immersed into a new CIP solution (5 mg/L), and the new 

assay was performed under the same experimental conditions. The results are presented in 

Figure 4.11. The degradation efficiency (DE) and the estimated apparent reaction rate (k) 

for each use cycle (Equation 4.1) are presented in Table 4.5. 

 

Figure 4.11. Degradation efficiency for CIP (5 mg/L) removal in three consecutive uses in 

ultrapure water with 10% TiO2:Au-NSs_PVDF-HFP doctor blade and salt leaching 

membranes under 300 min of UV radiation (a) and 480 min of visible radiation (b). 

 

Regarding the doctor blade membranes, there was no significant variation of degradation 

efficiency under UV radiation after three uses (DEdb,uv = 36, 32, and 36%), nor a difference 

in the kinetic constant (kdb,uv = 1.210-3, 1.110-3, and 1.210-3 min-1). The same behaviour 
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was presented under visible light radiation among the three cycles, with no significant loss 

of photocatalytic efficiency (DEdb,vis = 32, 29, and 31%) and similar kinetic constants (kdb,vis= 

8.010-4, 7.010-4, and 8.010-4 min-1). These results indicate that the nanoparticle 

immobilisation was accomplished and that no degradation occurred in the membranes, as no 

significant amount of nanoparticles detached from the polymeric matrix, promoting a 

remarkable reusability of the doctor blade membranes. 

 

Table 4.5. CIP degradation efficiencies (DE) and corresponding apparent reaction rate 

constants (k) in three consecutive uses with 10% TiO2:Au-NSs_PVDF-HFP doctor blade 

and salt leaching membranes in ultrapure water under 300 min of UV radiation and 480 min 

of visible radiation. 

Sample 
UV   Visible 

kuv  104 (min-1) DEuv (%)   kvis  104 (min-1) DEvis (%) 

Doctor blade membranes       

1st 12.0±0.0 36±1.0  8.0±0.6 32±1.3 

2nd 11.0±0.6 32±0.8  7.0±0.7 29±1.6 

3rd 12.0±0.6 36±1.1  8.0±0.6 31±1.7 

      

Salt leaching membranes       

1st 16.0±0.0 45±0.8  8.0±1.1 35±2.7 

2nd 25.0±0.0 57±0.7  6.0±1.4 31±3.4 

3rd 23.0±0.6 55±1.2   8.0±1.2 33±2.9 

 

Different results were obtained for the salt leaching membranes. Under UV light, an 

increasing efficiency (DEsl,uv = 45, 57, and 55%) and increasing kinetic constant (ksl,uv = 

1.610-3, 2.510-3, and 2.310-3 min-1) were observed after three cycles, which is ascribed 

to the better contact between the pollutant and photocatalysts [1]. In contrast to the results 

obtained under UV, there was no significant change in photocatalytic efficiency after three 

use cycles under visible light radiation. The degradation efficiencies were DEsl,vis = 35, 31 

and 33%, and the rate constants were ksl,vis = 8.010-4, 6.010-4 and 8.010-4 min-1 for the 

first, second, and third uses, respectively. 

Thus, the consecutive uses of the membrane for CIP degradation support their robustness in 

the scope of reusability. Besides the reusability assays, the membrane's physical-chemical 
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properties were also assessed after the reusability assays under UV radiation by SEM, SEM-

EDX, FTIR, and DSC techniques to further support it. These results are presented in Figures 

4.12-4.14 and Table 4.6. 

 

Figure 4.12. Cross-section SEM images of 10% TiO2:Au-NSs_PVDF-HFP doctor blade (a, 

b) and salt leaching membranes (d, e) before (a, d) and after (b, e) the reusability assays with 

the corresponding pore diameter histograms distribution (inset). EDX mapping of the cross-

section (c, f) and surface (inset) of 10% TiO2:Au-NSs_PVDF-HFP doctor blade (c) and salt 

leaching membranes (f) after the reusability assays. 

 

By analysing the SEM images of the 10% TiO2:Au-NSs_PVDF-HFP doctor blade 

membranes (Figures 4.12 a) and b)), it is observed that the thickness of the membrane 

remained constant after reuse (≈ 120-125 µm). Furthermore, the average pore size was also 

maintained before and after three photocatalytic use cycles, as well as the pore size 

distribution. Additionally, the EDX results (Figure 4.12 c) and Figures 4.13 a) and c)) 

confirmed the efficient attachment of photocatalyst to the surface pores, maintaining the 

number of photocatalytic sites in the membranes after repeated cycles, even after cleaning 

and drying processes. Additionally, based on the FTIR and DSC measurement (Figures 4.14 

a)-b) and Table 4.6), the photocatalytic reuses did not affect the polymer phases chemical 

structure, melting temperature, and crystallinity of the membrane, which agrees with 

previous work showing that PVDF and copolymers are stable under UV radiation and 

photocatalytic processes [1–3]. 
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Figure 4.13. Elemental percentage of C, O, F, Ti in surface (a, b) and cross-section (c, d) of 

10% TiO2:Au-NSs_PVDF-HFP doctor blade (a, c) and salt leaching membranes (b, d) before 

and after the reusability assays. 

 

Similarly, for 10% TiO2:Au-NSs_PVDF-HFP salt leaching membranes before and after the 

reusability assays (Figures 4.12 d) and e)), it is observed that the photocatalytic application 

did not change the microstructure/morphology nor membranes thickness (≈ 1071-1100 µm). 

Furthermore, the average pore size slightly increased after the photocatalytic application, 

improving water percolation and thus promoting the superior contact between the CIP and 

the photocatalyst. Oppositely to this effect, there was a loss of photocatalysts in the outer 

surfaces after the reusability assays (EDX Figure 4.12 f) and Figure 4.13 b)). At the same 

time, a homogeneous distribution, with similar quantities of nanoparticles in the membrane 

interior, was maintained (Figure 4.12 f) and Figure 4.13 d)). This change is attributed to 
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the loss of the inefficiently attached photocatalysts at the outer surface during the first use 

cycle and the washing step, while the efficiently attached photocatalysts for the subsequent 

uses remain constant. Thus, the photocatalytic efficiency during the second and third use 

was very similar. Finally, according to the FTIR and DSC measurements (Figures 4.14 c)-

d) and Table 4.6), there was no significant variation in polymer phase, chemical structure, 

melting temperature, or crystallinity of salt leaching membranes along the photocatalytic 

use. 

 

Figure 4.14. FTIR spectrum (a, c) and DSC thermograms (b, d) of 10% TiO2:Au-

NSs_PVDF-HFP doctor blade (a, b) and salt leaching membranes (c, d) before and after the 

reusability assays. 

 

Table 4.6. β phase content (%) and degree of crystallinity (%) of 10% TiO2:Au-NSs_PVDF-

HFP doctor blade and salt leaching membranes before and after the reusability assays. 

Sample 

β phase content (%)  Crystallinity (%) 

Doctor 

blade 

Salt 

leaching 
 

Doctor 

blade 

Salt 

leaching 

10% TiO2:Au-NSs_PVDF-HFP 57.0 56.7  37.4 36.7 

10% TiO2:Au-NSs_PVDF-HFP_Used 53.1 55.6  37.7 36.2 

 

Comparative evaluation with previous works related to the reusability of immobilised 

photocatalysts for pollutant degradation is shown in Table 4.7. Due to the different 
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experimental conditions and materials in each work, the comparison is focused on the 

degradation efficiency loss after the reusability assay. Although this comparison is not 

straightforward, the comparative study allows contextualising our results. 

In general, previously reported works showed an efficiency loss higher than the one in the 

present work. Regarding membrane systems, TiO2/PVDF presented a 16% efficiency loss 

after three uses of Methylene Blue (MB) degradation [22], and TiO2 in poly(ethylene 

terephthalate) support (TiO2/PET) showed a 21% efficiency loss after being used five times 

for antibiotic mixture degradation [12]. Ag-TiO2/PVDF-HFP presented an 8-16% efficiency 

loss after three uses of Norfloxacin (NOR) degradation [3]. These reports indicate that the 

detachment of the inefficiently attached nanoparticles to the polymer matrix after use [3,22] 

and the adsorption of the pollutants on the photocatalyst surface [12] are the main reasons 

for the photocatalytic efficiency loss. 

 

Table 4.7. Comparison of the efficiency losses after reusability assays in the present work 

with previous studies using immobilised photocatalysts for pollutants degradation. 

Materials Pollutant 
Number of 

use cycles 

Efficiency 

loss (%) 
Ref. 

TiO2/MMT 
Ciprofloxacin 

(CIP) 
5 6.6 [11] 

TiO2/PVDF 
Methylene Blue 

(MB) 
3 16 [22] 

TiO2/PET 
Antibiotic 

mixture 
5 21 [12] 

Ag-TiO2/PVDF-HFP 
Norfloxacin 

(NOR) 
3 8-16 [3] 

TiO2:Au-NSs_PVDF-HFP 
Ciprofloxacin 

(CIP) 
3 1-2 

Present 

work  

 

4.3.4. Photocatalytic degradation in a real treated effluent 

The degradation of CIP presented until now was performed in an ultrapure water matrix. 

However, the composition in a real treated effluent is more complex, affecting the 

photocatalytic efficiency [10–12]. Thus, evaluating the photocatalytic efficiency and 

reusability of the prepared membranes in real treated effluents is essential, allowing us to 

understand the suitability of the developed membranes for solving real societal problems. 



Chapter 4 

 
154 

Salt leaching membranes containing 10 wt.% of TiO2:Au-NSs nanoparticles (the most 

efficient in ultrapure water conditions) were evaluated in terms of photocatalytic 

performance and reusability for degradation of CIP in real treated effluents. Águas de 

Portugal (https://www.adp.pt/pt/) provided a sample of real treated effluents (see main 

features in Table 4.8) with the same CIP concentration (5 mg/L) and the process and 

experimental conditions for the evaluation of photocatalytic performance and reusability 

study in ultrapure water were applied to real treated effluent as a water matrix. The results 

are presented in Figure 4.15 and Table 4.9. 

 

Table 4.8. Chemical and physical properties of the real treated effluents. 

Parameter Value 

pH 7.7 

Temperature 21 ºC 

Turbidity 0 NTU 

Conductivity 123 µS/cm 

Aluminium 8.39 µg/L 

Calcium 12.9 mg/L 

Chloride 0.83 mg/L 

Magnesium 0.89 mg/L 

Nitrate 6.34 mg/L 

Nitrite 0.16 mg/L 

Sulphate 23.7 mg/L 

Ammonia nitrogen 0 mg/L 

Total hardness 35.9 mg/L 

Hardness (Calcium) 12.9 mg/L 

Hardness (Magnesium) 0.89 mg/L 

E. coli 0 N/100 mL 

Coliform bacteria 0 N/100 mL 

Clostridium perfringens 0 N/100 mL 

Enterococos 0 N/100 mL 

 

When comparing these results with the ones in the reusability study using ultrapure water 

(Table 4.5), the differences were negligible under UV radiation. On the other hand, a clear 
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performance improvement was observed for visible light degradation of the real treated 

effluent. This may be ascribed to the pH difference between the real treated effluent and 

ultrapure water [11]. 

 

Figure 4.15. Degradation efficiency (a, c) and rate constant (b, d) for CIP (5 mg/L) removal 

in three consecutive uses in real treated effluent with 10% TiO2:Au-NSs_PVDF-HFP salt 

leaching membranes under 300 min of UV radiation (a, b) and 480 min of visible radiation 

(c, d). 

 

Table 4.9. CIP degradation efficiencies (DE) and corresponding apparent reaction rate 

constants (k) in three consecutive uses with 10% TiO2:Au-NSs_PVDF-HFP salt leaching 

membranes in real treated effluent under 300 min of UV radiation and 480 min of visible 

radiation. 

Sample 
UV   Visible 

kuv  104 (min-1) DEuv (%)   kvis  104 (min-1) DEvis (%) 

1st 21.0±0.0 49±1.0  13.0±0.0 48±1.0 

2nd 21.0±0.0 49±0.8  13.0±0.0 48±0.9 

3rd 22.0±0.0 50±1.0  13.0±0.0 48±1.0 

 

There was no significant change in degradation efficiency of CIP under UV radiation after 

three use cycles (DEsl,uv = 49, 49, and 50%), nor a difference in the kinetic constant (ksl,uv = 

2.110-3, 2.110-3 and 2.210-3 min-1). The same behaviour was shown under visible light 
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radiation among the three uses, without significant loss of photocatalytic efficiency (DEsl,vis 

= 48, 48, and 48%) and maintained kinetic constants, ksl,vis = 1.310-3 min-1, for each use. 

The membrane's reusability performance was maintained in the real effluent water matrix. 

Comparative studies with previous works related to photocatalytic efficiency of pollutants 

degradation in real treated effluent are shown in Table 4.10. Due to the different 

experimental conditions and features of the used water matrix in each work, the comparisons 

are just focused on the degradation efficiency loss after using real treated effluent instead of 

an ultrapure water matrix. The reported works [10–12] generally showed higher efficiency 

loss than the present work in assays using real treated effluent, indicative of the adsorption 

of inorganic and organic constituents on the surface of the photocatalyst, reducing the 

available active site, as the main reason for the photocatalytic efficiency loss. Note that this 

comparison, although informative, could be affected by the different operational parameters 

of photocatalysis and the used water matrix, and a more precise absolute comparison would 

require testing all catalysts under the same experimental conditions. 

 

Table 4.10. Comparison of efficiency losses between using real treated effluent water matrix 

and ultrapure water for pollutants degradation in the present work with previous works. In 

our case, we presented the maximum efficiency loss after 3 cycles (worst case). 

Materials Pollutant 
Number of 

use cycles 

Efficiency 

loss (%) 
Ref. 

TiO2 
Moxifloxacin 

(MOX) 
1 50 [10] 

TiO2/MMT 
Ciprofloxacin 

(CIP) 
1 15 [11] 

TiO2/PET 
Antibiotic 

mixture 
1 40 [12] 

TiO2:Au-NSs_PVDF-HFP 
Ciprofloxacin 

(CIP) 
3 5 

Present 

work 

 

4.4. Conclusions 

PVDF-HFP-based membranes containing different amounts of homogeneously distributed 

TiO2:Au-NSs nanoparticles (0, 3, 8 and 10 wt.%) were successfully produced by two 

processing techniques, doctor blade and salt leaching, giving rise to photocatalytic 

membranes with different porous microstructures. It has been shown that, despite both types 

of membranes presenting well-distributed and interconnected pores regardless of the 
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nanoparticle content, they showed marked differences. Doctor blade membranes showed a 

narrower pore (0.5-7 µm) and a constant contact angle, of more than 90° regardless of UV 

radiation and nanoparticles load. On the contrary, salt leaching membranes presented a 

broader pore size distribution with a larger pore size (5-200 µm) and a contact angle 

dependent on nanoparticle content (from 96 to 80°) and UV radiation (down to 71°).  

The photocatalytic activity results showed that an increase in nanoparticle load improved 

photocatalytic efficiency regardless of the processing technique of membranes. Under the 

same conditions, the salt leaching membranes presented higher photocatalytic activity 

attributed to the higher porosity and access of the contaminant to the nanoparticle surface. 

They showed a degradation efficiency of 45% with a rate constant of 16  10-3 min-1 under 

UV radiation, and 35% with a rate constant of 8.0  10-3 min-1 under visible radiation. At the 

same time, doctor blade membranes presented a more limited degradation efficiency of 36% 

with a rate constant of 12  10-3 min-1 under UV radiation and 32% with a rate constant of 

8.0  10-4 min-1 under visible radiation. Most importantly, the reusability assays of both 

membranes demonstrated the membrane robustness, with an average efficiency loss of only 

around 2% for the worst case, and even improved efficiencies for salt leaching membranes. 

Moreover, it has been demonstrated that the membranes were fully functional in a real 

treated effluents water matrix for ciprofloxacin degradation. In this case, membranes reached 

degradation efficiency of 50 and 48% under UV and visible radiation, respectively, after 

three consecutive photocatalytic uses. 

In short, these results indicate the suitability of the processing methods to obtain membranes 

for water remediation applications in the degradation of contaminants of emerging concerns 

such as ciprofloxacin. This work opens the door to degrade a high number of contaminants 

of emerging concern cost-effectively, using sunlight energy as the power source, with good 

reusability and avoiding harmful secondary pollution in the aquatic organisms caused by 

free nanoparticles. 
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Chapter  5 
 Conclusions and Future 

Work 
 

 

 

 

 

 

This chapter presents the main conclusions of the present work, which was mainly devoted 

to the development of new materials and immobilisation strategies to overcome the typical 

limitations of photocatalysis application in water remediation. Moreover, a few 

suggestions for future works are also provided. 
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5.1. Conclusions 

The work herein presented, demonstrates a set of different approaches applied to surpass the 

main obstacles mentioned previously for photocatalysis application in water remediation: 

poor efficiency of photocatalysts under sunlight and time-consuming and expensive 

processes for photocatalyst recovery/reuse. In general, the main objective of this thesis have 

been satisfactorily fulfilled, opening the door to cost-effectively degrade a high variety of 

contaminants of emerging concern under sunlight for water remediation. 

The main conclusions derived from this thesis are collected in this chapter. More detailed 

conclusions can be found at the end of each chapter. 

Firstly, the two common photocatalysts, TiO2 and ZnO, showed different photocatalytic 

performance in different pharmaceuticals degradation. The physicochemical properties of 

photocatalysts and pharmaceuticals play a decisive role in the adsorption behaviour of 

pollutants on the surface of the photocatalyst and the generation of ROS, which have a 

crucial influence on photocatalytic performance. The photocatalysts with a higher generation 

of ROS and higher affinity with pollutants presented higher photocatalytic performance. On 

the other hand, the production, characterisation and photocatalytic tests of TiO2:Au and 

ZnO:Au showed that the functionalisation of semiconductors with spherical Au 

nanoparticles can reduce the bandgap of the pristine semiconductors and enhance the 

photocatalytic performance under visible light. 

Afterwards, novel hybrid nanoparticles TiO2:Au-NSs were synthesised successfully by a 

surfactant-free method, in order to further improve the efficiency of TiO2:Au based 

photocatalysts and overcome the limitation of narrow plasmonic band (520nm) given by 

spherical Au nanoparticles. The characterisation results showed that the change of the shape 

of Au nanoparticles on the TiO2 surface, from spherical morphology to branched 

morphology (nanostar), can enhance the visible light absorption. Furthermore, the increase 

of Au nanostar size can expand the absorption wavelength under sunlight, from the whole 

visible to part of NIR region and reduce significantly the bandgap of photocatalyst. The 

photocatalytic assays under UV, visible and different wavelengths of light showed that the 

TiO2:Au-NSs nanoparticles with smaller Au nanostar degrade ciprofloxacin more efficiently 

than others since the bigger size of Au nanostar can limit the light-harvesting of TiO2 

reducing the photocatalytic activity. In the end, the most efficient TiO2:Au-NSs 
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nanoparticles, previously tested in suspension, were incorporated successfully into PVDF-

HFP-based polymer matrix through NIPS technique for photocatalytic application. 

Once the matrix to immobilise photocatalyst was experimentally validated, the focus of the 

research shifted to the exploration of new morphologies with PVDF-HFP. The previous 

TiO2:Au-NSs hybrid nanoparticles were immobilised into two types of membranes with 

different morphologies/microstructures through doctor blade and salt leaching techniques, 

both in combination with TIPS. The characterisation results have shown that the presented 

two techniques allow obtaining membranes with well-distributed and interconnected pores 

and homogeneous distribution of TiO2:Au-NSs nanoparticles. Considering the results of 

photocatalytic tests in the immobilised systems, the increased nanoparticles´ load enhanced 

the photocatalytic activity since the higher amount of nanoparticles, the more available 

active site. Furthermore, salt leaching membranes with higher porosity presented higher 

photocatalytic efficiency compared to doctor blade membranes because the higher porosity 

improves the interaction between incorporated photocatalysts and pollutants in water 

enhancing the photocatalytic performance. The membranes with the highest nanoparticles´ 

load, 10 wt.%, maintained efficiency even after three consecutive uses under both UV and 

visible light and were fully functional in real treated effluents water matrix for ciprofloxacin 

degradation. These results indicated the suitability of prepared membranes to degrade 

contaminants of emerging concern in a cost-effective way, avoiding harmful secondary 

pollution in the aquatic environment caused by the release of nanoparticles. 

 

5.2. Future work 

The work herein presented was mainly focused on the development of advanced materials 

that allow overcoming photocatalysis most significant limitations in water remediation. 

Firstly, the importance of the interaction between pollutants and photocatalysts and the 

generation of ROS for photocatalytic performance was considered. Secondly, new and more 

efficient photocatalysts were developed and tested for photocatalytic application. 

Additionally, photocatalysts were immobilised into polymer matrix through different 

techniques and tested for photocatalytic application. In this context, it would be interesting 

to advance in different aspects: 

 Development of new photocatalytic screening methods for the easy and rapid match 

between photocatalysts and pollutants for an efficient pharmaceutical degradation 
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 Development of membranes incorporating two or more photocatalysts to increase 

photocatalytic activity for simultaneously degrading different pharmaceuticals 

 Assays of the developed materials in a solar photoreactor under real sunlight 

radiation for pharmaceuticals degradation 

 Assays of the developed materials for degrading other types of contaminants of 

emerging concern (CECs) as well as the study of the ecotoxicity of the intermediate 

products during the photocatalytic degradation 

 Development of new multifunctional materials not only for water remediation 

degrading contaminants of emerging concern (CECs) but also for water disinfection 

degrading bacteria and viruses 
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Except where noted, all artwork and photographs are the work of the author.  

 

Chapter 2. Au-sensitised TiO2 and ZnO photocatalysts for broadband 

pharmaceuticals degradation 
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