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RESUMO 

 

 

O tratamento de águas residuais é uma grande e crescente preocupação ambiental e de 

saúde. Grande parte dos efluentes produzidos não é tratada ou é tratada por processos 

convencionais que frequentemente não atingem a eficiência desejada. Os processos de 

separação por membranas surgiram como uma importante tecnologia para aumentar a 

eficiência destes tratamentos. Contudo, a incrustação (fouling) das membranas é um 

problema nesses processos. A viabilidade econômica das membranas cerâmicas pode ser 

aumentada combinando engenharia da morfologia da membrana com propriedades de 

superfície aprimoradas, resultando em alta permeabilidade e propriedades anti-

incrustantes. Assim, este estudo foi dividido em duas etapas principais para este fim. 

Primeiro, um processo combinado de tape casting e inversão de fases foi utilizado para 

produzir membranas de alumina altamente permeáveis para microfiltração utilizando uma 

única etapa de sinterização. Caracterização morfológica, mecânica e textural foi 

realizada. Poros superficiais grandes (0.30–0.42 μm), fluxo de água pura de 52,4 e 26,60 

m3 m-2 h-1 a 1 bar, e resistência à flexão máxima de 27,60 e 41,11 MPa foram alcançados 

para membranas produzidas a partir de pastas contendo 45 e 50% (m/m) de alumina, 

respectivamente. Simulações de permeabilidade realizadas a partir de imagens de 

microtomografia computadorizada comprovaram que a permeabilidade é influenciada 

principalmente pela morfologia da camada superior e inferior. Na segunda etapa, a 

deposição de TiO2 foi investigada a fim de produzir membranas fotocatalíticas com 

propriedades anti-incrustantes para tratamento de efluentes. As membranas fotocatalíticas 

produzidas foram caracterizadas por MEV/EDS, DRX, Raman, além de avaliação de 

atividade fotocatalítica, filtração e proprieadades antifouling.  Magnetron sputtering foi 

utilizado para produzir membranas fotocatalíticas de TiO2/Al2O3 com camadas de 

revestimento de 50 a 400 nm. O aumento da espessura do revestimento melhorou a 

seletividade da membrana durante a filtração da remoção do azul de metileno (MB) e 

86% de remoção de MB foi obtida. Sob irradiação ultravioleta, o revestimento foi capaz 

de restaurar o fluxo de membrana degradando a incrustação formada sobre o filme de 200 

e 400 nm. Separadamente, membranas foram funcionalizadas por sol-gel dip-coating sem 

modificar a morfologia da superfície original das membranas. A atividade fotocatalítica 

foi comprovada através da decomposição do MB em sistema de batelada, enquanto as 



 

 

 

 

propriedades anti-incrustantes foram investigadas usando acetaminofeno como poluente 

alvo. O processo de filtração fotocatalítica utilizando a membrana com TiO2 para filtrar 

o fármaco sob luz UV (λ =  365 nm, 10 W) resultou em um aumento de 3,7 vezes no 

volume do permeado para um mesmo período de filtração em comparação com a 

membrana de Al2O3 sem irradiação. Além disso, a modelagem de incrustação provou uma 

redução na constante de incrustação, enquanto seus mecanismos não foram modificados. 

Ambas as técnicas de revestimento foram capazes de produzir revestimento com 100% 

de fase anatase. Remoção de até 87% de TOC para filtração de efluentes oleosos foi 

alcançada, porém as capacidades anti-incrustantes para este tipo de efluente não foram 

observadas devido à incrustação dentro dos poros e à atenuação da luz pela espessa 

camada de óleo formada na superfície da membrana. 

 

Palavras-chave: Membrana cerâmica fotocatalítica. Microfiltração. TiO2. Efluente 

oleoso. Tape casting. Inversão de fases. 

  



 

 

 

 

 

RESUMO EXPANDIDO 

 

 

 

Introdução 

 

A geração de águas residuais, na cidade ou na indústria, está aumentando em quantidade 

e complexidade. Seu tratamento é uma grande e crescente preocupação ambiental e de 

saúde. Grande parte dos efluentes produzidos não é tratada ou é tratada por processos 

convencionais como oxidação química, coagulação e floculação, e tratamentos biológicos 

muitas vezes falham na remoção eficiente de vários compostos recalcitrantes ou presentes 

em baixas concetrações. Esses efluentes são produzidos por diversos setores industriais 

e, se não tratados adequadamente, podem gerar danos substanciais ao meio ambiente. 

Nesse sentido, há a necessidade do desenvolvimento de tecnologias de tratamento de água 

e efluentes mais eficientes e econômicas, e várias diretrizes têm sugerido o uso de 

conceitos de química verde. Neste cenário, a tecnologia de membranas e os processos 

oxidativos avançados, como a fotocatálise, tem surgido como importantes estratégias para 

o tratamento de efluentes. Além de sua alta eficiência e a não necessidade de adição de 

químicos, os processos de separação por membrana têm alta especificidade, ocupam 

espaço reduzido, tem simplicidade de operação e baixo consumo de energia. Por sua vez, 

a fotocatálise pode destruir, em condições brandas de operação, substâncias tóxicas e 

recalcitrantes, mesmo em baixas concentrações. 

Os processos de membrana são semelhantes aos processos de filtração convencionais, 

mas com diâmetros de poros reduzidos, podendo separar de macromoléculas a íons 

dissolvidos. As propriedades de permeação da membrana são extremamente dependentes 

de suas características morfológicas, e a seletividade está relacionada à relação entre o 

tamanho do poro da membrana e o tamanho do composto a ser retido durante a filtração. 

A técnica de inversão de fases permitiu recentemente a obtenção de membranas cerâmicas 

assimétrias com uma única etapa térmica. Estas membranas apresentam uma camada 

superior altamente seletiva e uma camada suporte com alta permeabilidade, o que seria o 

ideal. Esta técnica pode ser combinada com tape casting para produzir membranas planas. 

Por outro lado, a incrustação é ainda uma importante limitação do uso de membranas. A 

incrustação (fouling), ou seja, o bloqueio ou estreitamento dos poros pelo material retido, 

ocorre devido a fatores de adsorção ou deposição de compostos filtrados na superfície da 

membrana ou no interior dos poros, reduzindo o fluxo do permeado sob pressão 

transmembrana constante. Portanto, o desempenho da filtração também depende do 

material da membrana. 

O desenvolvimento de membranas cerâmicas é recente, mas este tipo de membrana 

apresenta características superiores às poliméricas no que diz respeito à seletividade 

(devido à distribuição de poros estreita e bem definida), permeabilidade, durabilidade e 

resistência térmica, química e à incrustração. Contudo, seu custo ainda é relativamente 

elevado. Com isso, estratégias visando aumentar a viabilidade econômica de membranas 

cerâmicas têm sido buscadas. Entre elas, o uso de membranas fotocatalíticas (PM). PMs 

com fotocatalisador imobilizado na superfície das membranas podem ser usadas como 

estratégia antifouling devido à capacidade de degradar incrustantes na superfície da 

membrana sob irradiação, normalmente UV, e induzir hidrofilicidade pela luz, além de 

da capacidade de degradar compostos recalcitrantes. Assim, seu uso pode aumentar a 

eficiência dos processos de filtração, estender o tempo de operação do processo, ou 



 

 

 

 

mesmo reduzir a necessidade do uso de químicos para limpezas, aumento o tempo de vida 

útil da membrana e sua viabilidade econômica. 

Neste trabalho, foram desenvolvidas membranas cerâmicas de alumina pelo método de 

inversão de fases combinado com tape casting. O efeito da composição da suspensão 

cerâmica, tempo de agitação, condições de colagem e temperatura de calcinação nas 

propriedades mecânicas e morfológicas das membranas foi estudado. Membranas 

selecionadas foram recobertas com TiO2 utilizando magnetron sputtering ou sol-gel dip 

coating como técnicas de deposição para produzir membranas fotocatalíticas aplicadas ao 

tratamento de efluentes. As propriedades morfológicas, mecânicas, química e 

fotocatalítcas das membranas foram estudadas, além do desempenho na filtração de 

efluentes oleosos, acetaminofeno e azul de metileno. 

 

Objetivos 

 

Este trabalho teve por objetivo desenvolver membranas cerâmicas fotocatalíticas com 

estruturas adequadas para microfiltração, elevada permeabilidade e propriedade 

antifouling para posterior aplicação em  tratamento de efluentes. 

 

Metodologia 

 

Este trabalho foi dividido em três partes. Primeiramente, membranas de alumina foram 

produzidas usando com tape casting como método de conformação, combinado com 

inversão de fase seguida de calcinação como método de formação de poros. Para isso, 

além de alumina, N-metilpirrolidona, polietilenoglicol e polietersulfona foram utilizados 

na formulação de diferentes suspensões cerâmicas. As membranas de alumina foram 

calcinadas a 1400 ou 1500 °C após a etapa de solidificação por inversão de fase. Esta 

técnica resulta em membranas assimétricas com alta porosidade. Contudo, camadas 

densas indesejadas podem ser formadas na superfície inferior da membrana. Para evitar 

que isto aconteça, uma estratégia de co-casting com uma suspensão de grafite na parte 

inferior da suspensão de alumina foi testada,  onde o grafite serve de agente de sacrifício 

para produzir membranas sem a camada densa inferior, aumentando a permeabilidade da 

mesmo. A caracterização morfológica, mecânica e textural foi realizada por microscopia 

eletrônica de varredura (MEV), medição de resistência à flexão, porosimetria de mercúrio 

e microtomografia computadorizada de raios X, além de permeação de água. Na segunda 

e terceira parte, membranas  foram selecionadas para funcionalização com TiO2 por 

magnetron sputtering ou sol-gel dip-coating.  

Para as membranas produzidas por magnetron sputtering, camadas de TiO2 com 50, 200 

ou 400 nm de espessura foram adicionadas. As membranas foram caracterizadas por 

espectroscopia Raman, difração de raios-X (DRX), microscopia eletrônica de varredura 

(MEV), espectroscopia de raios-X (EDS), atividade fotocatalítica por degradação de azul 

de metileno em batelada, filtração de MB e emulsão oleosa de óleo de soja. As 

propriedades fotocatalíticas foram avaliadas para recuperação do fluxo da membrana sob 

UV (λ = 365 nm  LED, 3W). 

Isopropanol, acetil acetona, butóxido de titânio (IV) e ácido acético foram utilizados para 

produzir a solução-sol gel usada para o processo de sol-gel dip-coating. As membranas 

foram calcinadas a 550 °C com uma taxa de aquecimento de 2 °C min-1. O processo foi 

realizado 1, 2 ou 3 vezes para produzir membranas com 1, 2 ou 3 camadas de TiO2. O 

efeito do número de camadas foi avaliado. O resíduo seco do sol-gel foi caracterizado por 

análise termogravimétrica e DRX. As membranas foram caracterizadas por MEV e 



 

 

 

 

espectroscopia Raman, além de filtração de emulsões de óleo lubrificante e 

acetaminofeno. A atividade fotocatalítica foi demonstrada pela degradação de azul de 

metileno em batelada. O efeito antifouling foi investigado pela filtração de acetaminofeno 

sob luz UV (365nm, 10 W). Além disso, os mecanismos de fouling foram investigados 

por modelagem matemática utilizando-se os modelos de Hermia. 

 

Resultados e Discussão 

 

As membranas produzidas a partir de uma suspensão contendo 45/7 e 50/6,2 

alumina/PES% em massa foram consideradas como apresentando o melhor conjunto de 

propriedades em termos de resistência à flexão e permeabilidade. Poros superficiais 

grandes (0,30–0,42 μm), fluxo de água pura de 52,4 e 26,60 m3 m-2 h-1 a 1 bar, e 

resistência à flexão máxima de 27,60 e 41,11 MPa foram alcançados para membranas 

produzidas a partir de pastas contendo 45 e 50% de alumina em massa, respectivamente. 

Maiores cargas de alumina levaram a uma maior resistência à flexão e menor fluxo à 

medida que a morfologia da membrana foi modificada. Os tamanhos dos poros da 

superfície não foram modificados pela composição da suspensão. A estratégia de co-

casting usando pasta de grafite permitiu que as membranas fossem produzidas sem as 

camadas densas na parte inferior, embora ajustes adicionais no procedimento de co-

casting da pasta precisem ser investigados.  Simulações de permeabilidade realizadas a 

partir de imagens de microtomografia computadorizada comprovaram que a 

permeabilidade é influenciada principalmente pela morfologia da camada superior e 

inferior.  

A modificação da espessura do revestimento de TiO2 por magnetron sputtering melhorou 

a seletividade da membrana durante a filtração da remoção do azul de metileno (MB) e 

86% de remoção de MB foi obtida. A atividade fotocatalítica sofreu pouca influência da 

espessura do filme entre 50 e 400 nm, e sob irradiação ultravioleta, o revestimento foi 

capaz de restaurar o fluxo de membrana degradando a incrustação formada sobre o filme 

de 200 e 400 nm. A deposição resultou em filmes densos (200 e 400 nm) e o tamanho 

médio de poro foi reduzido a 0,13-0,11 μm para estas membranas, aumentando a 

seletividade e provendo caráter autolimpante, embora reduzindo o fluxo. 

Por sua vez, as PM produzidas por sol-gel dip-coating não modificaram a morfologia da 

superfície original das membranas. A atividade fotocatalítica foi comprovada pela 

decomposição do azul de metileno em sistema de batelada, enquanto as propriedades anti-

incrustantes foram investigadas usando acetaminofeno como poluente alvo. O processo 

de filtração fotocatalítica utilizando a membrana de TiO2 para filtrar o fármaco sob luz 

UV (λ = 365 nm, 10 W) resultou em um aumento de 3,7 vezes no volume do permeado 

para um mesmo período de filtração em comparação com a membrana de Al2O3 sem 

irradiação. Além disso, a modelagem de incrustação provou uma redução na constante de 

incrustação, enquanto os mecanismos de incrustação não foram modificados. Ambas as 

técnicas de revestimento foram capazes de produzir revestimento com 100% de fase 

anatase. Remoção de até 87% de carbono orgânico total (TOC) para filtração de efluentes 

oleosos foram alcançadas, porém as capacidades anti-incrustantes para este tipo de 

efluente não foram observadas devido à incrustação dentro dos poros e à atenuação da luz 

pela espessa camada de óleo formada na superfície da membrana. 

 

 

 

 



 

 

 

 

Considerações finais 

 

Membranas cerâmicas fotocatalíticas com capacidade anti-incrustante foram produzidas 

e caracterizadas. A técnica de tape casting combinada com inversão de fases foi usada 

com sucesso para produzir membranas de microfiltração assimétricas de alumina com 

alevada permeabilidade e parece ser uma rota alternativa promissora para produzir 

membranas cerâmicas assimétricas com uma única etapa de sinterização. Ambas as 

técnicas de revestimento resultaram na deposição de TiO2 na forma anatase com atividade 

fotocatalítica. Densas camadas de TiO2 formadas por magnetron sputtering na superfície 

da membrana levaram a uma alta diminuição do tamanho de poros. Pela curva de 

calibração utilizada para deposição de TiO2, a seletividade da membrana poderia ser 

ajustada pela espessura do filme adicionado. Por sua vez, o dip-coating sol-gel 

investigado neste trabalho resultou na deposição de TiO2 na superfície da membrana sem 

formar uma nova camada separada ou modificar a morfologia da superfície da membrana 

significativamente. Isso pode ser benéfico para aumentar a eficência de membranas que 

possuam tamanho de poros adequados. Com aplicações diferentes, ambas as membranas 

resultaram em capacidades anti-incrustantes. As membranas revestidas com camadas de 

TiO2 de 400 nm com pulverização de magnetron foram capazes de remover até 86% de 

MB e recuperar totalmente seu fluxo após irradiação UV. Para membanas funcionalizadas 

por sol-gel, um aumento de volume de permeado de 3,7 vezes foi observado durante a 

permeação de acetaminofeno sob UV em comparação com a membrana original na 

ausencia de luz. A modelagem de incrustação provou que a constante de bloqueio 

diminuiu, enquanto os mecanismos de incrustação não foram modificados. As 

membranas fotocatalíticas produzidas não foram capazes de fornecer desempenho anti-

incrustante para filtração efluentes oleosos, devido à deposição de óleo no interior dos 

poros e da desativação do catalisador pela espessa camada de óleo formada na superfície 

da membrana. Assim, mais pesquisas são necessárias para produzir uma membrana 

fotocatalítica com melhor desempenho para este tipo de efluente. 

 

 

Palavras-chave: Membrana cerâmica fotocatalítica. Microfiltração. TiO2. Efluente 

oleoso. Tape casting. Inversão de fases. 

  



 

 

 

 

ABSTRACT 

 

The treatment of wastewater is a major and growing environmental and health concern. 

Much of the produced effluent is not treated or is treated using conventional processes 

that frequently fail to achieve the desired efficiency. Membrane separation processes have 

emerged as an important technology to treat wastewater. However, fouling is a significant 

issue in the membrane process, clocking membrane pores and reducing membrane 

performance. Ceramic membranes' economic viability could be increased by combining 

membrane morphology engineering with improved surface properties, resulting in high 

permeability and antifouling properties. This study was divided into two main objectives 

for this purpose. First, the goal of this research was to combine tape casting and phase 

inversion techniques to create highly permeable alumina membranes suitable for 

microfiltration in a single sintering step. Morphological, mechanical, and textural 

characterization was carried out. Ceramic membranes with large pore sizes of the skin 

layer (0.30–0.42 μm) were produced. Pure water flux of 52.4 and 26.60 m3 m-2 h-1 at 1 

bar, and 27.60 and 41.11 MPa maximum flexural strength were achieved for membranes 

produced from slurries containing 45 and 50 wt% alumina, respectively. Simulations of 

permeability carried out from X-ray micro-computed tomography images in three axes 

proved that permeability is mainly influenced by the top skin and bottom layer 

morphology, which is in agreement with the experimental results. Secondly, membrane 

surface functionalization with TiO2 was investigated to produce photocatalytic 

membranes with antifouling properties for effluent treatment. SEM, TG/DTA, XRD, 

Raman, photocatalytic activity, and filtration experiments were performed. Magnetron 

sputtering was used to produce photocatalytic TiO2/Al2O3 membranes with coating layers 

from 50 to 400 nm. Dense films were produced and coating thickness modification 

improved membrane selectivity during filtration of MB removal.  Under ultraviolet 

irradiation, the coating was able to restore membrane flux by degrading the fouling 

formed by MB, with selectivity reaching up to 86% of MB removal for the thickest TiO2 

thin film. In turn, sol-gel dip-coating was used to produce photocatalytic membranes 

without modifying the original surface morphology of the Al2O3 membranes. The 

photocatalytic activity was proved through methylene blue decomposition in a batch 

system, while photocatalytic antifouling properties were investigated using 

acetaminophen as the target pollutant. The photocatalytic filtration process using the TiO2 



 

 

 

 

membrane to filtrate the drug under UV light (λ = 365 nm LED, 10W) resulted in a 3.7-

fold increase in permeate volume for the same filtration period compared to the bare 

membrane without irradiation. Furthermore, fouling modeling proved a reduction in 

fouling constant, while fouling mechanisms were not modified. Both coating techniques 

were able to produce a coating with a 100% anatase phase. Although membranes were 

capable of removing up to 87% TOC for oily wastewater filtration, antifouling 

capabilities for this type of effluent were not observed for the photocatalytic membranes 

mainly due to fouling inside the pores and light attenuation due to the thick fouling layer 

on the membrane surface. 

 

Keywords: Microfiltration. Alumina; Phase inversion; Titania; Photocatalysis. 
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1 INTRODUCTION AND OBJECTIVES 

 

1.1 INTRODUCTION 

 

Wastewater generation, in the city or industry, is increasing in quantity and complexity. 

At the same time, conventional water and wastewater treatment techniques, such as chemical 

oxidation, coagulation and flocculation, and biological treatments often fail in the efficient 

removal of various compounds by being recalcitrant or being present in low quantities. These 

methods also have the disadvantage of producing large quantities of sludge and having complex 

operations. If not properly treated,  produced effluents can generate substantial damages to the 

environment. In this view, there is a need for the development of more efficient and economic 

water and wastewater treatment technologies. Thus, various directives have suggested using 

green chemistry concepts. This is the scenario where membrane technology and advanced 

oxidative process, such as photocatalysis, take place. They already show more efficiency when 

compared to conventional techniques. In addition to its high efficiency and non-chemical 

requirements, membrane separation processes have high specificity, a small footprint, 

simplicity of operation, and have low energy consumption. In turn, photocatalysis can destroy, 

under mild conditions, toxic and recalcitrant substances, even at low concentrations. 

Membrane processes are similar to conventional filtration processes, but the filtration 

surface has reduced pore diameter, which can separate from macromolecules to dissolved ions. 

Ultra- and microfiltration are membrane separation processes applicable to removal of 

compiunds suchs as protein, bacterias, emulsified oil, some dyes and pharmaceutical 

compounds from effluents. These processes use membranes with a pore diameter between 1 nm 

and 5 μm. The driving force in these cases is a pressure gradient. The membrane permeation 

properties are extremely dependent on their morphological characteristics since the selectivity 

is related to the pore size of the membrane and the size of the compound to be retained during 

the filtration. The main problem related to membrane processes is called fouling, that is, 

blocking or narrowing of pores by the retained material, due to factors adsorption or deposition 

of filtrated compounds onto membrane surface or inside the pores, reducing permeate flux 

under constant transmembrane pressure. In this sense, filtration performance also depends on 

the membrane material. 
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Ceramic membranes present advantages over their polymeric equivalent, presenting a 

lower fouling rate, besides having greater thermal and chemical stability. However, its high cost 

still makes it difficult to be used on large scale. Strategies aiming at increasing the economic 

viability of these membranes have been pursued. Among them is the development of 

membranes with better performance and durability. 

In this regard, the phase inversion technique has recently allowed the production of 

porous ceramic membranes that, with a single thermal step, present a highly selective upper 

layer and a lower layer with high permeability, which would be ideal. This technique can be 

combined with different forming techniques, including tape casting. Combining these two 

techniques, high permeability flat membranes can be produced. Nevertheless, fouling is still a 

concern.  

Hybrid systems, combining membrane process and photocatalysis have been studied. 

Specifically, photocatalytic membranes (PM) with immobilized photocatalyst onto membrane 

could improve permeate flux during filtration under proper irradiation by degrading foulants 

onto membrane surface, as well as improve recalcitrant compounds degradation compared to 

batch systems with immobilized photocatalysts without permeation. Besides, light-induced 

hydrophilicity and self-cleaning ability are antifouling characteristics attributed to 

photocatalytic membranes. Membrane coating with photocatalysts is preferred for ceramic 

photocatalytic membranes. Flux resistances added by these coatings due to pore blocking are a 

concern, though. 

Thus, the goal of this work was to produce photocatalytic ceramic membranes with 

structures suitable for microfiltration. For this purpose, alumina membranes were produced 

using phase inversion as the pore-forming method combined with tape casting as a 

conformation method. Alumina is the most used advanced ceramic material, presenting high 

hardness, thermal and chemical resistance, and high availability. The morphological, 

mechanical, and textural characterization was performed using SEM, flexural strength 

measurement, mercury porosimetry, and X-ray micro-computed tomography. Alumina 

membranes were produced using different slurry formulations and sintered at 1400 or 1500 °C 

after the solidifying phase inversion step. Additionally, a co-casting strategy was tested and 

water permeation was evaluated for all the produced membranes. Next, photocatalytic 

membranes were produced by depositing TiO2 layers onto selected Al2O3 produced membranes 

by magnetron sputtering or sol-gel dip-coating. TiO2 is known for its high stability, Earth 
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abundance, and activity (although it is active only under UV light), being the most investigated 

photocatalyst and used as a benchmark. SEM, XRD, TG/DTA, Raman analyses were executed. 

The photocatalytic activity was proved by methylene blue degradation in the batch system, 

while filtration performance and antifouling photocatalytic properties were investigated for 

filtration of acetaminophen, methylene blue, and synthetic oily wastewater. 

 

 

1.2  OBJECTIVES 

 

This study aimed at producing photocatalytic ceramic membranes with high antifouling 

capabilities for the microfiltration process applied to the treatment of effluents. 

 

The specific objectives are presented below according to each chapter of this thesis: 

 

Chapter 3 

Synthesize alumina ceramic membranes by phase inversion combined with tape casting, 

which presents mechanical and morphological characteristics suitable for microfiltration 

processes. 

 

Chapter 4To develop and characterize stable photocatalytic microfiltration membranes with 

tailored surface porosity, functionalized by the addition of TiO2 layers by magnetron sputtering 

method. 

 

Chapter 5 

Investigate the use of a sol-gel dip-coating strategy to produce TiO2 coated photocatalytic 

membranes and antifouling capabilities for the treatment of organic effluents. 
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2 THEORETICAL BACKGROUND 

 

This chapter presents the theoretical background and literature review for the thesis. It 

is part of a review paper entitled "Development of photocatalytic membranes applied to the 

treatment of oily wastewater: a review”, which was submitted to a scientific journal and is 

currently under review. Here, the main theoretical aspects related to the membrane separation 

process, photocatalysis reactors, and photocatalytic membranes are presented. The 

understanding of these process concepts, advantages, and limitations opens new opportunities 

for the development of membranes with improved performance, enhancing their economic 

viability. 

 

2.1 MEMBRANE SEPARATION PROCESSES 

 

Membrane separation processes (MSP) are physical processes analogous to 

conventional filtration, but progressively smaller in pore size. MF and UF membranes generally 

have mean pore sizes (MPS) in a range of 0.05 to 5 µm and 1 to 500 nm, respectively and use 

a pressure gradient as the driving force. They have been used for beer and wine classification 

(MF), as well as separation of oily wastewater (MF/UF) and pigments (UF) [1,2,3,4].  Other 

nanofiltration and reverse osmosis membranes, as well as membrane distillation, have been 

successfully applied for treating saline oily wastewaters [5]. 

Membranes are produced as flat, tubular, or as hollow fibers (HF). They have been 

mainly fabricated from polymers and ceramic materials, but materials such as metal, glass, and 

textile are also used [3,6]. Ceramic membranes present superior characteristics in terms of 

selectivity, permeability, durability, stability, and fouling resistance compared to traditional 

polymeric ones [7,8]. 

 

 

2.2 TRANSPORT PROPERTIES AND OPERATION PARAMETERS 

 

Permeability and selectivity are transport properties of interest. To characterize the 

permeability, water or effluent flux J (L m2 h-1) are calculated according to Equation (1): 
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𝐽 =  
1

𝐴
.
𝑑𝑉

𝑑𝑡
 (1) 

 

To characterize the selectivity, the rejection coefficient (R), defined by the relation 

between species concentration in permeate and its concentration in the feed, according to 

Equation 2, is normally used. 

𝑅 = 1 −
𝐶𝑝

𝐶0
 (2) 

where Cp is the concentration in the permeate and C0 is the concentration in the feed. 

 

There is a trade-off between pore size and selectivity. The smaller the pore size, the 

higher the selectivity, but also the lower the flux. Nevertheless, the whole membrane 

morphology affects flux resistance and thus, permeation flux (Fig. 2.1) [9]. Thus, asymmetric 

membranes with larger pores supporting a thin surface skin layer with smaller pores sizes have 

been preferred. 

 

Figure 2.1 Micro-CT images (left) and results of the permeability (k) simulations (right) at different depths (V1, 

V2, V3, and V4) of the z-axis of an alumina membrane [9]. 

 

The membrane separation process can be operated in two different configurations: 

crossflow or conventional (dead-end) filtration mode (Fig. 2.2), with constant transmembrane 

pressure (TMP) or constant cross-flow velocity (CFV). A higher TMP can lead to higher fluxes 

up to a certain value, a higher value can reduce selectivity as the deformation of the oil droplets 

facilitates their penetration into the pores of the membrane. The same effect can be observed 
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for increased effluent temperature. Higher TMP can also decrease the flux by compressing the 

accumulated oil layer on the membrane surface [8].  

 

 

Figure 2.2 Dead-end and cross-flow filtration modes. Source: the author. 

 

 

 

2.3 FOULING 

 

During filtration processes, retained particles tend to accumulate on the membrane 

surface, inside the pores, or both, causing pore blockage or pore size narrowing. (Fig. 2.3) This 

phenomenon is called fouling. In practice, fouling leads to a decrease in the flux resulting in 

higher energy consumption and frequent pauses in operation for membrane cleaning, which 

reduces productivity and shortens membrane lifespan, leading to higher replacement costs [1,6].  

The different fouling mechanisms (Fig. 2.3), also known as Hermia’s blocking laws can 

be described as [10-12]: 

(i) Complete pore-blocking happens when the size of the solute particle is larger than 

the pore size of the membrane. Consequently, pore-blocking occurs across the 

surface of the membrane and not within the membrane pores. 

 

(ii) Standard pore-blocking assumes that the molecules penetrate the pores of the 

membrane and deposit on the pore walls due to anomalies in the pore passages. 

Generally, standard pore-blocking arises when the sizes of the solute particles are 

smaller than membrane pore size and thereby, pore blocking happens inside the 
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membrane pores. In this manner, the pore volume of the membrane decreases 

proportionally to the volume of the filtered permeate. 

 

(iii) Intermediate blocking arises when both the solute particles and the membrane pores 

are similar in size. For such a scenario, it is expected that the solute molecules do 

not essentially block the membrane pore and few particles may settle over others. 

Hence, the non-blocked membrane surface area decreases with time and a few 

molecules prevent the passage of the membrane pores without completely 

obstructing the pore. 

 

(iv) Cake filtration relates to a situation where particles bigger than the normal pore size 

aggregate on the membrane surface and thus facilitate the development of a ‘‘cake”. 

The cake develops with time and acts as an additional porous barrier (and 

subsequently hydraulic resistance) for the permeating liquid. 

 

The mathematical model for Hermia’s mechanisms was developed for dead-end 

unstirred filtration, although modified models were developed for crossflow or stirred filtration. 

Governing equations can be conveniently written in a common mathematical form [13]: 

 

𝑑2𝑡

𝑑𝑉2
= 𝐾 (

𝑑𝑡

𝑑𝑉
)

𝑛

 (3) 

or  

𝑑𝐽

𝑑𝑡
= −𝐾(𝐽𝐴)2−𝑛 (4) 

where  

𝐽 =
1

𝐴
  

𝑑𝑉

𝑑𝑡
 (5) 

𝐽0 =   
∆𝑃

𝜇(𝑅𝑡)
 (6) 
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where V = permeate volume, t = time, J = flux, ΔP = pressure drop, Rt = total flux resistance, 

A = membrane surface area, µ = dynamic viscosity, K = plugging constant. 

The exponent n characterizes the filtration model, with: 

n = 0 Cake filtration 

n = 1 Intermediary blocking 

n = 3/2 Pore constriction (Standard blocking) 

n = 2 Complete pore blocking 

 

For each model, a different fouling severity parameter, K (plugging constant) in the 

Hermia’s, is obtained. The best model fitting (R2) and K values can be calculated by plotting 

experimental filtration data in terms of J, t, and V, according to the equations derived from each 

fouling model. For the same model with good fitting, the value of K gives physical significance 

as it influences the fouling of the membranes [10]. 

 

 
Figure 2.3 Membrane fouling mechanisms [12]. 

 

The occurrence of fouling inside the pores depends mainly on the ratio between 

membrane surface pore size and pollutant particle size. Operation at higher TMP may result in 

denser fouling layers. In the case of oily wastewater, deposition of oil inside the pores happens 
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due to dropping deformation. Temperature also facilitates oil droplets to deform and enter the 

pores, due reduction of oil viscosity. Additionally, the dead-end filtration mode tends to present 

more serious problems with fouling due to the accumulation of the total amount of foulants on 

the membrane surface and by compressing it. Nevertheless, fouling formation is related to a set 

of parameters that also includes the membrane surface chemistry, structure, and charge as well 

as effluent properties that strongly influence the fouling formation. The higher the feed 

concentration, the thicker the fouling layers formed on the membrane, resulting in a higher 

dropping of the flux [1,3,6,13–18]. 

Considerable efforts have been made in process intensification to improve MSP 

performance in wastewater treatment by developing membranes and processes with different 

fouling mitigation strategies [6,7,19–22]. Among them, hydrophilic materials or hydrophilic 

surface functionalization, hybrid or combined processes, and reactive or catalytic membranes 

should be mentioned [3,6,23–25]. 

 

 

2.4 HETEROGENEOUS PHOTOCATALYSIS 

 

Photocatalysis stands out for advantages such as operation under mild conditions 

(ambient temperature and pressure), the absence of chemical additives, and principally the 

possibility of degrading refractory, toxic, and non-biodegradable compounds, even in low 

concentrations [26]. It is an Advanced Oxidative Process based on the activation of a solid 

photocatalyst when it is irradiated by a light source with adequate energy, i.e. with energy equal 

to or greater than its bandgap, EBG (Equation 7). In general, the photocatalyst is a 

semiconductor, with TiO2 being the most studied. However, other materials such as ZnO, ZnS, 

semiconductor-graphene composites, perovskites, MoS2, and WO3 have been investigated [27]. 

𝐸𝑔 =
ℎ. 𝑐

𝜆
 

(7) 

where Eg is the bandgap energy, h is the Planck’s constant (6.626x10-34 J s), c is the speed of 

light in vacuum (2.998x108 m s-1) and λ is the light peak emission wavelength (nm). Numerous 

researches in the area of photocatalysis seek to overcome its main limitations: (i) the high 

recombination of the electron-gap pairs of conventional photocatalysts and (ii) the low 

absorption in the visible compared to the absorption of UV radiation, which results in high 



34 

 

 

energy consumption with artificial lighting. Metal [28,29] and non-metal [30,31] doping of 

different photocatalysts have been used to improve photocatalytic activity under UV and/or 

visible light [27]. Specifically, TiO2 can only be activated by UV light due to its bandgap energy 

(EBG = 2.8 eV) 

The formation of reactive oxygen species on the TiO2 surface under UV light irradiation 

is shown in Equations 8-13 and schematized in Fig. 2.4. When a photocatalyst is irradiated by 

an energy (hv) source with a suitable wavelength, electrons are shifted from the valence band 

(VB) to the conducting band (CB) of the material, forming an electron-hole pair. Immediately 

afterward, electron (e-) and hole (h+) migrate to the catalyst surface and can react with electron 

acceptors and donor molecules, respectively [32,33].  

 

𝑇𝑖𝑂2 + ℎ𝑣   ↔   𝑇𝑖𝑂2(𝑒−, ℎ+) (8) 

ℎ+ +  𝑅𝑋𝑎𝑑𝑠 →  𝑅𝑋𝑎𝑑𝑠
+ • (9) 

ℎ+ +  𝐻2𝑂𝑎𝑑𝑠 →  𝐻𝑂𝑎𝑑𝑠 •  + 𝐻+ (10) 

ℎ+ +  𝑂𝐻−
𝑎𝑑𝑠 → 𝑂𝐻𝑎𝑑𝑠 • (11) 

𝑒− +  𝑂2𝑎𝑑𝑠
→ 𝑂2

− • (12) 

𝑒− +  𝐻2𝑂2𝑎𝑑𝑠
→  𝑂𝐻− +  𝑂𝐻𝑎𝑑𝑠 • (13) 

 

 

Figure 2.4 Principle of photocatalysis and formation of reactive oxygen species [32]. 
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In general, the acceptor molecule is molecular oxygen, O2, leading to the formation of 

superoxide, O2
- (Equation 12), and peroxides, H2O2 (Equation 13), while water and other 

oxidizable organic or inorganic species react with the positive hole in the valence band. 

Oxidation usually results in hydroxyl radical, •OH, considered the most important species in 

the photocatalytic degradation process. •OH oxidation potential is 2.8 eV, being able to oxidize 

a broad range of compounds. Photo-generated electron/hole pairs can also recombine, hindering 

photocatalysis efficiency. 

Since O2 and H2O2 can act as electron acceptors, preventing recombination of electron-

hole pairs (e-/h+) air bubbling and H2O2 addition are common strategies to enhance reaction 

rates. For example, the presence of H2O2 improved the diesel (0.2 g L-1 in seawater, pH 8) 

removal by Yb2O3-doped ZnO photocatalyst (0.6 g L-1) under visible light, from around 31% 

in absence of oxidant to more than 83% after 2 h when 6.0 mg L-1 of H2O2 was used. In the 

absence of photocatalyst or oxidant, diesel removal of 27% was found and attributed to 

evaporation. On the other hand, H2O2 also acts as a scavenger for the formation of hydroxyl 

radicals (•OH) and superoxide (•O2), besides being formed as an intermediary during the 

photocatalytic reaction. In turn, optimal conditions need to be defined [34]. Similarly, O2 (or 

air) inlet flow may improve photocatalytic degradation rate enhancing superoxide molecules 

(•O2) formation rate and preventing electron-hole recombination, while an excess of bubbles 

can hinder the proper irradiation of the catalyst surface. 

Besides the presence of O2 and H2O2, photocatalytic reaction rates are primarily 

influenced by photocatalyst properties, pollutant composition, and the light source 

(wavelength), as well as the operational conditions (mass of the photocatalyst, the pollutant 

concentration, the radiation intensity, reactor geometry, for example), and the combination of 

the different factors. Different photocatalytic degradation rates were found for different 

molecules present in biodiesel (carbon content between C14 – C18, with different chemical 

bonds). •OH is more likely to attack the methylene bridges, followed by mono-allylic and 

aliphatic sites [35]. Concerning the photocatalyst dosage in slurry reactors, for a given system, 

the reaction rate is proportional to the active sites on the catalyst surface (and thus to catalyst 

mass) until the full adsorption of photon from the luminous source. After this point, the reaction 

rate remains constant. As for the initial concentrations of organic pollutants, photocatalytic 

reactions usually follow the Langmuir–Hinshelwood mechanism model. In this case, the 

reaction rate increases when the feed concentration increases until achieving a plateau. When 
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the adsorption is weak and/or the concentration of the pollutant is low, the kinetics can be 

simplified to a pseudo-first-order kinetic [36] and the concentration of a pollutant along 

photocatalytic reaction time can be expressed according to Equation 16, with an apparent 

constant kapp (min−1): 

𝑙𝑛 
𝐶

𝐶0
 =  −𝑘𝑎𝑝𝑝𝑡 (16) 

 

where t is the reaction time, C is the concentration along the time t and C0 is the initial 

concentration. Nevertheless, excess photocatalyst in suspension or pollutant concentration 

could also add opacity to the feed solution, hindering the proper irradiation of the catalyst and 

reducing the photocatalytic activity [37]. The reaction rate is strongly positively influenced by 

the radiant flux of the light source, ɸ (W m-2). However, if the radiation fluxes are too high, 

they can increase the recombination rate of electrons and holes and thus reduce the influence 

factor [38]. Despite the importance of the radiant flux, only the overall lamp power is stated in 

most of the research papers.  

The effect of pH on pollutant degradation may differ depending on the pollutant 

composition, even when compounds possess similar structures. Results also showed a pH 

reaction rate dependence according to reactor and light source geometry [39]. The temperature 

has a small influence on the reaction rate, which results from the equilibrium between the 

adsorption and desorption constants, and the reaction rate constant of the Arrhenius law, all of 

which are dependent on temperature.  Nevertheless, in most cases, photocatalytic reactions are 

performed at room temperature and small temperature variations are disregarded. In contrast, 

optimal pH, H2O2 concentration, and dissolved O2 values are described [34].  

The presence of some salts and scavengers (such as carbonate and bicarbonate ions) 

may reduce photocatalytic activity as they occupy adsorption sites on the surface of the 

photocatalyst or react with reactive oxygen species formed on the photocatalyst surface. 

Nevertheless, iron and manganese ions present in wastewaters can contribute to the Fenton and 

photo-Fenton reactions in acidic conditions [40]. Finally, when analyzing photocatalytic 

activity, pollutant removal by adsorption [41] and photolysis [42] should also be investigated 

so as not to be confused with photocatalytic pollutant removal.  
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2.5 PHOTOCATALYTIC MEMBRANE REACTORS 

 

Hybrid systems that combine the technology of photocatalysis and membrane 

separation have been intensively studied in different settings. They are commonly called 

Photocatalytic Membrane Reactors (PMR). In general, PMRs are studied in two main 

configurations: reactor with suspended catalyst (slurry) (Fig. 2.5a and 2.5b) and reactor with 

catalyst immobilized in/on the membrane (Fig. 2.5c). Mozia  [4] discussed different 

configurations of PMR addressing the advantages, disadvantages, and performance of each one. 

Nevertheless, slurry PMRs do not differ significantly from a sequential photocatalysis-

membrane process, where membranes will play the role of separation barrier for the 

photocatalyst only or both, residual contaminants and photocatalyst particles. Thus, the focus 

will be given to the second PMR type configuration, i.e., the use of photocatalytic membranes 

(PMs) [37].  

PMs may be produced by adding catalyst as a coating on commercial or produced 

membranes, or by adding it as filler during the synthesis of membranes. [2,43]. The membrane 

acts as a support for the catalyst, as well as a separation barrier for the molecules present in the 

solution. Thus, pollutants photo-decomposition takes place on the membrane surface itself or 

inside the pores. Therefore, it is required to guarantee the membrane is efficiently illuminated 

[4] (Fig. 2.5c). Although TiO2 membranes are commercially available, TiO2 tends to lose its 

photocatalytic activity during ceramic membrane production when phase transition temperature 

is exceeded (up to 600 °C), as normally occurs during ceramic processing. Thus, to produce 

photocatalytic ceramic membranes with high mechanical strength, a catalytic layer should be 

applied in the second step after thermal treatment of the support. The resulting titania phase as 

well as its photocatalyst activity and pore blockage due to coating deposition need to be 

investigated. 

The performance of a PMR using PVDF membranes blended with TiO2 and separate 

photocatalytic (PR) and ultrafiltration (UF) systems (PR-UF) using powdered TiO2 have been 

compared by Moslehyani et al. [26]. Ballast water (583 ppm of oil) was used for both 

experiments. In the first, the oily water was irradiated for 6 h by UV light inside PMR, afterward 

UV lights were switched-off and membrane filtration was started. For the second one, the 

powdered catalyst was suspended in the oily water in PR and irradiated for 6 h, and then, filtered 

by UF hollow fibers for 1 h. PR-UF hybrid system could degrade TOC by over 80%, which 
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was 10% more than PMR. However, in the PR-UF system, flow decayed due to the deposition 

of oil and agglomeration of the catalyst particles on the membrane surface. On the other hand, 

the reduction of COD and total dissolved solids by PMR was higher than PR-UF. Additionally, 

the authors compared TiO2 blended nanocomposite membrane to the neat PVDF one without 

any photocatalyst in suspension. TiO2 blended membrane showed better permeation flux, 

rejection, and antifouling capacity.  

 

 (a)  

  (b) 

(c) 

Figure 2.5 Schemes of different photocatalytic membrane reactors [37]. 

 

PMs can be applied for the degradation of pollutants as part of the wastewater treatment 

itself (as in the slurry systems) or mainly for the photocatalytic degradation of foulants as a 

strategy to maintain the membrane separation process performance. PMs tend to show enhanced 



39 

 

 

filtration performance compared to conventional membranes [43,44]. The main PM fouling 

reduction mechanisms, as well the main parameters affecting PM performance are discussed in 

the next section (Section 2.5.1). 

 

2.6 Photocatalytic membranes for effluent treatment 

 

Fig. 2.6 presents the main antifouling mechanism reported for PM applied to the effluents, 

regard or regardless of the presence of light. Hydrophilic surfaces are well known for improving 

the filtration performance of aqueous effluents, in special those containing hydrophobic 

compounds such as oil. Thus, contact angle measurements have been performed in most of the 

works. Concerning chemical composition, oxide photocatalysts such as TiO2, ZrO2, Fe2O3, and 

graphene oxide (GO), have been used to functionalize the surface by providing hydroxyl (OH) 

surface groups in abundance, improving the hydrophilic character [45–51]. Pre-wetting a rough 

hydrophilic surface before filtration improves antifouling performance by trapping water on the 

roughness allowing the formation of a hydration layer at the membrane interface (Fig. 2.7) 

[17,52,53].  Different approaches have been used to investigate the photocatalytic effect of 

PMs, such as (i) irradiation self-cleaning capabilities of fouled membranes after filtration; (ii) 

photocatalytic oil foulants in the batch system (including photodegradation followed by 

filtration); and/or (iii) effect of light irradiation during the filtration could be cited. 

 
Figure 2.6 Different fouling reduction mechanisms for PM applied to the treatment of oily wastewater. Source: 

the author. 
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Figure 2.7 Underwater oleophobic surface based on hydration layers. Source: the author. 

 

 

Zhang et al. [54] investigated the influence of surfactants charges. A SPAN@GO/M88A 

membrane with a positive surface charge was used to filter Tween 80-, SDS- and CTAB-

stabilized emulsions containing uncharged, negatively, and positively charged oil droplets. 

Higher flux and improved surface cleaning were obtained for the emulsion with the same charge 

as the surface, CTAB. Fouling mechanisms were explained as follows (Fig. 2.8): uncharged 

droplets (Tween-80-stabilized) easily resulted in the formation of cake layers on the membrane 

surface. Negative charged SDS-stabilized emulsion can be attracted to the positive membrane 

surface and destabilize the colloids, resulting in demulsification. While the demulsification has 

been associated with oil coalescence, which further makes it difficult for droplets to enter 

membrane pores [55-57], the accumulation of SDS on the membrane by adsorption gradually 

reduces the demulsification effect and blocks the pores. Finally, the interaction between the 

positive surfaces of the droplets and the membrane destabilizes the droplets and promotes their 

coalescence, while the surface also repels the CTAB molecules so that they cannot be adsorbed 

on the membrane surface.  

Highly porous or voluminous hydrophilic coatings could not only facilitate hydration 

layers to be formed [58], but also prevent dense fouling layers to be formed on membrane 

surface as for nsGCN-embedded PAN nanofiber coating mesh on asymmetric alumina (Al2O3) 

produced by Alias et al. [59]. Similarly, increasing GO [53] or MXene [17] interlayer spacing 

on membrane coatings improves water fluxes. Furthermore, the disturbance of the laminar flow 

caused by the coating layer along the membrane surface during cross-flow operation could also 

improve membrane flux [59]. 
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Figure 2.8 Schematic illustration of demulsification by electrostatic interaction for separating different 

surfactant-stabilized emulsions. Adapted from Zhang et al. [54], reproduced with permission. 

 

2.6.1 Dynamic photocatalysis-filtration 

 

Online photocatalytic degradation during effluent filtration resulted in overall higher 

fluxes under irradiation compared to operation in the dark indicating that foulants adhering to 

the outer surface were degraded and cleansed the outer surface of membranes, as can be seen 

in Fig. 2.9a, where F005 and F05 are Fe2O3-coated Al2O3 membranes, using thinner and thicker 

Fe2O3 coating layers for the filtration of oily wastewater [60]. The effect of coating thickness 

is discussed in Section 2.5.1.2. Light-induced flux enhancement reported by Alias et al. [60] is 

in agreement with those reported by Yue et al. [61]. The authors have produced ZIF-8/GO-

coated PVDF membranes. Flux was highly improved along with filtration for the PM 

membranes under a 500 W Xenon lamp and 0.14 MPa TMP (Fig. 2.10). Besides, light-induced 

hydrophilicity could enhance flux by repelling oil molecules (Fig. 2.11) [16,61]. Finally, TOC 

and oil rejection were also improved during filtration under irradiation. (Fig. 2.9c) [16,60]. 
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(a) 

  
(b) 

Figure 2.9 (a) Flux and oil rejection in darkness and under radiation for membranes coated with thinner (F005) 

and thicker (F05) Fe2O3 coatings onto Al2O3 membranes. Data extracted from Paiman et al. [60] with the software 

GetData Graph Digitalizer© version 2.26.0.20; (b)reversible and irreversible fouling contributions for Neat PVDF 

and GO/MCU-C3N4/PVDF (PM) membranes after light-induced or physical cleanings. Data extracted Shi et al. 

[53] with the software GetData Graph Digitalizer© version 2.26.0.20. 

 

 

Figure 2.10 (a) Flux of blank and ZIF-8/GO-coated PVDF membranes, with and without irradiation Adapted from 

Yue et al. [61], reproduced with permission. 
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Figure 2.11 Light-induced hydrophilicity. Adapted from Yue et al. [46], reproduced with permission. 

 

 

Filtration flux under irradiation can be constant and equal to initial flux when the 

degradation rate on the membrane surface is higher than the foulant deposition rate. If both rates 

are equal, equilibrium can be achieved [25]. In turn, the fouling deposition rate may also be 

higher than the fouling degradation rate, resulting in a decrease of the flux along the time, 

especially for high oil concentrations, as seen in Fig. 2.10. In this case, cleaning breaks are still 

necessary. Membrane cleaning procedures incur process downtime, in addition to the 

possibility of membrane damage. The use of PM under UV irradiation can extend membrane 

operating cycles, reducing operational costs and increasing the membrane [61,62]. 

Furthermore, in situ degradation of various small molecules such as dyes [63], dioxins 

and pesticides [52] and pharmaceuticals [64] during oil-water emulsions separation with PM 

under irradiation have also been demonstrated. The benefits of degrading pharmaceuticals by 

permeating them through PM under irradiation were recently reported by Li et al. [44]. The 

authors demonstrated a high carbamazepine degradation during irradiated filtration compared 

to static batch reaction or reaction with the surface flow without permeation. Although the drug 

compound showed a low retention rate under dark conditions and the results compared to batch 

reaction were mainly attributed to degradation due to improved contact between compound and 

photocatalytic surface 

Increasing pollutant concentration in the effluent result in thicker fouling layers on the 

membrane surface. It affects UV penetration and, thus, reduces photocatalytic surface activation 

[36]. TOC removal of cutting oil emulsion with different concentrations was evaluated using 
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photocatalytic hollow fiber PVDF membranes blended with TiO2 under an 8W UV light, in a 

PMR with full recirculation of permeate and retentate. TOC removal was remarkably reduced 

when oil concentration was increased from 100 to 5000 and 1000 ppm (Fig. 2.12). This result 

is in agreement with the apparent rate constant (kapp) found for TOC degradation for the 

different oil concentrations. The kapp values changed from 2.9 x10-3 min-1 when 250 ppm 

emulsion was used to 2.0 x10-3, 1.0 x10-3, and 0.2 x10-3 min-1 respectively, when 1000, 5000, 

and 10000 ppm emulsion were investigated. Nevertheless, irradiation of PM during filtration is 

expected to be beneficial for membrane performance. Although flux can decrease even under 

irradiation, flux drop can be attenuated by partial fouling layer decomposition [36,60,64].  

In this sense, a stronger positive effect on the reduction of fouling would be expected if 

light irradiation is present from the beginning of filtration. This early effect is not only similar 

to the effect of wetting a membrane but could also complement it to form a protective hydration 

layer before the oil touches the membrane surface. Nevertheless, although both 

superhydrophilicity and photocatalytic activity are important properties for PMs for oily 

wastewater, the relationship between them in terms of best overall membrane performance may 

not be direct.  

 

 

Figure 2.12 Effect of feed concentration on TOC degradation for a PVDF-TiO2 membrane under UV irradiation 

for TOC degradation at different feed oil concentrations. From Ong et al. [36], reproduced with permission. 
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2.6.2 Cleaning performance 

 

Membrane cleaning is an important issue. Light-induced surface cleaning after filtration 

has been reported. Cleaning performance has been evaluated in terms of Flux Recovery Ratio 

(FRR), Flux Decline Ratio (FDR) (or Total Fouling Ratio - Rt), Reversible Fouling Ratio (Rr), 

and Irreversible Fouling Ratio (Rir) [53]: 

 

𝐹𝑅𝑅 =  
𝐽𝑤2

𝐽𝑤1
 𝑥100% 

(18) 

𝐹𝐷𝑅 = 1 −  
𝐽𝑓

𝐽𝑤1
𝑥100% 

(19) 

𝑅𝑟 =  1 −
𝐽𝑤2 − 𝐽𝑓

𝐽𝑤1
𝑥100% 

(20) 

𝑅𝑖𝑟 =  
𝐽𝑤1 − 𝐽𝑤2

𝐽𝑤1
𝑥100% 

(21) 

 

where: Jw1 and Jw2 represent the water permeate flux before filtration and after membrane 

cleaning, Jf is the permeate flux of the fouled membrane; Rr and Rir represent reversible and 

irreversible fouling, respectively. Thus, higher FRR and lower FDR indicate good self-cleaning 

and antifouling properties, respectively. The use of PM has resulted in superior 

reversible/irreversible fouling ratios [53,59,65,66].  

Shi et al. [53] prepared GO/MCU-C3N4/PVDF photocatalytic membranes. %Reversible 

fouling after diesel filtration was improved from 33% reversible fouling after physical cleaning 

to 92% after physical cleaning followed by 30 minutes of cleaning under visible light (Fig. 

2.9b). In turn, the %reversible fouling values for bare PVDF membranes were only 23 and 29%, 

respectively. When choosing the better overall performance, the operation conditions and 

membrane performance for long-term operation must be taken into account, though. 

 

2.6.3 Effect of coating coverage and pore size on antifouling effect 

 

The improvements of the flux depend on membrane properties in addition to the 

operation details. Higher catalysts loading tends to provide higher antifouling properties up to 

a certain point. It should be noted that the antifouling properties may not achieve the desired 
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effect if the membrane coating does not completely cover the membrane or does not adhere 

well to the membrane surface [65]. Similarly, if a membrane presents a low rejection 

coefficient, extended fouling happens inside the pores. Since (i) photocatalysis is a surface 

reaction that requires activation by a luminous source and (ii) photocatalysts are mainly coated 

only onto the membrane surface and not inside the pores, degradation reactions are likely to 

happen only on the irradiated and coated membrane surface. Consequently, the PM will not be 

able to decompose these foulants, and the pores will progressively become clogged. 

Nevertheless, there is still a lack of studies on the consequences of fouling inside the pores for 

coated PM membranes or regarding the depth and intensity of irradiation penetration which 

would still be able to photocatalytically degrade foulants within the membrane pores in the case 

of membranes blended with photocatalysts. 

On the opposite, excess photocatalyst may hinder membrane flux. There is a trade-off 

effect between permeation flux and separation efficiency. The increasing quantity of 

nanoparticles on the membrane could facilitate the selectivity of the membrane as well as the 

photocatalytic activity, but reduce permeability due to particles agglomeration which causes 

pore sizes reduction and increase the flux resistance [17,59,60]. The deposition of α-Fe2O3 onto 

Al2O3 hollow fiber membranes increased water flux from 1003 to 1370 L m2 h-1 and 1148 L m2 

h-1 when 0.05 and 0.5 M of Fe were used during coating preparation [60]. Flux reduction for 

the higher Fe concentration was attributed mainly to the formation of additional layers on the 

membrane surface (Fig. 2.13 right side) which reduced pore size (Fig. 2.13 left side) and created 

additional transport resistance for the coated membrane with thicker F2O3 layers (Fig 2.13), 

compared to the bare membranes (Fig. 2.13 a, b) or the membranes with lower F2O3 

concentration (Fig. 2.13 c, d). 

Finally, it should be noted that the successful development of photocatalytic membranes 

depends on both membrane support and coating layer properties and performance. Thus, the 

first part of this thesis is focused on the development of high-permeability ceramic membranes 

(Chapter 3). Afterward, the development of PM using TiO2-coating layers was investigated 

(Chapters 4 and 5). 

 

 

.  
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Figure 2.13 The structural images of the outer surface (left side) and cross-section (right side) of pristine and 

deposited porous α-Fe2O3 on Al2O3/YSZ hollow fiber membrane at different concentrations; (a, b) Pristine, (c, d) 

0.05M (F005) and (e, f) 0.5M (F05). Adapted from Paiman et al. [60], reproduced with permission. 
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3 TAILORING ASYMMETRIC ALUMINA MEMBRANES BY COMBINING TAPE 

CASTING AND PHASE INVERSION 

 

This chapter refers to the study of developing alumina membranes suitable for 

microfiltration in a single sintering step by combining tape casting and phase inversion. The 

experimental procedure presented in this chapter was carried out during the sandwich doctorate 

at the University of Bremen (Bremen, Germany), with exception of X-ray microtomography 

acquisitions which were performed at the Federal University of Santa Catarina. This study 

meets the specific objectives described in Section 1.1.2 - Chapter 3. 

The complete work carried out in this chapter is presented below in article format, as 

published in the Journal of Membrane Science (2021) 

(https://doi.org/10.1016/j.memsci.2021.119056). 

 

3.1 INTRODUCTION 

 

Membrane separation processes appeared in the eighteenth century as an alternative 

method to conventional processes for wastewater treatment. Since the 1960s, membrane 

separation has become a significant technology, which is currently applied in different fields, 

which include pharmaceuticals, food, cosmetics, chemical, and petrochemical industry [1–3].  

Various materials have been used to fabricate ceramic membranes including alumina 

(Al2O3) [4], zirconia (ZrO2) [5], titania (TiO2) [6] Shirasu porous glass (SPG) [7], and silicon 

carbide (SiC) [8]. Although the development of ceramic membranes is relatively recent, these 

membranes present several superior characteristics to polymeric membranes concerning 

selectivity, permeability, durability, as well as thermal, chemical, and fouling resistance. These 

properties lead to lower maintenance and replacement requirements, cutting down long-term 

operating costs. They are of special interest in effluents with a high concentration of organic 

matter and for processes that require operation at high temperatures and harsh environments 

[3,9]. 

Porous membranes may be symmetric or asymmetric, i.e., display uniform or non-

uniform morphology throughout the membrane cross-section. Asymmetric membranes have a 

denser top layer, also called skin. This skin layer can be completely dense or less porous than 

the support and plays the role of the separation membrane itself. Therefore, asymmetric 

https://doi.org/10.1016/j.memsci.2021.119056
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membranes are related to higher permeation flux, since the effective membrane thickness can 

be very thin, while a bottom layer or support enables a lower flux resistance [2,10,11].   

Microfiltration (MF) membranes, with a pore range between 0.1 and 5 µm [12], are 

usually asymmetric. To fabricate them, additional steps at high temperatures are required to 

combine different layers with graded porosity [3,11]. Despite the aforementioned advantages, 

the high material and production costs of ceramic membranes still limit their widespread 

application [2,10,11]. In this regard, phase inversion presents an important advantage as it 

allows the manufacture of asymmetric membranes in a single sintering step. The formation of 

different substructures is expected: a more porous intermediary layer, which can be composed 

of finger-like pores with reduced flow resistance, sandwiched between two denser sponge-like 

layers and a very thin skin layer. The obtained structure and membrane properties, however, 

depend on the choice of system components and process parameters [9,11,13].  

Phase inversion is commonly used to produce polymeric membranes, but it has been 

recently adapted to produce ceramic membranes as well [14–16]. Briefly, a homogenous 

suspension containing ceramic particles dispersed in an organic solvent with polymer binder 

and additives is initially prepared. Then, the suspension is cast in the desired shape and 

immersed in a non-solvent bath (usually water), where phase inversion takes place. During this 

process, the exchange of solvent and non-solvent occurs, leading to liquid-liquid demixing, 

which involves a complex thermodynamic mechanism. Mass transfer between the two phases 

increases the concentration of the organic polymer, which in turn results in the membrane 

solidification (green body) due to polymer precipitation, and the formation of a porous structure 

[17]. Last, the green body is dried, thermally treated to remove all organics, and then sintered 

[18,19]. 

Although the one-step process of phase-inversion has been proven to be an efficient 

fabrication technique for polymer membranes, the use of this method for the production of 

ceramic membranes is not yet completely understood. It would allow the production of ceramic 

membranes with better performance, simple manufacturing, and lower energy consumption, 

enhancing the economic viability of their application in wastewater treatment [3,11,15,20–22]. 

Zhu et al. [23] compared porous tubular alumina membranes manufactured by cold 

pressing and by phase-inversion casting. In the latter, higher porosity, larger average pore size 

(APS), and lower but acceptable mechanical strength were obtained. Most research on ceramic 

membranes made by phase inversion is focusing on the development of hollow fibers 



58 

 

 

[20,24,25]. Few studies have explored the phase-inversion combined with tape casting for 

ceramic membranes. In those cases, ceramic membranes have been applied mostly in 

distillation [19,26,27] or as oxygen separation membranes with a gas-tight top layer [13,28,29]. 

More recently, Nishihora et al. [15] and Yu et al. [22] have shown that phase inversion 

combined with tape casting could successfully produce flat membranes suitable for 

microfiltration. 

Nevertheless, further studies on this type of ceramic membrane are still needed before 

it can be used on a larger scale [30]. A better understanding of how to tailor the membrane 

properties through processing parameters is mandatory. Thus, the present work aims to help fill 

this gap. Here, flat-sheet ceramic membranes are produced with different slurry compositions 

(solid and binder loadings) and production parameters (mixing time, sintering temperature, and 

cast strategy), and their respective effects on the resulting membrane properties are investigated.  

 

3.2 EXPERIMENTAL  

 

3.2.1 Materials 

 

All reagents used were of analytical grade. Alpha-alumina (Almatis, CT3000, d50 ∼ 0.4 

μm) and graphite powder (Graphit Kropfmühl AG, SGB, 23 LC/99.9, d50 ∼ 23 µm) were used 

to produce either alumina or graphite slurries. N-methyl-2-pyrrolidone (NMP, Sigma), 

polyethersulfone (PES, BASF Ultrason® E2010), and poly(ethylene glycol) (PEG, Sigma, 

BioUltra 35000) were used as a solvent, binder, and plasticizer, respectively. PES pellets were 

dried at 70 °C for 24 h before use to avoid interferences on solution miscibility at this point. 

Ultrapure water (Milli-Q system, Millipore) was chosen as a non-solvent for the coagulation 

bath.  

 

3.2.2 Preparation of flat alumina membranes 

 

Alumina membranes were shaped from slurries with different compositions using the 

procedure represented in Fig. 3.1. First, PES (5.5, 6.2, or 7.0 wt%) and PEG (0.8 wt%) were 

completely dissolved in suitable amounts of NMP, calculated as follows: wt% NMP = 100 wt% 

- wt% PES - wt% PEG - wt% alumina  (to  be added).  The solution  was stirred  at 60 °C   for  
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Figure 3.1 Schematic diagram for the preparation of membranes. 

 

 

homogenization. Next, alumina powder (35, 40, 45, or 50 wt%) was added and mixed for further 

5 h at room temperature. The slurry was then cast with a glass rod onto a glass plate equipped 

with two nylon fibers (diameter = 0.9 mm) to set the thickness (Fig. 3.1). The glass plate was 

immediately immersed in water at room temperature to initiate solidification by phase-

inversion, leading to the formation of the green tape. After 12 h, the green tapes were removed 

from the water bath and left to dry for at least 24 h at room temperature, then cut into pieces of 

2 cm x 2 cm. Thermal treatment was carried out in an electric resistance furnace in air 

atmosphere. The green tapes were debound at 2 ℃ min-1 from room temperature to 600 ℃. 

After a dwell time of 2 h, the green tapes were sintered at 2 ℃ min-1 to 1400 ℃ and kept at the 

final temperature for 3 h. The membranes were cooled in the furnace down to room temperature. 

Based on the research work of Chen’s group [26,28,29,31], a co-casting strategy was 

also used for some membranes to reduce the flux resistance caused by a dense layer usually 

formed on the bottom part of ceramic membranes produced by phase-inversion. Briefly, a slurry 

containing graphite instead of ceramic powder is produced and a very thin graphite-containing 

layer is cast underneath a simultaneously cast ceramic layer (Fig. 3.2). The dense bottom layer 
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formed during phase inversion contains graphite, which can be burned off before sintering. The 

resulting membranes support should show an improved porosity and, consequently, a higher 

permeability. In this work, a homemade doctor blade with two knives (Fig. 3.2) was used, 

allowing the preparation of a thin layer of the graphite slurry (0.15 mm) under an alumina slurry 

layer of 0.90 mm. The graphite slurry (11.4 wt% PES, 1.6 wt% PEG, and 30.0 wt% graphite 

powder) was produced in the same way as the alumina slurries. 

Additionally, modified membranes were produced for some slurry compositions by 

increasing the stirring time of the slurry from 5 to 24 h or increasing the final sintering 

temperature to 1500 °C. All membranes produced are listed in detail in Table 3.1. They were 

denoted as Ax-Py, where x indicates wt.% alumina in the slurries, while y indicates wt% PES 

added. For example, sample A35-P7 contains 35 wt% alumina and 7 wt% PES. When not 

indicated, the slurries were stirred for 5 h and heat-treated at 1400 °C. When different conditions 

were investigated, the time of mixing or final sintering temperatures were added to the specimen 

denotation. For instance, a sample mixed for 24 h or sintered at 1500 °C was denoted as A35-

P7-24h or A35-P7-1500 respectively. In turn, the samples denoted G-A45-P7 and G-A50-6.5 

were produced with graphite co-cast membranes. 

 

 

Figure 3.2 Scheme of the preparation of co-cast membranes. 
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Table 3.1 Ceramic slurries composition. 

Sample 
Al2O3 

(wt%) 

PES 

(wt%) 

PEG 

(wt%) 

Mixing time 

(h) 
T ( °C) 

A35-P7 35 7.0 0.8 5 1400 

A40-P7 40 7.0 0.8 5 1400 

A45-P7 45 7.0 0.8 5 1400 

A50-P7 50 7.0 0.8 5 1400 

A45-P6.2 45 6.2 0.8 5 1400 

A50-P6.2 50 6.2 0.8 5 1400 

A50-P5.5 50 5.5 0.8 5 1400 

A45-P7-24h 45 7.0 0.8 24 1400 

A50-P7-24h 50 7.0 0.8 24 1400 

A45-P6.2-1500 45 6.2 0.8 5 1500 

A50-P5.5-1500 50 5.5 0.8 5 1500 

G-A45-P7 45 7.0 0.8 5 1400 

G-A50-P6.2 50 6.2 0.8 5 1400 

 

 

3.2.3 Membrane characterization 

 

3.2.3.1 Morphology 

 

The macrostructure of the cross-section and surface of the membrane was analyzed by 

Scanning Electron Microscopy (SEM, 20 kV; Series 2, Obducat CamScan; Supra 40-Carl 

Zeiss). Before the measurement, samples were sputtered with gold (K550, Emitech, Judges 

Scientific). X-ray microtomography acquisitions (micro-CT scanner Zeiss XRM Versa-500) 

were used to assess membrane morphology in different plans. To determine the APS on the top 

surfaces of the sintered membranes, SEM images (5000x magnification) were analyzed using 

a dedicated software (ImageJ). One-way ANOVA followed by Tukey post hoc test was used to 

analyze if the APS were different at 0.05 level. Bulk pore size distribution and porosity were 

obtained by mercury intrusion porosimetry (Pascal 140/440, Porotec). Bubble-point pressure 

was determined using a homemade permeation setup for two different membranes. Before the 

analysis, membranes were sonicated in deionized water for 30 min and let immersed for 24 h. 

The sizes of through pores were calculated from Wardbush Equation (Equation 1), where d is 
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the through pore diameter (m), P is the bubble-point pressure (Pa), γ is the water surface tension 

(0,073 N m-1 at 20 °C), S (0.715) is the shape factor commonly employed when analyzing 

membrane filters, and φ is the contact angle between water and surface, commonly considered 

zero for ceramic hydrophilic membranes such as alumina ones.  

 

𝑑 =
4𝛾𝑆. 𝑐𝑜𝑠𝜑

𝑃
 (1) 

 

 

3.2.3.2 Flexural Strength 

 

The maximum flexural strength of the membranes was obtained by three-point bending 

tests (Roell Z005, Zwick). A 5 kN load cell (piezoelectric force sensor) was used; the crosshead 

speed and pre-load were fixed at 0.1 mm min-1 and 0.25 N, respectively. Before the tests, the 

sintered samples were cut into pieces of ~16 mm length and ∼2 mm thickness using a diamond 

wire cutting machine.   

 

3.2.3.3 Water permeation flux 

 

The water permeation was measured in a dead-end filtration cell applying pressures of 

0.5, 1, 2, and 3 bar. The membranes were cut in circles of 1 cm diameter (effective area of 

filtration was 0.785 cm2). The water flux J (m3 m−2 h−1) was calculated according to Equation 

1, where V (m3) is the permeated volume in a period t (h) through a membrane surface area A 

(m2). 

 

𝐽 =  
1

𝐴
.
𝑑𝑉

𝑑𝑡
 (2) 

 

 

 

 



63 

 

 

3.2.3.4 Permeability simulation 

 

Micro-CT technique provides morphological information, through 3D and 2D images, 

that enables one to evaluate the microstructure of samples. [32] This technique was used to 

assess the variability of the pore morphology throughout two membranes (A45-P7 and A50-

P6.2) and its influence on permeability. The micro-CT images were processed with Avizo 

software (version 8.1/ThermoFisher Scientific), and the intrinsic permeability (Darcian 

permeability) was numerically simulated in a 3D pore network extracted from the 3D binary 

image of the membranes [33, 34]. The implemented computational code of Avizo follows the 

principles of the Maximum Balls technique [35, 36, 37] that consists of a simplification of 

voxel-based binary images into a network of objects with well-known morphology, in most 

cases spheres and cylinders, depicting pores and connections, respectively. Both the 

connectivity and the phase fraction of the original image are kept in the network. The intrinsic 

permeability is obtained simulating a single-phase fluid flowing viscously through the network 

via an imposed pressure drop across one single direction, following Darcy's law. The hydraulic 

resistance of pores and connections is calculated based on the Hagen–Poiseuille law and its 

geometry. For every single pore network, the mass conservation is applied resulting in a linear 

system of equations whose solution determines the pressure for the pores of the network. Now, 

the flow rate in the network can be calculated as well, using Darcy law, the intrinsic 

permeability. 

The permeability was simulated for the three orthogonal directions of the images [32]. 

The obtained results in the three axes can be interpreted as an indicator of the porous media's 

degree of anisotropy [38]. Nevertheless, the direction performed in the water permeation test 

(from the skin layer on the top to the bottom layer: axis z) is the more relevant simulation for 

the membranes. Two sets of simulations were performed, taking into account two different 

regions.   

 

3.3 RESULTS AND DISCUSSION 
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3.3.1 Morphology  

 

The SEM images of the cross-section of different membranes (Fig. 3.3) show typical 

asymmetric morphologies for ceramic membranes produced by phase inversion.  

 

Figure 3.3 SEM images of the cross-section of membranes (a) A35-P7; (b) A40-P7; (c) A45-P7; (d) A45-P7-

24h; (e) A50-P7. (f) A50-P6.2; (g) A50-P5.5; (h) G-A45-P7. 

 

As expected, a skin layer was formed on the top surface of the membrane, and, for all 

non-co-cast membranes (Fig. 3.3a-g), a sponge-like layer was formed at the bottom. The 
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intermediary layers exhibited regions with high porosity and different features, as observed in 

Micro-CT images for different 2D sections (Fig. S1). The mechanisms behind pore-forming 

during phase inversion are not well understood yet. Nevertheless, Kingsbury and Li [16] as well 

as Wang and Lai [17] have proposed that the phenomenon known as viscous-fingering is 

important in the formation of finger-like voids during phase inversion. The phenomenon occurs 

at the interface between fluids with different viscosities, when a less viscous fluid replaces a 

more viscous one, as is the case with a non-solvent/ceramic suspension system, which occurs 

during phase inversion processes and form complex patterns. Concentration gradient results in 

solvent/non-solvent exchange. The phenomenon occurs in the first moments of mixing and is 

followed by polymer phase precipitation, solidifying the green body resulting in the viscous-

fingering shape [9,11].  

The effect of varying the alumina loading from 35 to 50 wt% is shown in Fig. 3.3a-d. 

For 35 and 40 wt% alumina (Fig. 3.3a and Fig. 3.3b), finger-like mixed with sponge-like pores 

can be seen in almost the entire thickness of the intermediary section. When alumina loading 

was further increased to 45 and 50 wt% (Fig. 3.3c and Fig. 3.3e), an expressive change of the 

morphology was observed. The finger-like section was slightly reduced near the skin layer, and 

the remaining extension of the intermediary layer was replaced by sponge-like pores. The 

resulting intermediary layer, in turn, also has an asymmetrical structure, with larger pores 

remaining in the middle of the cross-section, which gradually becomes smaller towards both 

surfaces. The transition from finger to sponge-like pores can be attributed to a significant 

enhancement in the suspension viscosity when alumina loading is increased (Fig. S2). Slurry 

viscosities have been demonstrated to play important role in ceramic support for structure 

formation [21]. When a viscosity threshold is achieved for a certain slurry, finger-like pores are 

no longer capable to be formed during phase inversion. This threshold is also called critical 

viscosity value and it is related to the complex viscous-fingering phenomenon [16,17,21]. 

Furthermore, irrespective of pore shape, the macropore diameters decreased, as expected, with 

increasing solid loading. The magnification of Fig. 3.3d shows that the bottom layer of the 

membrane is already very dense with 45 wt% alumina.  

One of the main roles of polymers in the phase inversion process to produce ceramic 

membranes is to immobilize the ceramic particles when polymer precipitation takes place [16]. 

During sintering, the polymer acting as a template is burned off and ceramic particles can sinter 

keeping the same microstructure as the green tape [22]. Varying loads of PES from 7.0 to 
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6.2 wt.% (membranes A50-P7 and A50-P6.2, respectively) led to a visibly more porous 

intermediary layer (Fig. 3.3e-f). The alumina/PES ratio for the aforementioned membranes 

increased from 7.1 to 8.1. Although PES is eliminated during sintering and both slurries have 

the same ceramic loading, this variation may have led to a lack of polymer to hold all the 

ceramic particles during phase inversion. Consequently, they tend to disperse into the coagulant 

bath, which was observed during preparation, instead of remaining in the green tape to be 

sintered [39].  

For membranes produced from slurries containing 45 wt% alumina, a slightly more 

porous intermediate area with decreasing PES load was observed (Fig. 3.3c and Fig. S3, 

respectively). Further decrease in PES loading (5.5 wt%) for the membrane containing 50 wt% 

alumina (Fig. 3.3g) and an alumina/PES ratio = 9.1 resulted in the formation of a thick dense 

layer in the middle of the cross-section. Again, this result can be attributed to the lack of binder, 

which causes the expected structure to fall apart during the process. It is worth noting that no 

changes in the extension of the finger-like pores were observed in these membranes, as the 

variation in the amount of PES has only a minor influence on the suspension viscosity compared 

to the effect of the ceramic loading (Fig. S2)  

Both higher porosity of the intermediary layer and the finger or sponge-like pores can 

be desired or undesired characteristics, depending on the other membrane characteristics and 

the application. Although the presence of macropores may decrease flux resistance, it can 

reduce the mechanical resistance of the membrane [17]. 

The membranes were produced with a reduced mixing time of 5 h compared to most of 

the membranes described in the literature, where times up to 48 h are considered [22]. The 

microstructure found for a membrane prepared with an increased mixing time of 24 h (Fig. 

3.3d) presented the same profile as for the membrane prepared with 5 h mixing (Fig. 3.3d). 

Nevertheless, some irregular large aggregates were observed when the suspensions were mixed 

for 5 h (Fig. 3.3c-e), possibly due to the insufficient dispersion of the alumina powder during 

slurry preparation. No significant changes in the microstructure were observed when the 

sintering temperature was shifted from 1400 to 1500 °C. Finally, the dense bottom surface 

(detail in Fig. 3.3d) observed for all the membranes produced by one-layer tape casting (detail 

in Fig. 3.3d) was successfully removed by graphite co-casting (Fig. 3.3h). 

The APS for the top layer of the membrane was calculated from digital image analysis, 

while the APS of the entire membrane was obtained from Hg intrusion porosimetry 
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measurements (Table 3.2). Differences between values derived from both techniques are due to 

membrane anisotropy. 

 

Table 3.2 Average pore size (APS), porosity, and flexural strength of the membranes. 

Sample 

APS from 

image 

processing 

D (μm) * 

APS from Hg 

porosimetry 

D (μm) 

Porosity 

(%) 

Maximum 

flexural strength 

(MPa) 

A35-P7 0.37ab 21.52 72.46 n.m.** 
 

A40-P7 0.35ab 19.96 71.55 17.67 ± 5.33 

A45-P7 0.42a 8.45 75.15 27.60 ± 5.34 

A50-P7 0.32b 13.18 69.22 28.28 ± 2.97 

A45-P6.2 0.32b 20.03 64.64 24.51 ± 4.15 

A50-P6.2 0.32b 10.48 69.11 41.11 ± 7.02 

A50-P5.5 0.33b 6.82 62.74 35.17 ± 8.22 

A45-P6.2-1500 0.34 16.63 63.43 29.65 ± 6.17 

A50-P5.5-1500 0.38 7.53 45.97 36.03 ± 9.57 

A45-P7-24h 0.38 8.73 53.32 32.86 ±3.33 

A50-P7-24h 0.30 12.24 68.93 31.17 ± 4.37 

G-A45-P7 0.32 9.05 72.97 24.84 ± 6.38 

G-A50-P6.2 0.42 8.70 63.03 38.37 ± 5.37 

* Values distributed with different superscript letters (a, b) indicate significant 

differences (one-way ANOVA with Tukey’s post hoc test, p < 0.05). ** n.m. = not measured 

because the membrane was too fragile. 

 

 

Despite the strong influence of suspension composition on the cross-section 

morphology of the membrane, no similar influence was found on pore sizes of the membrane 

top surface (Fig. 3.4a-f and 4i). According to image analysis, the APS of the skin layer is in a 

range of 0.30-0.42 µm for all membranes, regardless of the process parameters and solid 

loadings for the tested range. The number of pores accounted for in the calculation and the 

resulting pore distribution (box-plot) for the different membranes are shown in Table S1 and 

Fig. S4, respectively. Among the membranes produced under standard conditions, APS is not 
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considered different at 0.05 level, with exception of A45-P7. Nevertheless, the APS of A45-P7 

was not significantly different from the values of A35P7 and A40-P7.  

 

 

Figure 3.4 SEM images of membrane surfaces. (a) A35-P7; (b) A40-P7; (c) A45-P7; (d) A50-P7; (e) A50-P6.2 

(f) A45-P6.2; (g) A45-P7-bottom; (h) A-50-P6.2-bottom; (i) A50-P5.5; (j) GA-45-P7-bottom; (k) G-A50-P6.2-

bottom; (l) A50-P5.5-1500. 

 

When the sintering temperature was increased to 1500 °C (Fig. 3.4l), the surface grain 

boundaries became slightly smoother due to the higher sintering degree [40]. While the APS 

values found for the membranes sintered at 1500 °C appear to be higher than their counterparts 

with the same composition sintered at 1400 °C (Table 2), which would be consistent with Cheng 
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et al., the differences in the Tukey’s test were not significant at a level of 0.05. No differences 

were found for membranes produced with the increased mixing time of 24 h compared to the 

standard time of 5 h. It should also be noted that no cracks were observed on membrane 

surfaces.  

Fig. 3.4(g-h) shows the bottom surface of the membranes A45-P7 and A50-6.2 

respectively, while Fig. 3.4(j-k) shows the co-cast counterparts G-A45-P7 and G-A50-6.2. The 

latter showed a much more open bottom surface so that the formation of a denser layer could 

be successfully prevented by the co-cast strategy. While the upper surface plays the role of a 

selective barrier in a filtration application, the only function of the bottom part is to act as a 

support structure with low flux resistance and good mechanical strength. If this barrier can be 

removed without loss of the mechanical strength of the membrane, an optimization of the 

membrane performance can be expected [29]. Nevertheless, the bottom surface of membrane 

G-A50-P6.2 (Fig. 3.4k) is quite heterogeneous showing areas with low porosity as well. This 

fact indicates that this process still needs to be optimized to produce a more homogeneous 

graphite layer, mainly for more viscous slurries such as the one used for membrane A50-P6.2. 

Since membrane A50-P6.2 possesses a thicker dense layer in the bottom compared to A45-

P6.2, a thicker graphite layer could improve the homogeneity of this surface.  

APS of the whole membrane measured by mercury porosimetry was found to be in a 

range of 6.82-21.52 μm. These results include dead pores, which do not participate in 

permeation. Nevertheless, Micro-CT analysis (Section 3.3.4 – Permeability simulation) has 

shown that around 99% of these membranes’ porosity was through pores. The largest through 

pores for A45-P7 and A50-P6.2 membranes were calculated from Equation 2 using the bubble-

point technique since it only counts for the through pores. Largest through pores sizes of 13 and 

15 µm were obtained for A45-P7 and A50-P6.2. For the same membranes, APS obtained from 

mercury porosimetry were 8.7 and 10.5 µm respectively. 

Comparing these bulk APS to images of membrane cross-sections (Fig. 3.3), the larger 

pore sizes values of A35-P7 and A40-P7 can be ascribed to finger-like pores, while smaller 

pore sizes values found for A45-P7 and A50-P7 membranes can be ascribed to sponge-like 

pores. This change in macrostructure is confirmed by the pore size distribution (Fig. S5). For 

the membranes sintered at 1500 °C, for which the slurry was mixed for 24 h or co-cast, APS 

remained approximately unchanged compared to the ones produced with the same composition 
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under standard conditions. The produced membranes presented high total porosity in a range 

between 46% and 75% (Table 2). 

 

3.3.2 Flexural strength 

 

The maximum flexural strength (Table 3.2) ranged from 17.7 to 41.1 MPa for all 

membranes except A35-P45. This membrane was too fragile and could not be tested. Flexural 

strength values of 22.2 MPa found for alumina flat supports (3 mm thickness, 37.43% porosity, 

APS = 13.9 µm) have been considered already suitable for the filtration process at the tested 

transmembrane pressure of 2 bar [41], while flexural strength values up to 58 MPa can be found 

for different flat ceramic membranes published in the literature (Table 3.3). 

While it could be expected that the flexural strength increases when porosity decreases, 

no clear relation was observed in this study. Nevertheless, this behavior was observed for the 

relationship between APS and the maximum flexural strength. Additionally, this tendency is 

observed for membranes produced under standard conditions when Al2O3 loading increases and 

PES loading decreases (Fig. 3.5). 

 

 

Figure 3.5 Relationship between flexural strength porosity for membranes produced 

under standard conditions 

 

 



71 

 

 

 

Table 3.3 Microfiltration planar ceramic membranes properties. 
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Al2O3 

Tape 

casting 

phase 

inversion 

Asymmetric 

0.30 

– 

0.42a 

 

 
46.1 

– 

75.2 

0.7 
24.5 – 

41.1 

13.8 – 

108.7  

This 

work 

Mullite 

Tape 

casting 

phase 

inversion 

Asymmetric 1.2a 

 

68.3 
0.7 – 

1 
34.7 14.7  [15] 

Al2O3 

Tape 

casting 

phase 

inversion 

Asymmetric 

0.08 

– 

0.12b 

 

50-80 
0.19 – 

0.48  
- 13 – 41  [22] 

TiO2/Al2O3 

Plaster 

mold 

casting 

Symmetric 2.4c 

 

42 3 46.2 45.4  [40] 

TiO2/Clay 
Uniaxial 

pressing  
Asymmetric 0.9b 

 

43.3 5 - 1 [42] 

TiO2/Al2O3 

Uniaxial 

pressing 

 

Asymmetric 0.2a 

 

28.8 2 58 - [43] 

Al2O2/SiO2/ 

kaolin/ 

mullite 

Uniaxial 

pressing 
Symmetric 1.9a 

 

58.3 - - 0.6 [44] 

Al2O3 
Tape 

casting 
Symmetric 

0.1 - 

0.7a 

 25 - 

55 

0.3-

0.8 
- 0.1– 0.9 [45] 

SiO2/Al2O3 
Tape 

casting  
Asymmetric 0.25b 

 

37.4 3 25.1 5 [41] 

APTES/ 

YSZ 

Aqueous 

tape casting 
Symmetric 1.4a 

 
51 0.2 - 0.6  [5] 

*Values distributed with different superscript letters were derived from different pore 

size measurement techniques:  a surface image processing; b N2 permeation; c Hg porosimetry. 

 

Membrane A50-6.7 showed the highest maximum flexural strength (41.1 MPa). A clear 

increase in strength is observed with increasing alumina loading. The substantial increment of 

the strength from A40-P7 to A45-P7 is also attributed to the change in macrostructure from 

finger-like to sponge-like pores. In contrast, no correlation was found for the change in 
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concentration of PES (Fig. 3.6a). A slight decrease in flexural strength was observed for co-

cast membranes (Fig. 3.6b) may be attributed to the removal of the denser bottom layer, since 

denser layers, in general, improve the mechanical strength. On the other hand, a slight tendency 

to improve strength was observed when the sintering temperature or mixing time of the slurry 

was increased (Table 2). This behavior can be attributed to a higher densification degree and 

slightly more homogenous slurries, respectively.  

 

3.3.3 Water permeation 

 

Pure water fluxes of new asymmetric membranes were analyzed. Fig. 3.7 presents the 

correlation between water flux at 1 bar and membrane flexural strength. An improvement of 

the flexural strength tends to result in a loss of permeability. Although it could be expected that 

this result is related to the porosity, no clear relation was observed in this study, as mentioned 

in Section 3.3.2. It is more likely that this relationship is related to the asymmetric structure of 

the membranes. The highest permeability observed for membrane A40-P7 can be attributed to 

the finger-like pores. However, this membrane presents the lowest flexural strength among the 

tested set and may not be suitable for microfiltration.   

 

(a) (b) 

Figure 3.6 Flexural strength of alumina membranes with increasing solids content and (a) different PES loading, 

and (b) graphite co-cast. 
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Figure 3.7 Relationship between flexural strength and water permeation flux at 1 bar for membranes produced 

under standard conditions. 

 

Fig. 3.8 shows pure water fluxes of the membranes at 0.5, 1, 2, and 3 bar as a function 

of different compositions (Fig. 3.8a), mixing times (Fig. 3.8b), sintering temperatures (Fig. 

3.8c), and with and without co-casting (Fig. 3.8d). With increasing alumina loading the flux 

decreases significantly, while flexural strength was improved. Flux at 3 bar was reduced by 67 

and 73% for each increase of alumina load of 5 wt%. Changing the amount of PES from 7 to 

6.2 wt% for membranes with 45 and 50 wt% alumina resulted in an increase of the water flux 

at 3 bar of 72% and 92%, respectively. Nevertheless, all of these membranes show a comparably 

high flux of pure water. Samples A45-P7 and A50-P6.2 presented fluxes of 52.40 and 26.60 m3 

m-2 h-1 at 1 bar and maximum flexural strength of 26.60 and 41.11 MPa, respectively. The 

influence of the resulting morphology on the permeability of A45-P7 and A50-P6.2 membranes 

is discussed in Section 3.3.4 (Simulated permeability). On the other hand, the lowest flux (3.72 

m3 m-2 h-1 at 1 bar) was observed for the A50-P5.5 membranes due to the dense layer formed 

in the intermediary section (Fig. 3.3g) as discussed in Section 3. 3.1, which strongly suppressed 

the flux.  
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Figure 3.8 Water permeation of membranes produced at different: (a) compositions, (b) mixing times, (c) 

sintering temperatures, and (d) with and without co-casting. 

 

Increasing the mixing time of the slurry that resulted in more homogeneous slurries, 

slightly improved the flux (Fig. 3.8b) and no change in flux resulted from the increase in 

sintering temperature from 1400 to 1500 °C Fig. 3.8c). 

Finally, Fig. 3.8d shows the permeation water flux for the co-cast membranes. The 

influence of co-casting was significantly different for each tested composition. While 

comparing A45-P7 with the respective co-cast membrane GA45-P7, water flux was improved 

by 100% at 3 bar, for the membrane pair A50-P6.2 / G-A50-P6.2, the increase of flux was only 

15%. As observed in SEM images of the cross-section, the resulting morphology of the bottom 

side of membrane G-A50-P6.2 was very heterogeneous. Still, co-casting has proven to be an 

important strategy to further improve the permeability of ceramic membranes produced by 

phase inversion. In addition, to the best of our knowledge, it is the first time the co-casting 

strategy was tested for membranes suitable for the microfiltration process. 

The membranes A50-P6.2 (APS = 0.32 µm, thickness ~ 0.7 mm, 69.11% porosity, 

flexural strength = 41.11 MPa) and A45-P7 (APS = 0.42 µm, thickness ~ 0.7 mm, 75.15% 
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porosity, flexural strength = 27.60 MPa), for example exhibit 19.9 and 38.8 times higher water 

fluxes at 1 bar than commercial membranes of symmetric alumina hollow fibers (APS = 0.60 

µm, outer/inner diameter = 4.8/3 mm, 39% porosity, Deltapore Systems BV). Water fluxes of 

the A50-P6.2 membranes are also slightly higher than the most permeable asymmetric mullite 

membrane produced by Nishihora et al. [15] (APS = 1.18± 0.8 µm, 68.27% porosity, flexural 

strength = 34.6 MPa). High permeabilities of both membranes are attributed to the morphology 

of the membranes resulting from the phase inversion technique. Further results published in the 

literature on membrane properties for flat microfiltration ceramic membranes are addressed in 

Table 3. It is difficult to make straightforward comparisons between membranes with different 

properties. Differences may be even higher when different pore size measurement techniques 

were used. Nevertheless, even when comparing membranes whose pore sizes were measured 

from surface image processing, it can be noted that membranes produced in this work presented 

elevated water permeances while keeping the same range of thickness, flexural strength, and 

porosity for all presented membranes. 

 

 

3.3.4 Permeability simulation 

 

Micro-CT images were acquired for A45-P7 and A50-P6.2 membranes to better 

investigate the influence of membrane morphology on their permeabilities. Two different sets 

of simulations of permeability were performed from the skin layer on the top to the bottom 

layers (axis z). The first one was carried out in four volumes of interest (V1, V2, V3, and V4) 

taken inside the membranes according to the variation of the pore morphology (Fig. 3.9). The 

results of the simulations of intrinsic permeability (k) are displayed in terms of Darcy 

permeability unit D (1 D~10-12 m2). Only the percolation network is taken into account in these 

simulations. It can be observed that almost the entire network (99.34%) of the A50-P6.2 sample 

has percolating pores (only 0.66% are unused pore structures). The same is true for the A45-

P7, 98.69% of the pore network accounts for percolating pores, while only 1.31% refers to 

unused porosity. The simulations results indicate the influence of the intermediary layer 

morphology on permeability. The differences in intra-membrane permeability in three axes 

indicate the preferential fluid flow in the z-axis for all the simulated volumes (V1, V2, V3, and 

V4), indicating the presence of finger-like pores although they are only visually discernible in 
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V1 (Fig. 3.9). Additionally, V1 presents the highest difference in permeability between z and x 

or y-axis. Even though in 2D images the pores do not seem to present a preferential path in a 

certain direction for V2, V3, and V4, the 3D analysis allowed this information to be obtained. 

This result can be attributed to the main direction of fluids' movement during pore formation in 

the phase inversion process (z-axis).  

 

 

(a) 

 

(b) 

 

Figure 3.9 Micro-CT images (left side) and results of the permeability (k) simulations (right side) in different 

depths (V1, V2, V3, and V4) of z-axis for the membranes (a) A45-P7 and (b) A50-P6.2. 

 

The second set of simulations was also carried in the same direction (z-axis), but the 

cross-section was divided into three volumes of interest (Fig. 3.10): (i) a volume that enclosed 
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the whole extension of the membranes (V0: orange); (ii) a thinner volume comprising only the 

membrane upper layer, including the skin-layer (V0: yellow) and (iii) another thinner volume 

comprising the lower layer, including the bottom surface (V5: red). It is important to note that, 

differently from V1 and V4, in this set, top and bottom surfaces are included. The simulation 

results in terms of permeability k for the z-axis can be found in Table 3.4.  

 

 

Figure 3.10 Delimitations of the volumes used in permeability simulations of the membranes A45-P7 (left) and 

A50-P6.2 (right). 

 

Table 3.4 Permeability simulations results. 

 Permeability (mD) – z-axis 

Sample Vtotal V0 V5 V1 V2 V3 V4 

A45-P7 5.37 12.37 1.21 9406.97 1438.22 10616.60 66.63 

A50-P6.2 1.78 4.69 0.93 14094.30 33247.20 838.77 27.27 

 

As can be noticed in Fig. 3.3, the top skin layer and the bottom surface are the less 

porous regions of the membranes, concentrating the smaller pores as well. V0 and V5 were then 

chosen to analyze the influence of these denser layers on the permeability of the membranes. 

Permeability is related to the capability of fluids to percolate porous media. The difficulty in 

percolating increases if the porous media is more resistive, i.e. if the porous media presents 

narrow constrictions. This is in agreement with the simulation results. The values found for the 

last set of simulations (V0, V5, and Vtotal) are far lower than those found for the intermediary 

layers (V1, V2, V3, and V4). Even though the intermediate layers present larger pores, it is the 

porous regions at the skin layer and bottom surface that control the permeability of the 

membranes. The results are also in agreement with the water flux results found for the co-cast 
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membranes compared to their counterparts produced under standard conditions (Fig. 3.8d). 

Although A45-P7 and A50-P6.2 present similar permeabilities for the bottom surface volume 

(V5), which indicates similar flux resistances for both membranes in this region, the 

permeability of the upper region which includes the skin layer (V0) is considerably higher for 

A45-P7. Consequently, the removal of the less porous bottom layer (Fig. 3d) by co-casting (Fig. 

3h) for these membranes allowed a significant improvement in water flux for the membranes 

G-A45-P7 compared to A45-P7. On the other hand, after removing the bottom layer of A50-

P6.2 membranes (G-A50-P6.2), the low permeability of the skin layer for this slurry 

composition still hinders the membrane flux. 

 

3.4 CONCLUSIONS 

 

Asymmetric alumina membranes were successfully prepared by combining tape casting 

and phase inversion. The membranes presented surface large pore sizes (0.30 – 0.42 µm) in a 

range suitable for microfiltration and outstanding water permeability up to 38 times higher than 

those of commercial microfiltration membranes with large APS (0.6 µm).  

Alumina loading was the main influence on membrane morphology, but not on surface 

pore sizes. Increasing the amount of alumina decreases the flux in accordance with the observed 

morphology of each membrane. Even for the regions where finger-like pores are not easily 

observed in 2D images, intrinsic permeability simulation from Micro-CT scans has proven the 

existence of a flow direction preference towards the z-axis (from top to bottom, as the finger-

like pores). 

Membranes prepared with a slurry with 45/7 and 50/6.2 alumina/PES wt% are 

considered to have the best set of properties in terms of flexural strength and permeability. 

Increasing the mixing time of the slurry resulted in membranes with slightly improved water 

flux. In turn, increasing sintering temperature has not modified membranes' microstructure or 

water flux. Graphite co-casting has proven to be an excellent strategy to further improve 

membrane performance. The overall permeability of the membranes is controlled by the skin 

layer and bottom surface regions. 

Phase-inversion tape casting has proven to be a promising alternative route to produce 

microfiltration ceramic membranes with higher performance and energy savings compared to 

conventional methods since only one sintering step is necessary. 
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4 PHOTOCATALYTIC MICROFILTRATION MEMBRANES PRODUCED BY 

MAGNETRON SPUTTERING WITH SELF-CLEANING CAPABILITIES 

 

This chapter refers to the study of the deposition of Al2O3 membranes with TiO2 by 

magnetron sputtering as a strategy to produce photocatalytic membranes with tailored porosity. 

For this purpose, membranes produced as denoted as “A50-P6.2” in Chapter 2 were used.  

This study meets the specific objectives described in Section 1.1.2 Specific objectives – 

Chapter 4.  The Experimental procedure presented here was partially performed at the Surface 

Engineering Laboratory of the Manchester Metropolitan University (MMU, England). 

 

The complete work carried out in this chapter is presented below in article format, as 

published in the scientific journal Thin Solid Films (2022) 

(https://doi.org/10.1016/j.tsf.2022.139143).  

 

4.1 INTRODUCTION 

 

The world faces severe pressure on clean water supplies, leading to serious 

environmental and population health problems [1,2]. Given the increasing amount and 

complexity of industrial effluents and the inefficiency of conventional water and wastewater 

treatment techniques in treating them properly, there is an urgent need for technologies to 

improve wastewater treatment, removing even trace amounts of toxic pollutants [2–6]. 

Membrane separation processes [2,7] and advanced oxidative processes such as photocatalysis 

[8–10] and hybrid systems [11–14] have emerged as important technologies to overcome such 

limitations.  

Micro-, ultra-, and nanofiltration membranes are physical selective porous barriers with 

progressively reduced pore sizes and a gradient pressure is used as a driving force for filtration. 

[15]. The membrane surface plays the role of the selective barrier. Thus, membrane selectivity 

(separation capacity) is mainly governed by the relation between the pore size of the membrane 

surface and the size of the pollutant molecule. Smaller pore sizes lead to higher selectivity but 

increase the flux resistances, which reduces the flux and leads to higher energy consumption 

[16,17]. Therefore, asymmetric membranes with a hierarchical porous structure composed of a 

porous support (mechanical resistance and high permeability) and one or several layers with 

https://doi.org/10.1016/j.tsf.2022.139143
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gradient porosity (suitable surface pore size) have been developed to produce membranes with 

high permeability and selective [18–20]. It should also be noted that the effective membrane 

thickness may vary from the theoretical one, as it is based on a previous calibration made by 

deposition on a smooth substrate.  

Despite the benefits and current importance, ceramic membranes still suffer from 

serious fouling problems. Fouling is a common process where species present in the filtration 

medium block pores by forming a cake-like layer on the membrane surface or depositing inside 

the pores, which hinders membrane flux [7]. Various strategies, including the use of 

Photocatalytic Membranes (PMs), have been investigated to produce membranes with 

antifouling or self-cleaning capabilities that could improve filtration performance and life span 

of the membrane and reduce replacement costs [6,21–25]. Photocatalysis is based on the 

generation of high reactive radicals on a photocatalyst by a suitable luminous source. By using 

an efficient photocatalyst on the membrane surface exposed to the light, refractory or toxic 

compounds deposited on the membrane surface could be degraded and/or eliminated. Titania 

(TiO2) is the most used photocatalyst, with the anatase phase generally considered more active 

than the rutile phase [26]. Under UV irradiation, TiO2 PM could achieve an effective removal 

of organic matter such as dyes [27], phenol [28], oil [29], and emerging pollutants [30]. PMs 

can be produced by depositing an active layer on the membrane surface. 

The deposition of a thin layer of photocatalyst is frequently done by sol-gel dip-coating 

[31] or chemical vapor deposition [32], but can also be done by physical vapor deposition, such 

as magnetron sputtering [33]. Magnetron sputtering is a plasma-based thin film deposition 

process used to produce a wide variety of metallic and ceramic coatings.  It is reproducible, 

highly scalable, and provides excellent control over the chemical and morphological properties 

of the deposited materials [34]. Magnetron sputtering is an industrially-relevant method of 

choice to produce photocatalytic coatings as it provides reliable control of parameters such as 

crystallinity, composition, and thickness is applicable for several types of photocatalysts and 

presents good adhesion [35]. Although it has been applied to several types of surfaces, 

photocatalytic membranes produced by this technique are scarce [17,33,36,37]. 

Sanchez et al. [33] have investigated photocatalytic ceramic membranes functionalized 

by magnetron sputtering. Nevertheless, self-cleaning properties were not evaluated and only 

nanofiltration membranes were used by the authors. Due to the high potential of such a hybrid 

system, further investigation should be performed to produce efficient, self-cleaning, and long-
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lasting membranes. In this sense, the objective of the present work was to evaluate the effect of 

varying the amount of deposited photocatalyst on microfiltration alumina membranes to 

produce photocatalytic membranes with tailored porosity and self-cleaning capabilities.  

 

 

4.2 EXPERIMENTAL  

 

4.2.1 Membrane preparation  

 

Alumina flat membranes (approximately 16 mm x 16 mm x 0.7 mm) with pore sizes 

suitable for the microfiltration process, produced as previously reported [38], were coated with 

titanium dioxide thin films via pulsed Direct Current (pDC) reactive magnetron sputtering. The 

deposition process was performed under high vacuum, with a base pressure of 3𝑥10−3 Pa and 

a working pressure of 4.4𝑥10−1 Pa, achieved through a combination of rotary (BOC Edwards 

80) and turbo-molecular (Leybold TMP1000) pumps. A single 300x100 mm titanium target 

(99.5% purity) was fitted onto a Gencoa Ltd unbalanced type II magnetron. The distance 

between the target and the substrate was set to 50 mm. The argon flow rate was maintained via 

mass-flow controller and kept constant at 50 sccm for all experimental runs. The oxygen flow 

was regulated by a Speedflo®™ controller from Gencoa Ltd to produce stoichiometric films 

and to minimize target poisoning. The magnetron was powered by an Advanced Energy 

Pinnacle Plus power supply in pDC mode operating at 1 kW, pulse frequency of 100 kHz, and 

60% duty cycle.  

The coating thickness was estimated by simultaneously depositing titanium dioxide on 

alumina membranes and flat microscope glass slide substrates under the same deposition 

conditions. The coating thickness on the glass slide was measured by creating an artificial step, 

by covering part of it with Kapton tape before the deposition. A Profilm3D interferometer from 

Filmetrics, with a magnification of 50x, was used to measure the height of the artificial step. 

Based on a previous calibration, coatings of 50, 200, and 400 nm of estimated thickness were 

deposited on membrane surfaces by varying the deposition time from 5 to 30 minutes. The films 

were annealed in air at 600 °C for 1 h in an electric furnace. Membranes here are denoted as 

"MS-x nm", where x relates to coating thickness.  
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Before filtration tests, membranes were cut in circles of 1 cm diameter (geometric area 

of filtration was 0.785 cm2). 

 

4.2.2 Membrane morphology and surface chemistry 

 

Scanning electron microscopy (SEM) (Zeiss Supra 40 VP-FEG-SEM) images obtained 

at 2 kV using secondary electron mode at 2 kV and electron dispersive spectroscopy (EDS) 

analysis (Tescan Vega-3 LMU coupled with a probe of energy-dispersive X-ray spectroscopy) 

were used to analyze the effect of the coatings in terms of surface morphology and composition. 

For EDS imaging, 15 mm of working distance, 15 kV voltage, and 9 MV beam intensity were 

used. Average pore sizes of the surface were determined from SEM images (5000 x 

magnification) using dedicated software (ImageJ) [38,39]. Raman spectroscopy (Anton Paar 

Cora 5200, integration time = 5000 ms, 250 mW, 784 nm, 5 scans for each sample) and X-ray 

diffraction (XRD) (PANalytical X’pert powder diffractometer with CuKα radiation (λ = 1.541 

Å) were used to identify the crystalline phases on the membrane upper surface. For XRD 

analysis, a piece of an as-produced coated membrane was mounted in a horizontal position on 

the sample stage. Grazing incidence mode at 0.5-degree angle of incidence over a scan 2θ range 

from 20° to 60°, 40 kV accelerating voltage and 30 mA applied current were used. 

 

4.2.3 Photocatalytic activity 

 

The photocatalytic activity was evaluated through methylene blue (MB) photocatalytic 

decolorization under ultraviolet irradiation (UV). Membranes were placed into crystallization 

dishes containing a solution of 3.2 mg L-1 MB in water and kept in the dark for 24 h to ensure 

the adsorption equilibrium was achieved. Next, membranes were transferred to a new 3.2 mg 

L-1 MB solution and exposed to UV light (λ = 365 nm, 15 W) for 24 h. The resulting MB 

decolorization was analyzed using a UV-Vis spectrophotometer via absorbance decay 

measurements. The percentage of MB removal (%MB removal) was calculated as described in 

Equation. 1 

 

% 𝑀𝐵 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 − 𝐶/𝐶0). 100% (1) 

where C0 and C are respectively, the initial and final MB concentration. 
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4.2.4 Filtration experiments  

 

Membrane filtration tests were performed using a self-made membrane module 

equipped with a UV LED light (3 W LED, λ = 365 nm), placed 7 cm above the membrane 

surface on the permeation side and the flux was set in a cross-flow configuration, with total 

retentate recycling (Fig. 4.1). The permeate flux (J) (L m−2 h−1) along the experiments was 

calculated according to Equation 2, where V (L) is the permeated volume in a period t (h) 

through a membrane surface area A (m2). 

 

𝐽 =  
1

𝐴
.
𝑑𝑉

𝑑𝑡
 

(2) 

 

 

 

 

Figure 4.1 Membrane module. 
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The experiments were divided into three different filtration test sets. In the first and 

second sets, membranes with the thicker TiO2 layers, namely MS-200 nm and MS-400 nm were 

used to filter an MB solution (3.2 mg L-1). Transmembrane pressure (TMP) was set at 0.3 MPa. 

For the third set, the membrane MS-50 nm was used to filter a soybean oil emulsion (1 g L-1) 

at 0.1 MPa TMP. To produce the oily emulsion, 2 mM of sodium dodecyl sulfate was dissolved 

in 1 L of deionized water. Then, 1 g of soybean oil was mixed under vigorous magnetic stirring 

for 5 min, followed by sonication for 5 min. At the end of each experiment, the membrane was 

kept inside the filled module for 15 h under UV at ambient pressure. No transport of the solution 

through the membrane was observed during this period. Next, without removing the membrane 

or emptying the module/recirculation tank, TMP was set back to 0.3 MPa (in the case of MB 

filtration) or 0.1 MPa (in the case of oil emulsion filtration), and a new filtration cycle (2nd 

cycle) was initiated to evaluate the fouling self-cleaning properties of each membrane/system. 

The first filtration test was conducted with the membrane with the thicker TiO2 layer, 

MS-400 nm, without UV light for 1 h, followed by the 15 h interval under UV. The 2nd cycle 

was performed under the same conditions as the 1st cycle. For the second filtration test, the 

membrane MS-200 nm was used. Here, the first filtration cycle was performed without UV 

light for 45 min, followed by a further 30 min permeation under UV light. TMP was then set to 

ambient pressure for the 15 h interval under UV before the 2nd cycle was started. For the 2nd 

filtration cycle, the experiment started once again at 0.3 MPa without UV, which was then 

turned on after a permeation volume of 5 mL was reached. Permeate MB concentration after 

each test was obtained through a UV-Vis spectrophotometer and the %MB removal was 

calculated according to Equation 1. 

For the third set, the membrane MS-50 nm was used to filter a soybean oil emulsion (1 

g L-1) at 0.1 MPa. Three permeate samples were collected after 15, 25, and 35 mL permeate, 

respectively. After the first sampling, the UV light was switched on. For each permeate sample, 

%Turbidity removal was calculated according to Equation 3, where Turb and Turb0 are the 

sampled permeate and feed emulsion turbidity respectively. At the end of the filtration 

experiment, overall membrane selectivity was evaluated in terms of Total Organic Carbon 

(TOC) according to Equation 4, where TOC is the TOC of the filtrate at the end of the 

experiment and TOC0 refers to the feed emulsion TOC. 
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%𝑇𝑢𝑟𝑏 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = ( 1 −  
𝑇𝑢𝑟𝑏

𝑇𝑢𝑟𝑏0
) . 100% 

(3) 

 

%𝑇𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = ( 1 − 
𝑇𝑂𝐶

𝑇𝑂𝐶0
) . 100% 

(4) 

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 Membrane morphology and surface chemistry 

 

The coated membrane surfaces have been analyzed by SEM. Fig. 2(a-c) shows SEM 

images of surface cross-section (50kx magnification) for uncoated, 50 nm, and 400 nm coated 

membranes, respectively. A columnar layer of TiO2 on the surface of the membrane can be 

observed for MS-400 nm membrane (Fig. 2c), displaying a thickness close to 400 nm. Although 

surface modification can also be observed at MS-50 nm (Fig. 2b), it is less obvious due to the 

smaller thickness of the coating layer combined with the porous natures of the membranes. 

Furthermore, a 10kx magnification SEM image of the MS-50 nm (Fig. 2d) revealed the 

presence of heterogeneity in the degree of membrane surface coverage. 

 TiO2 coating layers can play different roles. First, TiO2 has been used to improve 

permeability by improving membrane hydrophilicity and/or producing light-induced 

hydrophilicity, besides reducing fouling caused by non-polar compounds such as oil molecules. 

In this case, TiO2 surface coverage can contribute to membrane performance [29,40,41], due to 

the combined effect of enhanced hydrophilicity and photocatalytic activity under light 

irradiation. Second, TiO2 can produce photocatalytic membranes, which have been used for 

photocatalytic degradation of bulk contaminants using immobilized photocatalysts followed by 

non-simultaneous filtration [42]; to degrade small molecules which cannot be retained during 

filtration [43]; and, more interestingly, to produce self-cleaning, antifouling membranes and 

photocatalytic activity under light irradiation [44,45]. In the last case, the homogeneous and 

complete coverage of the membrane surface with TiO2 is an important issue.  
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Figure 4.2 SEM images of surface cross-section (50kx magnification) before (a) and after film deposition for (b) 

MS-50 nm and (c) MS-400 nm, and (d) SEM image (10kx) of membrane surface for MS-50 nm, indicating 

coverage heterogeneity. 

 

Finally, coating deposition can be used for pore size tailoring depending on the desired 

application (particle size of the pollutants). Fig. 4.3 shows SEM micrographs of the surfaces 

for the bare membrane (a) and after film deposition for (b) MS-50 nm, (c) MS-200 nm, and (d) 

MS-400 nm. Membrane surfaces modified by the addition of a TiO2 layer increased in thickness 

from 50 nm (MS-50 nm) and 200 nm (MS-200 nm) (Fig. 4.3b-c) when compared to the 

uncoated membrane (Fig. 4.3a). When the thickness of the coating layer is further increased to 

400 nm (Fig. 4.3d) no difference is observed anymore compared to the 200 nm coating layer 

(MS-200 nm).  

No significant changes in the pore sizes were observed for the MS-50 nm compared to 

the bare membrane (Table 4.1). On the other hand, for the membranes MS-200 nm and MS-

400 nm, the deposited layer almost filled the whole surface pores, when compared to the 

uncoated membrane. For these membranes, average pore sizes were reduced to 0.12 µm. 

Besides, the total membrane area occupied by pores dropped from almost 9% for the bare and 

MS-50 nm membranes, to less than 1% for MS-200 nm and MS-400 nm. All membranes were 
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in a pore size range (0.62-0.12 µm) suitable for microfiltration, while MS-200 nm and MS-400 

nm could also be considered ultrafiltration membranes. This result suggests that magnetron 

sputtering can be used to produce tailored surface porosity, although further intermediary 

coating thickness needs to be investigated. 

 

Figure 4.3 SEM images of membrane surface (5kx magnification) before (a) and after film deposition for (b) 

MS-50 nm, (c) MS-200 nm, and (d) MS-400 nm. 

 

Table 4.1 Average pore size, number of pores counted, and %area occupied by pores from surface image 

processing (SEM images 5000x magnification) using dedicated software (ImageJ). 

 

 

EDS elemental mapping analysis for aluminum (green), oxygen (blue), and titanium 

(red) were performed using an MS-200 nm membrane, with the SEM image showing both, 

surface and cross-section portions. (Fig. 4.4a). While Al and O are well distributed on both 

Membrane 
Average pore size 

(µm) 

Counts 
% Area occupied 

by pores 

Bare 0.63 535 9 

MS-50 nm 0.49 531 9 

MS-200 nm 0.12 1144 <1 

MS-400 nm 0.14 1542 <1 
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sections, the Ti map confirms the presence of Ti homogeneously distributed on the membrane 

surface. Although the sparse red point indicates the presence of Ti along the membrane cross-

section, EDS data for two selected areas (Spectrum 1 and 2 in Fig. 4.4b) identified the presence 

of aluminum and oxygen. An element profile (Fig. 4.4c) was obtained along a data line (Fig. 

4.4b) from the estimated surface to the inside of the membrane through the cross-section. It was 

possible to confirm that Ti penetrated only a few micrometers (less than 8 µm) inside the 

membrane pores. The presence of Au visible in Fig. 4.4c is due to gold sputtering before the 

SEM images were taken. Titania in the anatase phase was formed on coated membrane surfaces 

according to Raman spectrum (Fig. 4.5a) and further confirmed by XRD (Fig. 4.5b), while no 

rutile peaks were found. Additionally, a significant increase in anatase peaks was observed in 

the XRD patterns of the coating from 50 to 400 nm coatings. 

 

 

Figure 4.4 (a) Color mapping for aluminium, oxygen, and titanium of a MS-200 nm membrane, (b) near-surface 

cross-section SEM image of a MS-200 nm membrane with selected two areas (spectrum 1 and 2) and a line for 

EDS analysis, and (c) element data along the selected line. 

 

 



95 

 

 

(a) 

(b) 

Figure 4.5 Raman (a) and XRD spectra (b) for produced membranes. Peaks assigned as “A” refer to the anatase 

phase of TiO2, “B” refers to α-Al2O3. 

 

 

4.3.2 Photocatalytic activity 

 

UV energy can degrade some compounds due to photolysis reactions, even in absence 

of photocatalysts. Thus, to prove the MB solution discoloration is due to photocatalysis, 

experiments in the absence of membranes in the MB-containing solution were carried out 

before the photocatalytic experiments. MB photolysis degradation was lower than 2% under 
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the experimental conditions used in this study. Photocatalytic tests showed photocatalytic active 

layers were produced. While for bare membranes less than 2% MB removal (due to photolysis) 

was achieved, this amount was much higher - 21 and 26% - for MS-50 nm and MS-200 nm 

membranes, respectively. It is also worth mentioning that an increase of 4x on TiO2 layer 

thickness led to only a 4% improvement in MB removal efficiency. The small increase in MB 

removal can be explained by the fact that photocatalysis is a surface phenomenon that requires 

surface irradiation [26]. It has been shown that the light can penetrate deep and activate TiO2 

when the layer is very thin. Using a radiant flux of 3.48 mW cm-2, photo-generated electrons 

and holes were formed mainly on TiO2 films with a surface depth of around 30 nm. A further 

increase of the TiO2 film thickness had a minor influence on photocatalytic activity [20].  

 

4.3.3 Methylene Blue filtration 

 

MS-400 nm and MS-200 nm membranes were used in the first and second sets of 

filtration experiments, respectively. When comparing the thicker membrane (Fig. 4.6a) to the 

second one (Fig. 6b), the permeation flux was significantly lower. The higher flux is due to the 

thinner coating layers on MS-200 nm, which reduces flux resistance. Despite that, the 

membrane MS-400 nm demonstrated high MB selectivity, removing approximately 86 % of 

MB from the permeate. In the MS-200 nm, membrane selectivity fell to 66.5 % MB elimination, 

a 20 % reduction in selectivity.  

Flux decline along filtration experiments for both MS-400 nm (Fig. 4.6a) and MS-200 

nm (Fig. 4.6b) membranes are attributed to fouling formation. Fouling can be formed on the 

membrane surface or inside the pores, depending on the fouling mechanism as described by 

Hermia’s law [46]. A fouling layer on a membrane surface is called cake and may happen 

regardless of the formation of fouling inside the pores. The main influence on fouling in the 

pores is the ratio between pore and pollutant size. Membranes with smaller relative pore sizes 

present higher selectivity and are more likely to foul only or mainly at the surface. Since fouling 

is a normal phenomenon in membrane processes, cleaning pause procedures are necessary. 

Thus, physical cleaning, chemical cleaning or both combined have been applied for this 

purpose, where irreversible residual contamination is still to be expected. [47]. 
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(a) 

(b) 

Figure 4.6 Permeate flux and the respective permeate volumes for (a) MS-400 nm and (b) MS-200 nm (insert 

with a zoom between 5.5 and 18 mL) membranes during filtration of a methylene blue solution 3.2 mg L -1 under 

0.3 MPa for two filtration cycles, with an interval of 15 h under UV. 

 

Membranes containing photocatalytic surfaces under suitable radiation have been 

reported to improve membrane cleaning performance and reduce irreversible fouling without 

the necessity of adding chemicals [48,49]. In this work, membranes were capable of completely 

recovering MB flux after UV treatment (15 h interval under UV after the 1st filtration cycle) 

and the second cycle showed a similar behavior compared to the 1st cycle (Fig. 6a and Fig. 6b). 



98 

 

 

Since the module was kept filled during the 15-hour UV irradiation, the higher initial flux values 

for the second cycle can be due to a slightly lower concentration of the MB solution within the 

module at the start of the second cycle. It should be noted that only the surface of the membranes 

produced contains photocatalyst, which means that only surface fouling can be 

photocatalytically decomposed under UV irradiation. The complete recovery of flux for both 

membranes indicates that fouling has formed mainly on the membrane surface.  

The 1st cycle using MS-200 nm was performed without UV light for the first 10 mL 

permeate (45 min), after which the flux rate was already very low (Fig. 4.6b – 1st cycle – UV 

OFF). Next, UV light was switched on and flux was recorded for a further 30 min (around 2 

mL of permeate). Nonetheless, in contrast to the 15 h UV treatment, no increment in the flux J 

was observed during this period (Fig. 4.6b – 1st cycle – UV ON). Since photocatalysis is a 

surface reaction, an excess of foulant will slow down the reaction rate by preventing light from 

reaching the membrane surface. To investigate this influence, the UV light was turned on earlier 

for the second filtration cycle, after a permeation volume of 5 mL had been achieved. Up to a 

permeate volume of 10 mL permeation, a slight flux recovery was observed, with a flux drop 

rate attenuation. The oscillation of the flux during the UV irradiation period (inset in Fig. 4.6b) 

was attributed to the fouling degradation reactions, which almost doubled the permeation 

volume in the same time range. After a certain period, the UV light could no longer maintain 

or reduce the flux drop during filtration (Fig. 4.6b). This can happen when the deposition rate 

of the fouling solutes on the membrane surface is faster than the degradation reaction [50]. In 

this context, surface fouling deposition can extend operation periods between cleaning intervals 

when optimized conditions are used. 

 

4.3.4 Oily emulsion filtration 

 

The membrane with the thinner titania layer, MS-50 nm, possesses an average pore size 

suitable only for microfiltration. Oily wastewater is an important global issue and its treatment 

by photocatalysis, micro, and ultra-filtration treatment have received increasing interest, while 

the application of photocatalytic membrane for this purpose is still scarce [9,17,29,42,51–57]. 

Thus, filtration of a soybean oil emulsion (1 g L-1) at 0.1 MPa was chosen as the target pollutant 

to evaluate this membrane. 



99 

 

 

 Three samples were collected after 15, 25, and 35 mL permeate, respectively. After the 

first sampling, UV light was turned on (Fig. 4.7). At the end of the experiment, an overall TOC 

removal of 60% was achieved, while turbidity removal was 85.5, 95, and 96% for the first, 

second, and third sampling, respectively. Turbidity removal increases were attributed to pore 

narrowing due to the deposition of foulants on the membrane or inside the pores. [58] Despite 

the  retention (TOC removal)  results, no flux recovery or flux drop rate attenuation was 

observed during the experiments with oily wastewater under UV (Fig. 4.7). Also, differently 

from the MB filtration experiments, no flux recovery was observed after the 15 h UV interval 

under UV. To confirm this effect, the membrane module was again kept overnight under UV 

irradiation at ambient pressure to provide long-term irradiation on the membrane surface. Still, 

no flux recovery was observed. For this reason, it was not possible to perform a 2nd filtration 

cycle in this case.  

 

Figure 4.7 Permeate flux and the respective permeate volumes for MS-50 nm during a 1 g L-1 oily emulsion 

filtration at 0.1 MPa. 

 

The lack of flux recovery is driven by two main factors. Firstly, the membrane has 

separated 60% of the feed oil. This means that some of the oil has passed through the membrane 

pores and deposited inside the pores. Although batch photocatalyst tests (Section 4.3.2) have 

shown similar photocatalytic capabilities for MS-50 nm and MS-200 nm membranes, the 

photocatalytic surface layer of the membrane is not able to decompose fouling inside the pores. 



100 

 

 

In this case, the question arises as to the pore size of the membrane, whereby filtration 

performance could be improved by using a bare membrane with narrower pore sizes (improving 

selectivity), while 50 nm coating layer can solely play the role of surface functionalization 

(photocatalysis). Secondly, photocatalysis is a surface reaction. Thick layers of foulant 

compounds deposited on the membrane surface during the filtration can hinder the proper 

irradiation of the photocatalytic surface. Also, if the degradation mechanism is indirect 

oxidation (OH- and O2
-) and the TiO2 layer is completely insulated with oil, the radical 

formation can be hindered by the lack of sufficient oxygen on the membrane surface [29,59].  

A membrane module equipped with more intense light irradiation could improve the 

photocatalytic reaction rate to a certain degree, which could improve the antifouling properties 

of the membrane and increase the duration of the filtration cycle [50,60].  

 

 

4.4 CONCLUSIONS 

 

Photocatalytic ceramic membranes suitable for micro- or ultrafiltration processes with 

tailored surface porosity and using a UV light for MB removal were produced by TiO2 

deposition by magnetron sputtering. High selectivity and self-cleaning properties were 

obtained. An anatase coating layer was formed on the membrane surfaces and the coating 

thickness was a major influence on selectivity, but a minor effect on photocatalytic activity. 

Only 4% more MB removal was obtained when the TiO2 coating layer was increased by 4 times 

(from 50 to 200 nm). Higher flux can be obtained in the early presence of UV light, while the 

light has a little online effect on flux when a thick fouling layer has been formed. An extended 

UV exposure was able to recover the MB flux. Under the conditions used, degradation of 

soybean oil could not be observed. Further investigation is required to improve the antifouling 

properties for oily wastewater filtration. Finally, magnetron sputtering is a versatile technique, 

future work can also involve the deposition of different photocatalysts to produce active layers 

under visible light. 
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5    PHOTOCATALYTIC AND ANTIFOULING PERFORMANCE OF TITANIA-

COATED ALUMINA MEMBRANES 

 

This chapter refers to the development of TiO2 coated Al2O3 photocatalytic membranes 

by sol-gel dip-coating. This study meets the specific objectives described in section 1.1.2 - 

Chapter 5. Insights on coating properties and photocatalytic antifouling capabilities, as well as 

its influence on fouling mechanisms, were discussed and presented below.  

 

5.1  INTRODUCTION 

 

The membrane separation processes have become an important and increasing industrial 

technology for several applications and have emerged as a strategy to improve water and 

wastewater treatment when conventional processes cannot reach the desired efficiency [1–5]. 

Ceramic membranes possess superior chemical, mechanical and thermal stability over 

polymeric membranes and the market is expected to reach 3.1 billion USD by 2025 [5]. 

On the other hand, fouling is still the main concern regarding membrane separation 

processes (MSP). Together with the high costs of ceramic membranes, fouling hinders their 

wider application. The development of membranes with high permeability through 

microstructure engineering and antifouling capabilities can improve the membrane 

performance and extend its life span, resulting in higher economic viability. Various antifouling 

approaches have been investigated[5–7], including bioinspired surface design [8], surface 

patterning [9], and catalytic membranes in hybrid systems [10]. 

Photocatalysis is an Advanced Oxidative Process based on the activation of a 

photocatalyst by a suitable light source according to its bandgap, generating highly reactive 

radicals, such as hydroxyl (·OH) and superoxide radicals (∙O2
−)  [11]. Heterogeneous 

photocatalysis is known for the possibility of degrading pollutants even refractory or low 

concentration compounds, such as emerging pollutants, which have become a global concern 

[12]. Photocatalytic reactors are usually operated on a laboratory scale using slurry systems, 

while catalysts powder recovery is an important limitation for the scale-up. Photocatalytic 

membranes can be produced by immobilizing photocatalysts into or onto the membrane surface, 

in a synergic behavior in comparison to the isolated processes [13]. TiO2 is the most widely 
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studied photocatalyst because of its good stability, environmental friendliness, low cost, strong 

oxidation ability, and relatively low bandgap, although it is only active under UV light. Anatase 

is the most active phase, presenting a phase transition to rutile near 600 °C [14–16].  

In this context, photocatalytic membranes (PM) have recently emerged as an alternative 

to overcome limitations related to membrane and photocatalysis processes. In photocatalytic 

reactors, the operational costs can be reduced through catalyst recovery as well as hindering 

catalyst loss with the use of immobilized catalysts. Concerning the membrane process, PMs can 

provide antifouling capabilities by decomposing organic foulants at the membrane surface 

during the filtration process, improving membrane performance when properly irradiated 

[17,18]. Furthermore, the permeation of wastewater through the membranes can increase the 

removal of organic pollutants compared to reactors containing immobilized photocatalysts with 

the surface flux without permeation, even in the case where the membranes cannot effectively 

retain the pollutants. The effect is attributed to the forced contact between irradiated 

photocatalytic surface and pollutant during the filtration process [19]. A similar strategy was 

used by Scaratti et al. [10] to decompose 1,4 dioxane during surface water filtration by catalytic 

CuO-coated membranes in an ozone/membrane hybrid system. Finally, some photocatalysts 

such as TiO2 provide hydrophilicity to surfaces, which can produce antifouling capabilities by 

repelling hydrophobic compounds, such as oils [20].  

Although different supports and photocatalysts have been reported for the 

photocatalytic membrane separation process applied to water treatment, literature results are 

still limited. Nevertheless, ceramic membranes are preferred for photocatalytic applications 

since polymer membranes may be damaged by UV irradiation. In turn, due to sintering steps, 

post functionalization with photocatalyst coating onto ceramic membranes is preferred. 

Coatings can be added by various methods, such as vacuum filtration, electro-spraying, dip-

coating, deposition of gas-phase photocatalyst, and magnetron sputtering. [14,18,21]. By 

adjusting TiO2 magnetron sputtered coating layers thickness, Coelho et al. [22] proved that is 

possible to produce a photocatalytic membrane with tailored pore sizes and selectivity. 

However, the control of pore size remains a challenge. Coating layers are frequently related to 

pore blockage, undesirably reducing membrane permeability when membranes with suitable 

pore sizes are used [23].  Furthermore, low catalyst adhesion on the membrane surface and 

defects, such as cracks, are challenges to be faced [24,25]. 
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Sol-gel is one of the most traditional techniques for deposition of metal oxide thin films 

to a range of surfaces and presents several advantages such as low capital and operational costs, 

simplicity and possibility of tuning film porosity and thickness, production of surfaces high 

purity, homogeneity, excellent physical properties, enhanced area and high photocatalytic 

activity [14,26,27]. Sol-gel can be coated on the membrane surface by different techniques, 

such as spin-coating, drop-coating, and dip-coating. Although TiO2 powder P25 is the most 

used photocatalyst for slurry applications, this material consists of nanoparticle aggregates, 

which hinder a homogeneous distribution in the membrane surface. For this reason, a TiO2 sol-

gel solution using a photocatalyst precursor such as titanium tetraisopropoxide or tetra-

titanium(IV) tert-butoxide is commonly used [25,28], while the addition of TiO2 powder on sol-

gel containing TiO2 precursor solution was also reported [24]. A sintering step is then used to 

produce the TiO2 crystalline phase and improve catalyst adhesion. 

Žerjav et al. [26] compared TiO2 thin films deposited on soda-lime glasses by magnetron 

sputtering and spin-coating sol-gel, which were applied to the photocatalytic degradation of 

bisphenol A. Films produced by sol-gel were thinner (165-270 nm), more porous, and showed 

higher degradation than the films prepared by magnetron sputtering (500-530 nm). In both 

cases, pure anatase was formed. However, as TiO2 is active only under UV irradiation, much 

effort in photocatalyst engineering has been done to produce photocatalysts active under visible 

light. One of the most common strategies is doping photocatalysts to reduce their bandgap or 

charge recombination. Žerjav et al. [26] added appropriate amounts of NH4NO3 or Cu(NO3)2 

to the sol-gel aiming to obtain a single TiO2 layer doped with 1.5% nitrogen or copper. Doping 

increased degradation under visible light, but reduced it under UV compared to pure TiO2 

coating layers. Furthermore, higher bisphenol removal was achieved when two 150 W lamps 

were used respectively as UV and visible light sources. Still, doping TiO2 did not alter 

significantly the physical properties of produced films, although films thickness and rugosity 

were slightly reduced. Thus, TiO2 coatings were successfully applied to membrane surfaces and 

their respective filtration performance can be further extended to optimized conditions using 

doped photocatalysts. 

In this context, a facile route to produce photocatalytic TiO2-coated Al2O3 by sol-gel 

dip-coating without modifying the original membrane morphology was investigated. The 

membranes were characterized using Scanning Electronic Microscopy, Raman spectroscopy, 

and X-ray diffraction. Membranes’ photocatalytic activity was proved by the decolorization of 
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a methylene blue in a batch reactor. The membrane selectivity and antifouling capabilities were 

investigated for acetaminophen or oily wastewater filtration under different operational 

conditions. Finally, fouling modeling was used to investigate the fouling/antifouling 

mechanisms. 

 

 

5.2 EXPERIMENTAL  

 

5.2.1 Materials 

 

Alpha-alumina (Almatis, CT3000, d50 ∼ 0.4 µm), N-methyl-2-pyrrolidone (NMP, 

Sigma), polyethersulfone (PES, BASF Ultrason® E2010), and poly(ethylene glycol) (PEG, 

Sigma, BioUltra 35000) were used to produce an alumina slurry, and ultrapure water (Milli-Q 

system, Millipore) was chosen for the coagulation bath to produce the alumina green tape. 

Isopropanol (NEON), acetylacetone (NEON), titanium(IV) tert-butoxide (ALDRICH), and 

acetic acid (VETEC) were used to produce a sol-gel. Lubricating oil (Lubrax GL 5 90) and 

Sodium Dodecyl Sulfate (SDS) were used to produce synthetic oily wastewater. Methylene 

blue (LAFAN) and acetaminophen (SIGMA) were used to produce solutions as target dissolved 

pollutants. 

 

5.2.2 Preparation of membranes 

 

Flat alumina membranes (~ 16 mm x 16 mm x 0.7 mm) were produced as previously 

reported (Chapter 3) [29] by combining phase-inversion and tape casting. The slurry 

composition was set as 7%, 0.8%, 47.2%, and 45% of PES, PEG, NMP, and alumina powder 

respectively.  The green tapes were debound at 2 °C min-1 from room temperature to 600 °C. 

After a dwell time of 2 h, the green tapes were sintered at 2 °C min-1 to 1400 °C and kept at the 

final temperature for 3 h. The membranes were cooled in the furnace down to room temperature. 

The produced alumina membranes were functionalized with TiO2 coating layers using 

a sol-gel dip-coating technique  [30] to produce photocatalytic membranes. The procedure 

comprised three main steps as described in Fig. 5.1: (i) sol-gel preparation followed by 

(ii)membrane coating, and finally (iii) membrane sanding. Sol-gel was produced under vigorous 
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magnetic stirring. First, 0.61 mL acetylacetone was dropwise added to 69 mL of isopropanol to 

control the hydrolysis and condensation reactions, followed by the dropwise addition of 6 mL 

of Titanium (IV) tert-butoxide as TiO2 precursor. After 30 min mixing, 6.86 mL of acetic acid 

was then dropwise added to the solution and mixed for a further 30 min resulting in a transparent 

yellowish sol-gel.  Next, flat alumina microfiltration membranes (16 mm x 16 mm x 0.7 mm) 

were then dip-coated into sol-gel and left to dry at ambient temperature and then heat-treated at 

2 min-1 °C from room temperature to 550 ℃ kept at the final temperature for 30 min in an air 

atmosphere to produce a TiO2 coating layer. The membranes were cooled in the furnace down 

to room temperature. The process was repeated to produce membranes with 1, 2, or 3 coating 

layers. They were denoted as 1x, 2x, and 3x. Before filtration tests, membranes are sanded to 

produce disc membranes (1 cm diameter). TiO2 added mass per layer was calculated. 

 

Figure 5.1 Process scheme of the preparation of membranes. 

 



114 

 

 

5.2.3 Morphological and chemical characterization 

 

The sol-gel solution produced from alkoxide precursor requires a heat treatment for the 

decomposition of residual organic content and crystallization of the TiO2 sol network to form 

the TiO2 desired phases. For photocatalytic applications, anatase is preferred over rutile due to 

its higher photocatalytic activity. Phase transition is known to occur near 600 °C but may vary 

depending on the precursor. Given the complex decomposition process, thermogravimetric 

(TG) and differential thermal analysis (DTA) was conducted for the dry mixture from the sol-

gel solution to support the selection of an appropriate calcination temperature. TG/DTA was 

performed in an STA 503 thermal analysis system from BÄHR Thermoanalyse GmbH up to 

1050 °C with a heating rate of 2 °C min−1 and a flow rate of 2 L h−1 of Argon. The crystalline 

phases formed after sintering pure sol-gel powder at 550 ℃ and 600 ℃ were analyzed by X-

ray diffraction (Shimadzu XRD 7000), Cu-Kα radiation (1.5409 Å), 2θ ranging from 10° to 80° 

in steps of 0.02° and a counting time per step of 2° min−1 X’pert High Score software (Malvern 

Panalytical) was used for phase quantification. 

The microstructure of the cross-section and surface of the produced membranes were 

analyzed by Scanning Electron Microscopy (SEM, 20 kV; Series 2, Obducat CamScan; Supra 

40-Carl Zeiss). Before the measurement, samples were sputtered with gold (K550, Emitech, 

Judges Scientific). TiO2 formation on the membrane surface was confirmed by Raman 

spectroscopy (Anton Paar Cora 5200, 250 mW, 784 nm). 

UV light is required to activate TiO2, which cannot be activated under visible light due 

to its bandgap. On the other hand, shorter wavelengths (such as λ = 254 nm – UVC) are known 

to result in high rates of photolysis. Thus, UV lamps with wavelength λ = 365 nm were chosen 

for photocatalytic experiments. The wavelength of the lamps provided by the suppliers indicates 

the peak emission. However, the lamps can emit a range of wavelengths as filters are not used. 

Radiant flux was not measured. Membrane photocatalytic activity was characterized in terms 

of methylene blue (MB) degradation under UV light (8 W) For the tests, MB saturated 

membranes were immersed for 8 h into beakers containing an MB solution (30 mL, 5 mg L-1) 

under UV the light.  

 MB concentration was measured using a calibration curve in a UV-Vis 

spectrophotometer (HACH) at λ = 665 nm. The percentage of MB removal (%MB removal) 
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was calculated as described in Equation 1, where C0 and C are the initial and final MB 

concentrations, respectively. 

 

%𝑀𝐵 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =  (1 −
𝐶

𝐶0
) (1) 

 

 

5.2.4 Filtration performance 

 

All filtration and permeation experiments were performed using a custom-made 

filtration apparatus (Fig. 5.2) equipped with a 10 W UV LED ( λ =  365 nm) placed 7 cm above 

the membrane surface. Permeate was collected in a beaker on an electronic balanced coupled 

with a customized data acquisition system. Permeate flux was calculated using (L m−2 h−1) along 

with the experiments according to Equation 2, where V (L) is the volume permeated in a period 

t (h) through a membrane and A is the surface area A (m2). Feed density was considered to be 

1 g mL-1 regardless of the pollutant type since their concentration was low. Cross-flow mode 

with retentate recirculation and transmembrane pressure at 1 bar was applied for all the 

experiments. 

𝐽 =
1

𝐴
∙

𝑑𝑉

𝑑𝑡
 (2) 

 

 

5.2.4.1 Water permeation flux 

 

Water permeation was measured for bare and 1x, 2x and 3x coated membranes at 1 bar 

in dark conditions to evaluate the effect of TiO2 coating on membrane permeability. 

 

 

5.2.4.2 Light-induced antifouling properties 

 

Antifouling capabilities of the produced membranes were investigated during the 

permeation of acetaminophen (1 mg L-1) using 4 L of feed solution. Flux along filtration 
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experiment was calculated using Equation 2. Experiments were performed with and without 

UV light. 

 

 

Figure 5.2 Membrane permeation module. Source: Coelho et al. [22]. 

 

 

5.2.4.3 Oily wastewater filtration 

 

Oily wastewater filtration for SDS-stabilized emulsions containing 50, 100, and 250 

ppm (1 L) of lubricating oil was performed under UV and in dark conditions. Emulsions with 

such low oil concentrations are reported to have low removal for traditional treatment methods. 

Furthermore, high oil loadings result in more serious fouling issues and lower photocatalytic 

activity. Thus, the selected oil concentration can be used as a target pollutant to simulate a 

polishing treatment and as a first attempt to evaluate the effectiveness of photocatalytic removal 

of oily fouling.  Membrane flux was calculated according to Equation (2). Membranes’ 

selectivity was evaluated through TOC removal (Equation 3), where TOC is the total organic 

carbon of the filtrate at the end of the experiment and TOC0 refers to the feed emulsion TOC. 

For the analysis, 10 mL of each sample was used. 
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%𝑇𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = ( 1 − 
𝑇𝑂𝐶

𝑇𝑂𝐶0
) . 100% (3) 

 

 

5.2.5 Fouling mechanisms and modeling 

 

A fitting model based on Hermia’s law (Equations 4 and 5) was applied to identify the 

effect of the photocatalytic coating on fouling mechanisms and plugging constant during the 

permeation of acetaminophen. A dynamic model was solved using the Euler method. The 

SOLVER tool from Microsoft Excel® was used to minimize the RSS by employing the 

generalized reduced gradient (GRG) nonlinear method (Equations 4 and 5). 

 

𝑑𝐽

𝑑𝑡
= −𝐾𝑛𝐽3−𝑛 

(4) 

𝐽 =
𝑑𝑣

𝑑𝑡
 

(5) 

where 𝐽 is the instantaneous filtration rate (m³/s), 𝑣 is the cumulative filtrate volume collected 

per unit of membrane area (m³/m²), 𝐾𝑛 is a plugging constant and 𝑛 is the blocking index, i.e., 

a variable that characterizes the mechanism of the fouling model, with 𝑛 = 2 for complete 

blocking, 𝑛 = 3 2⁄  for standard blocking,  𝑛 = 1 for intermediate blocking, and 𝑛 = 0 for cake 

filtration [31,32]. 

 

 

5.3 RESULTS AND DISCUSSION 

 

 

5.3.1 Evaluation of coating sintering temperature 

 

TGA and DTA analyses were conducted on the dry mixture from the sol-gel solution to 

support the selection of an appropriate calcination temperature (Fig 5.3).  The endothermic peak 

at around 125 °C and corresponding ~7,5% weight loss refers to loss of water and organics 

loosely absorbed at the surface. Two big exothermic peaks are observed at approximately 

360 °C and 510 °C respectively. The first happens due to volatilization and combustion of the 
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organic species and thus, is accompanied by intense mass loss. The second peak is accompanied 

by a minimum weight loss and suggests the formation of the anatase phase. A very discreet 

peak observed at around 750 °C may be related to the formation of the rutile phase. A total 

weight loss of around 45% was observed during the heat process.   

  

Figure 5.3 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) for the solids resulting 

from sol-gel after solvent evaporation. 

 

XRD spectra (Fig. 5.4) showed the formation of anatase (100%) at 550 °C, resulting in 

the transformation of 10% to the rutile phase when the sintering temperature of 600 °C was 

used. Since the anatase phase is known to have higher photocatalytic activity than rutile and 

aims at superior economic and environmental viability, the temperature of 550 °C was chosen 

for sintering the coated membranes after the dip-coating. 
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Figure 5.4 XRD spectra and phase quantification from sol-gel resulting powder after sintering process at (a) 550 

°C and (b) 600 °C. 

 

5.3.2 Morphological and chemical characterization of the coating membranes 

 

Raman spectroscopy was used to confirm the formation of the anatase phase on the 

surface of the TiO2 functionalized membrane after sintering at 550 °C for 1, 2 and 3 layers of 

TiO2 added. The Raman spectra (Fig. 5.5) confirmed the presence of TiO2 as the only titanium 

compound present (assign as “A”), in addition to the characteristic peaks of Al2O3 according to 

the spectrum observed for the bare membrane (assign as “B”). 

 

Figure 5.5 RAMAN analysis of the different membranes. 
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The mass of TiO2 added per sol-gel layer was calculated (Table 5.1). The overcoating 

resulted in the addition of homogeneous layers of TiO2, with ~1.7 mg of TiO2 per layer for each 

membrane. This value corresponds to less than 0.7 mg TiO2/cm2, which is very low and in 

agreement with the SEM images of the surface of the coated membrane surfaces (Fig. 5.6). The 

images for bare, 1x, 2x, and 3x coated membranes demonstrated that the morphology of the 

membrane surface remained almost unaffected, without considerable changes in the membrane 

pore size, with a good distribution of TiO2, without a new layer being identified. The low film 

thickness is attributed to the low viscosity of the TiO2 sol [33].  

 

Table 5.1 Added TiO2 mass per layer. 

Number of 

layers 
Mass of TiO2 added (mg) 

Mass of TiO2 

added per layer 

(mg) 

Added TiO2 mass per 

surface area (mg cm-2) 

1  1.75±0.30 1.75 0.68 

2  3.46±0.18 1.73 1.35 

3 5.33±0.12 1.78 2.08 

 

The photocatalytic activity for the produced membranes was proved through MB 

removal in batch systems for coated and bare membranes. MB removal due to photolysis in 

absence of membranes was also evaluated. TiO2 coating considerably enhanced MB removal 

compared to bare membranes (Table 5.2). Photocatalytic membranes improved the %MB 

removal between 2.5 and 3 times under UV light compared to the bare membrane, confirming 

its photocatalytic activity.  

 

Table 5.2 %MB removal under UV light (8h) in batch system. 

Sample % MB Removal 

Photolysis 12% 

Bare 19% 

1x 52% 

2x 48% 

3x 57% 
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(a) (b) 

 

(c) (d) 

Figure 5.6 SEM images of membrane surfaces (10 kx magnification). (a) bare, (b) 1x, (c) 2x and (d) 3x coated 

membranes. 

 

Increasing TiO2 thickness increases the area available for chemical reactions while 

hindering the species diffusion through the porous matrix as well as the electron/hole transport. 

In addition, increasing TiO2 films could increase the light attenuation through it. Based on it, 
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an correlation to define optimal TiO2 layer thickness has been proposed for immobilized 

photocatalytic reaction systems [34]. Nevertheless, for the tested conditions, slight changes in 

%MB removal seem not to be related to coating layers. The better photocatalytic performance 

was obtained for the 3x layer membranes. The same trend was observed for TiO2-coated 

membranes produced by magnetron sputtering, as reported in Chapter 4 [22], where increasing 

TiO2 coating thickness from 50 to 400 nm slightly improved photocatalytic activity. 

 

 

5.3.3 Water flux 

 

Coating layers did not significantly modify water permeance compared to the bare 

membranes (Fig. 5.7), which is an outstanding positive result. In turn,, water permeance losses 

due between 24 and 92% have been reported in the literature due to flux resistances added by 

TiO2 photocatalytic coating layers [23].  Slight alterations observed in the flux during 

permeation experiments may be attributed to inherent differences in membrane morphology 

that may occur for porous materials even for materials produced in the same batch.  

 
Figure 5.7 Water permeate flux at 1 bar for bare, and 1x, 2x, and 3x TiO2 coated membranes. 

 

 

5.3.4 Light-induced antifouling properties during the permeation of acetaminophen 

 

Anti-fouling capability under UV light during permeation was for acetaminophen (1 mg 

L-1) dissolved in an aqueous solution using bare and 3x coated membranes. Acetaminophen 

(molecular diameter of 0.285 nm) [35] was chosen as a model pharmaceutical compound. 



123 

 

 

Although the membranes produced possess a large average pore size (0.42 µm, as measured for 

the A45P7 membranes – Section 3.3.1) that precludes the considerable retention of 

acetaminophen, the compound is partially retained on the membrane, decreasing the permeate 

flux (Fig. 5.8a). The presence of UV or TiO2 coating layer alone did not change the flux drop 

rate compared to the bare membrane (Fig. 5.8a). On the other hand, UV light reduced flux drop 

rate (Fig. 5.8a) and improved the permeate flux (and thus permeate volume) for the coated 

membrane (Fig. 5.8b). After 90 min filtration, a 2.4-fold increase on permeate volume for the 

PM under UV was obtained compared to the PM in the absence of light: around 1300 mL 

permeate volume was obtained for the 3x membrane (A = 0.785 cm2), while only 545 mL 

permeate volume was obtained for the same membrane under dark conditions. Similar volume 

(~520 mL) was obtained for the bare membrane under UV, while only 347 mL were permeated 

using the bare membrane in the dark. When the traditional microfiltration using bare membrane 

in absence of light, the photocatalytic process resulted in a 3.7-fold increase in permeate volume 

for the same filtration period.  The difference for bare membrane may be associated with light-

induced hydrophilicity and photolysis in some instances.  

Filtration experiments with alternate Dark/UV irradiation periods were performed (Fig. 

5.8c). UV irradiation periods were able to slightly increase permeate flux in the first moment, 

followed by a flux drop rate similar to the filtration under constant UV irradiation. During dark 

periods, higher flux drop rates were observed. Flux drop under UV can be attributed to (i) 

fouling deposition inside membrane pores and (ii) faster deposition rate than the degradation 

reaction on the irradiated membrane surface. [36]. Thus, optimized membrane pores sizes and 

operation parameters, such as higher light power, could allow further process efficiency 

improvements.  

Finally, filtration under UV irradiation increased the reversible fouling ratio, improving 

flux recovery after surface physical cleaning (Fig 5.8d). Although the change in the 

acetaminophen concentration was not possible to be measured using UV-vis 

spectrophotometry, the formation of intermediary compounds was confirmed by the surface 

color modification after permeation using photocatalytic membranes under UV. Fig. 5.9 shows 

TiO2 coated membranes after the filtration of acetaminophen in the dark (left side) and under 

UV light (right side). After irradiation overnight, the greyish surface became white again, 

although slightly yellowish.   
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 (a) 

 

(b) 

  

Figure 5.8 Light-induced antifouling properties during acetaminophen permeation: (a) relative flux and (b) 

permeate volume over filtration experiments for bare and PM membranes, under UV and in dark conditions; (c) 

relative flux for PM membrane in darkness, under UV and alternate UV/dark periods; (d) Flux recovery after 

physical cleaning for filtration under UV or dark. 

 

 

Figure 5.9. PM membranes after filtration of acetaminophen, in dark conditions (white) and under UV (gray). 
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5.3.5 Oily wastewater filtration 

 

Permeate flux over oily wastewater (250 ppm) filtration experiments for bare, 1x, 2x 

and 3x coating layered membranes were not modified by the coating layers (Fig. 5.10a). In turn, 

flux dropped faster as higher oil concentration was used (Fig. 5.10b), as expected due to the 

faster formation of fouling. UV light seems to have only slightly improved membrane flux for 

50 and 100 ppm, considering that slight variations in flux for different membranes are also 

expected. Nevertheless, irrespective of membrane type (Bare, 1x, 2x, and 3x) and oil 

concentration, TOC removal between 77 and 87% was obtained.  Additionally, wastewater 

appearance was considerably improved and translucid permeate was obtained (Fig. 5.11). 

Flux was also not recovered after 24 h UV exposure. Surface SEM surface images of a 

fouled membrane (Fig. 5.12a) show a high level of fouling on the membrane surface, even after 

UV exposure. Although good photocatalytic activity has been proved (Table 5.2), oily 

wastewater is known by suffering serious fouling issues [37]. In the case of the photocatalytic 

surface, it is believed that the dense and thick oil layer hinders the photocatalytic surface 

activation by the UV source. High power lamps have been used to achieve a better 

photocatalytic response. Nevertheless, oily wastewater treatment by photocatalysis and mainly 

by photocatalytic membranes are still limited and need to be better understood. Membrane with 

specific features could improve PMs performance for oily wastewater. Investigation on this 

topic is still limited and, given its potential, further research on this topic is necessary. 

On the other hand, as could be expected considering the membrane selectivity and large 

pore sizes, thick fouling was also formed inside membrane pores, as seen by the SEM image of 

the near-surface membrane cross-section (Fig. 5.12b). Photocatalysis is a surface reaction 

where the surface needs to be properly irradiated. In this case, it may not degrade compounds 

inside the membrane pores in dark conditions. Photocatalytic membrane performance for oily 

wastewater using the dip-coating strategy presented in this work needs to then be further tested 

for membranes with narrower surface pore sizes and higher power lamps. Finally, the produced 

membranes presented high permeability and could be used in polishing steps as pre-treatment 

for ultrafiltration processes.  
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(a) 

(b) 

Figure 5.10 Permeate flux over the time for (a) 250 ppm oily wastewater filtration for bare, and 1x, 2x and 3x 

coated membranes in dark conditions and (b) 50, 100, and 250 ppm filtration experiments under UV and dark 

conditions using a 3x coated membrane. 

 

 

Figure 5.11 Visual comparison between oily wastewater feed (250 ppm) and permeate. 
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(a) 

 

(b) 

Figure 5.12 SEM images of the fouled membrane after filtration of lubricating oil filtration and after 24 h under 

UV exposure: (a) surface) and (b) cross-section. 

 

 

5.3.6 Fouling and antifouling mechanisms 

 

The fitting of experimental data to Hermia’s models was performed for bare and 3x 

coated membranes, under UV and in dark conditions (Fig. 5.13). Intermediary fouling 

mechanisms (n=1) showed excellent fit for bare membranes under UV (Fig. 5.13a) and in dark 

conditions (Fig. 5.13b) and for 3x coated membrane under UV (Fig. 5.13c). In turn, a good fit 

for n=1 was also found for coated membrane in dark conditions (Fig. 5.13d), although the data 

fitting showed a similar fit for the pore constriction mechanisms, i.e., standard fouling (n = 3/2), 

which may be attributed to any surface heterogeneity. Both mechanisms indicate that membrane 

pores are not completely blocked by a single foulant molecule though. 

Given the good fit of all experiments (Fig. 5.13e-f), intermediary fouling (n= 1) was 

used to compare the plugging constant, Kn (L-1), for the four experiments (Table 5.3). For the 

same fouling mechanism, the plugging constant gives information regarding fouling severity. 

The photocatalytic membrane was able to reduce the plugging constant by over 74% for the 

filtration under UV light compared to the bare membrane in dark conditions, and by over 68% 

compared to the bare membrane for filtration under UV light. The slight decrease in the constant 

values for the PM in the dark or bare membrane under UV may be attributed to TiO2 
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hydrophilicity and photolysis, respectively. Finally, it should be noted that, interestingly, the 

photocatalytic antifouling effect on the membrane surface did not alter the fouling mechanism 

or membrane fitting to Hermia’s law during the filtration under UV (Fig. 5.13e), but reduced 

fouling by only reducing foulant loading on the membrane surface. This result differs from 

those found for catalytic membranes using an ozone-membrane hybrid system, where ozone 

homogeneous and heterogenous reactions separately contributed to modifying the fouling-

antifouling dynamics [31]. 

 

Table 5.3 Plugging constants, Kn (L-1) related to intermediary fouling (n=1) for bare and coated membranes, 

under UV and in dark conditions 

Filtration experiment Kn (n=1) [L-1] 

Bare (dark) 0.816 

Bare (UV) 0.657 

TiO2 coated (dark) 0.538 

TiO2 coated (UV) 0.210 

 

 

5.4 CONCLUSIONS 

 

Photocatalytic membranes were produced by sol-gel dip-coating without modifying 

surface porosity. TiO2 was homogenously spread onto the membrane surface without forming 

a new separate layer. In addition, repeating the coating process up to 3 times had only a slight 

effect on membrane properties. 

Acetaminophen filtration (1 mg L-1) using a photocatalytic membrane under UV light 

resulted in a 2.4 and 3.7-fold increase in the permeate volume when compared to the coated and 

uncoated membranes, respectively, in dark conditions. Intermediaries of acetaminophen 

degradation were visually observed on the membrane surface after the filtration process and 

further photocatalytic degraded by a light-induced cleaning step after filtration. Furthermore, 

fouling mechanisms modeling demonstrated that photocatalytic reactions on membrane surface 

did not change the fouling mechanism, but reduced the plugging constant, reducing the fouling 

formation rate. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

 

(e) 

 

 

(f) 

Figure 5.13 Fitting data to Hermia’s model for experimental data of permeation of acetaminophen for (a) bare 

membrane in the dark, (b) 3x coated membrane in the dark, and (c) 3x TiO2 coated membrane under UV; and (d) 

a comparison for coated membrane under UV for the fitting model using n=1. 

 

These results demonstrated the excellent suitability of the suggested sol-gel dip-coating 

process to improve membrane filtration performance, using a simple process and enabling PMs 

to be produced without losing the original morphology of the membrane surface. 
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Finally, filtration of lubricating oil emulsions (50 – 250 ppm) resulted in up to 87% 

TOC removal at 1 bar. Membranes were not able to completely degrade fouling though. This 

result is attributed to the thick fouling layer on the membrane surface as well as fouling 

deposition inside the membrane pores. Thus, further research is necessary to produce a 

photocatalytic membrane with improved performance for oily wastewater. 
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6 CONCLUSIONS AND PERSPECTIVES 

 

6.1 CONCLUSIONS 

 

Photocatalytic ceramic membranes with antifouling capabilities were produced and well 

characterized.  Phase inversion tape casting was successfully used to produce asymmetric 

microfiltration alumina membranes with high outstanding permeability and seems to be a 

promising alternative route to produce asymmetric ceramic membranes with one single 

sintering step. Higher alumina loadings led to higher flexural strength and lower flux as 

membrane morphology was modified. Surface pore sizes were not modified by changing the 

slurry composition though. Intrinsic permeability simulation from Micro-CT proved the 

presence of finger-like pores and higher flux resistances near the membrane surfaces due to the 

skin layers, and mainly on the bottom side. Co-casting strategy using graphite slurry allowed 

membranes to be produced without the dense bottom layers, although further adjustments to 

the slurry co-casting procedure need to be investigated. Membranes produced from a slurry 

containing 50/6.2 and 45/7 alumina/PES wt% are considered to have the best set of properties 

in terms of flexural strength and permeability. They were used to produce TiO2 coated 

membranes by magnetron sputtering and sol-gel dip-coating, respectively. 

Both TiO2 coating techniques produced photocatalytic active anatase coatings. 

Membrane selectivity could be easily adjusted by tailoring coating thickness, and thus surface 

pore sizes when magnetron sputtering was used as the TiO2 deposition method. The dense TiO2 

layers formed on the membrane surface led to a high flux decrease, though. In turn, the sol-gel 

dip-coating investigated in this work resulted in TiO2 deposition on the membrane surface 

without forming a new separate layer nor modifying the membrane surface morphology. It can 

be beneficial to add photocatalytic features in membranes with suitable original pore sizes. 

Nevertheless, both membranes resulted in antifouling capabilities. While membranes coated 

with 400 nm TiO2 layers with magnetron sputtering were able to remove up to 86% MB and 

fully recover its flux after UV irradiation overnight, membranes produced by sol-gel dip-

coating improved membrane flux under UV irradiation. A 3.7-fold permeate volume 

enhancement was observed during the permeation of acetaminophen for 90 min for a TiO2 sol-

gel coated membrane compared to the bare membrane in dark conditions. Fouling modeling 

proved that the plugging constant was decreased while fouling mechanisms were not modified. 
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Produced photocatalytic membranes were not able to provide antifouling performance for oily 

wastewater filtration though. This fact results in fouling deposition inside the membrane pores 

and to the thick fouling layer on the membrane surface. In both cases, the photocatalyst is not 

able to be activated by the light source. Thus, further research is necessary to produce a 

photocatalytic membrane with improved performance for oily wastewater. 

 

6.2 SUGGESTIONS FOR FUTURE WORK 

 

• Produce membranes by phase inversion with smaller pore size, which could 

be obtained using alumina with smaller particle diameter and adjusting 

polymer, solvent, and additives concentrations in polymer solution; 

 

• Optimize the co-casting strategy to produce membranes without the dense 

bottom layer; 

 

• Investigate the functionalization of membranes with the techniques presented 

here using membranes with smaller pore sizes; 

 

• Produce photocatalytic membranes for the treatment of oily effluents using 

coating layers of graphene oxide and graphitic carbon nitride with enhanced 

interlayer spacing; 

 

• Further investigate the modeling of the antifouling mechanisms of 

photocatalytic membranes. 
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