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We knew the world would not be the same 

A few people laughed 

A few people cried 

Most people were silent 

I remembered the line from the Hindu scripture Bhagavad Gita 

“Now I am become Death, the destroyer of worlds.” 

I suppose we all thought that 

One way or another 

- J. Robert Oppenheimer 

 

 

  



 

ii 
 

 

  



 

iii 
 

 

Acknowledgement 

First and foremost, I extend my sincerest thanks to my supervisor, Prof. Roland Dittmeyer, 

for granting me the opportunity to pursue this research project. His insightful guidance, 

unwavering trust, and the academic freedom he provided allowed me to fully immerse myself 

in this work. The knowledge and skills I gained under his mentorship will continue to benefit 

me throughout my career. I am also deeply grateful to Prof. Matthias Franzreb for kindly 

agreeing to serve as the second examiner. Special acknowledgment goes to Dr. Steffen 

Tischer, who gave a reference when I applied for this PhD position. 

I also extend my thanks to my group leader Dr. Michael Rubin, whose meticulous attention 

to detail, dedication, and steadfast support have been indispensable. Our countless scientific 

discussions and personal conversations not only enriched my understanding of research 

principles but also shaped my approach to challenges. 

My heartfelt thanks go to my colleagues at IMVT, particularly those from the FAB, ADD, 

and MAT groups, for their expertise in reactor fabrication and material characterization. I 

am especially grateful to Chenghao Sun, Wenjin Ding, Oliver Görke, and Andreas Kölbl, 

whose patient assistance during the initial stages of my work bridged gaps in my chemistry 

background. Their contributions were pivotal to my progress. I also acknowledge the support 

of several PhD students, including Paul Kant and Dongxu Xie, as well as many other 

colleagues whose names I cannot list here individually. 

Beyond IMVT, I extend my appreciation to external collaborators whose expertise elevated 

this work. Foremost among these is Prof. Andrea Schäfer and her team at the Institute for 

Advanced Membrane Technology, whose profound insights into membrane science greatly 

influenced my research. Special thanks also go to Dr. Gerald Brenner-Weiß, Frank 

Kirschhöfer and Dr. Zheqin Dong for their analytical contributions. Additionally, I gratefully 

acknowledge the financial support provided by the Nanomembrane Initiative of Helmholtz 



 

iv 
 

Association. 

Finally, my deepest gratitude belongs to my family. To my parents, whose unwavering 

emotional and moral support sustained me through every challenge in my master and 

doctoral study. To my wife, Shuo, your companionship, patience, and resilience transformed 

this journey’s highs and lows into shared triumphs. And to my son, Yi, whose arrival during 

the final stages of this thesis became my greatest source of joy and motivation. 

This thesis stands as a testament to the collective efforts of all who supported me. Thank you. 

 

  



 

v 
 

 

Abstract 

This dissertation delves into the field of photocatalysis, a sustainable approach that leverages 

light to catalyze chemical reactions and aims at environmental remediation and chemical 

synthesis. Since the pioneering work on photocatalytic water splitting, photocatalysis has 

evolved to address the challenge of persistent water pollutants, notably micropollutants like 

endocrine disrupting compounds, which, despite their minute concentrations, pose 

considerable environmental and health hazards. This work highlights the synergistic 

potential of combining photocatalysis with membrane filtration to enhance pollutant 

degradation and also explores its applicability in selective photooxidation of alcohols. 

The first part of this research involves the development of a novel microstructured 

photocatalytic membrane reactor (μPMR). This reactor is engineered to operate under well-

defined conditions, utilizing TiO2-based and C3N4-based catalysts that are effective under 

both UV and visible light. Innovations include a distinctive light distribution mechanism 

utilizing optical fibers and a versatile flow system facilitating various operational modes. 

The catalyst's coating process, achieved through inkjet printing, ensures meticulous control 

over its loading, thickness, and distribution, which is essential for uniform reaction outcomes 

and detailed kinetic analysis. 

The dissertation presents an extensive study on photocatalytic pollutant degradation within 

the μPMR, applying the Langmuir–Hinshelwood model to examine the reaction kinetics, 

with Rhodamine B (RhB) as a model pollutant. This study accounts for both external and 

internal mass transport limitations, and introduces a light model to account for light 

penetration within the catalyst coating. The validation of this kinetic model, which was 

initially formulated from batch reactor data, was conducted in the μPMR's surface-flow mode. 

Further investigation into photocatalytic degradation showcased the flow-through contactor 

mode in the μPMR as significantly more effective at degrading RhB compared to other 



 

vi 
 

modes. The enhanced photocatalytic performance of the μPMR is attributed to a high mass 

transport rate enabled by the convective flow due to the flow-through configuration and a 

high permeate flow rate. Additionally, the standout performance of this mode was partly due 

to the synergistic effect of combining membrane filtration with photocatalysis, where the 

increased concentration at the membrane surface - a result of filtration - contributed to 

enhancing the reaction rate. Such synergy between membrane filtration and photocatalysis 

has been rarely studied in published works. Tests on light intensity further validated the light 

transport model, demonstrating closely matched results between experiments and 

calculations. Additionally, the μPMR effectively removed micropollutants like 

Carbamazepine (CBZ), Sulfamethoxazole (SMX), and Bezafibrate (BZF) under UV, visible 

light, and even real sunlight, achieving more than 60% removal of these pollutants. 

The reactor also demonstrated its efficacy in the selective photooxidation of alcohols to 

aldehydes. The results from preliminary batch reactor experiments reveal that factors such 

as the solvent used, the type of photocatalyst, the presence of oxygen significantly influence 

the selectivity and conversion of the reactions. The μPMR showed its advantage in mass 

transport when operating in contactor mode, as was also the case in the photodegradation 

study.  

The significance of this dissertation lies in its contribution to both the scientific 

understanding and practical application of photocatalysis. By developing a system capable 

of operating under defined conditions, this work lays the groundwork for systematic studies 

into the kinetics and mechanisms of photocatalytic reactions. This work is expected to 

advance photocatalysis towards practical applications in addressing pressing environmental 

challenges and promoting sustainable chemicals production. 
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Kurzfassung 

Diese Dissertation beschäftigt sich mit dem Feld der Photokatalyse, einem nachhaltigen 

Ansatz, der Licht nutzt, um chemische Reaktionen zu katalysieren, mit dem Ziel der 

Abwasserreinigung und chemischen Synthese. Aufbauend auf der bahnbrechenden 

Entdeckung der photokatalytischen Wasserspaltung richtet sich die Photokatalyse nun auf 

die Herausforderung persistenter Wasserschadstoffe, insbesondere Mikroschadstoffe wie 

endokrin-disruptive Verbindungen, die trotz ihrer geringen Konzentrationen erhebliche 

Umwelt- und Gesundheitsrisiken darstellen. Diese Arbeit hebt das synergetische Potenzial 

der Kombination von Photokatalyse mit Membranfiltration zur Verbesserung der 

Schadstoffdegradation hervor und erforscht außerdem ihre Anwendbarkeit in der selektiven 

Photooxidation von Alkoholen. 

Der erste Teil dieser Forschung ist die Entwicklung eines neuartigen mikrostrukturierten 

photokatalytischen Membranreaktors (μPMR). Dieser Reaktor ist so konstruiert, dass er 

unter genau definierten Bedingungen arbeitet, wobei TiO2-basierte und C3N4-basierte 

Katalysatoren verwendet werden, die sowohl unter UV- als auch unter sichtbarem Licht 

wirksam sind. Die erzielten Innovationen umfassen einen ausgefeilten 

Lichtverteilungsmechanismus, der optische Fasern nutzt, und ein vielseitiges Flusssystem, 

das verschiedene Betriebsmodi ermöglicht. Der mittels Tintenstrahldruck realisierte 

Beschichtungsprozess des Katalysators gewährleistet eine sorgfältige Kontrolle über dessen 

Beladung, Schichtdicke und Verteilung, was für gleichmäßige Reaktionsergebnisse und 

detaillierte kinetische Analysen unerlässlich ist. 

Die Dissertation präsentiert eine umfangreiche Studie zur photokatalytischen 

Schadstoffdegradation innerhalb des μPMR, wobei das Langmuir-Hinshelwood-Modell zur 

Untersuchung der Reaktionskinetik angewendet wird, mit Rhodamin B (RhB) als 

Modellschadstoff. Diese Studie berücksichtigt sowohl externe als auch interne 

Stofftransportbeschränkungen und führt ein Lichttransportmodell ein, um die 
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Lichtpenetration innerhalb der Katalysatorbeschichtung zu berücksichtigen. Die Validierung 

dieses kinetischen Modells, das ursprünglich auf Basis von Daten aus einem Batchreaktor 

formuliert wurde, wurde im Oberflächenströmungsmodus des μPMR durchgeführt. 

Weitere Untersuchungen zur photokatalytischen Degradation zeigten, dass der 

Durchflusskontaktmodus im μPMR deutlich effektiver beim Abbau von RhB ist im 

Vergleich zu anderen Modi. Die verbesserte photokatalytische Leistung des μPMR ist auf 

eine hohe Stofftransportrate zurückzuführen, die durch die Konvektionsströmung aufgrund 

der Durchflusskonfiguration und eine hohe Permeatflussrate ermöglicht wird. Zusätzlich 

wurde die herausragende Leistung dieses Modus teilweise durch den synergetischen Effekt 

der Kombination von Membranfiltration mit Photokatalyse ermöglicht, wobei die erhöhte 

Konzentration an der Membranoberfläche – ein Ergebnis der Filtration – zur Steigerung der 

Reaktionsrate beitrug. Eine solche Synergie zwischen Membranfiltration und Photokatalyse 

wurde in veröffentlichten Arbeiten selten untersucht. Tests zur Lichtintensität validierten 

weiter unser Lichtmodell und zeigten eng übereinstimmende Ergebnisse zwischen 

Experimenten und Berechnungen. Zusätzlich entfernte der μPMR effektiv Mikroschadstoffe 

wie Carbamazepin (CBZ), Sulfamethoxazol (SMX) und Bezafibrat (BZF) unter UV-, 

sichtbarem Licht und sogar unter echtem Sonnenlicht und erreichte eine Entfernung dieser 

Schadstoffe von mehr als 60%. 

Der Reaktor bewies auch seine Wirksamkeit bei der selektiven Photooxidation von 

Alkoholen zu Aldehyden. Die Ergebnisse von vorläufigen Batchreaktorexperimenten zeigen, 

dass Faktoren wie das verwendete Lösungsmittel, die Art des Photokatalysators und die 

Anwesenheit von Sauerstoff die Selektivität und den Umsatzgrad der Reaktionen erheblich 

beeinflussen. Der μPMR zeigt seinen Vorteil im Stofftransport, wenn er im Kontaktmodus 

betrieben wird, wie auch im Fall der Photodegradationsstudie. 

Die Bedeutung dieser Dissertation liegt in ihrem Beitrag zum wissenschaftlichen Verständnis 

und zur praktischen Anwendung der Photokatalyse. Durch die Entwicklung eines Systems, 

das unter definierten Bedingungen betrieben werden kann, legt diese Arbeit den Grundstein 

für systematische Studien zur Kinetik und zu den Mechanismen photokatalytischer 

Reaktionen. Diese Arbeit zielt darauf ab, die Photokatalyse in Richtung praktischer 

Anwendungen weiterzuentwickeln – insbesondere zur Bewältigung drängender 

Umweltprobleme und zur Förderung nachhaltiger chemischer Produktionsverfahren.  
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1. Introduction 

1.1 Background and motivation 

Photocatalysis has gained recognition as an eco-friendly technology that utilizes photons as 

"traceless and green reagents" [1]. Since the pivotal discovery of photocatalytic water splitting 

by Fujishima et al. in 1972 [2], photocatalysis has been intensively explored across diverse 

applications including water and air purification, fuel generation, and pharmaceutical synthesis 

[3, 4]. 

The treatment of water pollutants has become a focus area, given its potential to mitigate 

environmental challenges [5, 6]. Much of the existing research in photocatalytic water treatment 

has used dyes like Methylene Blue (MB) and Rhodamine B (RhB) as model pollutants. 

However, recent literature increasingly targets the degradation of micropollutants like 

endocrine disrupting compounds (EDCs), often found in pharmaceuticals [7-13]. Though 

present in trace amounts - ranging from several ng L-1 to a few μg L-1 - these compounds 

represent a considerable environmental and public health risk [14]. They not only disrupt 

hormonal balance in aquatic life [15-17], but can also have cumulative adverse effects on 

human health, even at low concentrations [18].  

Traditional decontamination methods such as physical separation and biological oxidation are 

often inadequate for eliminating these persistent micropollutants [1, 9]. Chemical purification 

methods, such as chlorination and ozonation, come with high operational costs and the risk of 

generating toxic by-products [19]. Membrane-based techniques like nanofiltration and reverse 

osmosis offer higher removal rates but are energy-intensive [20-22].  

Photocatalysis offers a promising alternative. Emerging research indicates that integrating 

photocatalysis with traditional methods could result in synergistic improvements in pollutant 

degradation [23-27]. One such novel approach involves coupling membrane filtration with 
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photocatalysis. The membrane serves both as a selective barrier against pollutants and as a 

substrate for immobilized catalysts. This system takes advantage of concentration polarization 

to accelerate reaction rates, a concept supported by the theoretical work of Deba et al. [28-30], 

although it still awaits comprehensive experimental validation. 

Apart from degrading pollutants, photocatalysis offers exciting possibilities in chemical 

synthesis, particularly under milder conditions and with cost-efficient energy inputs compared 

to traditional thermal catalytic processes [31, 32]. Photocatalysts can generate both oxidizing 

and reducing species after excitation, and therefore maybe suited for organic synthesis via either 

oxidative [33-35] or reductive pathways [36, 37]. Recently, the field of 

photochemical/photocatalytic synthesis has seen a surge of interest in the selective oxidation of 

alcohols to the corresponding aldehydes, a critical transformation in industrial catalysis [38, 

39]. 

Reactors also play a pivotal role in photochemical reaction engineering [40]. While batch 

reactors have been the go-to design for evaluating catalysts [41, 42], continuous-flow systems 

like microreactors and photocatalytic membrane reactors (PMRs) offer distinct advantages [43-

46]. Even more promising is the microstructured PMR (μPMR), a subject seldom covered in 

existing literature  [25, 47-50]. Given that operational parameters like light type and intensity, 

flow rate, transmembrane pressure, and catalyst loading significantly influence the 

effectiveness of photocatalytic reactions, PMRs operating under well-defined conditions could 

offer a platform for targeted research, such as in-depth kinetic studies and proof-of-concept 

tests for various reactions [50-52]. 
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1.2 State-of-the-art 

1.2.1 Photocatalysis and photocatalysts 

Photocatalysis is broadly categorized into homogeneous and heterogeneous types. In 

homogeneous photocatalysis, all reacting species are typically in the same physical state, often 

liquid [53, 54]. Heterogeneous photocatalysis involves reacting species in different physical 

states, generally featuring a solid-phase catalyst and liquid-phase reagents and products [3, 55]. 

Heterogeneous photocatalysis is preferred over homogeneous photocatalysis due to the stability, 

easy separation, and reusability of the catalysts, which are usually semiconductors [19, 56]. In 

this thesis, the focus is on heterogeneous photocatalysis. Unless otherwise specified, 

"heterogeneous photocatalysis" is referred to as simply "photocatalysis". 

1.2.1.1 Mechanism of photocatalysis 

 

Figure 1-1 Schematic of the photocatalysis mechanism [57] 

In photocatalysis, the process begins when a semiconductor catalyst is activated by light, as 

illustrated in Figure 1-1. When the absorbed energy, denoted as ℎ𝜈  (where ℎ  is Planck's 

constant and 𝜈  is the frequency), surpasses the catalyst's bandgap energy (𝐸g ), it excites 
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electrons from the valence band to the conduction band. This results in highly reactive electrons 

(e−) in the conduction band and positively charged holes (h+) in the valence band: 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝜈 → e− + h+                      (1-1) 

These activated carriers (e− and h+) can then migrate to the surface of the catalyst, where they 

interact with water, oxygen, or hydroxyl groups of adsorbed chemicals to generate various 

reactive oxygen species (ROS) such as superoxide radicals (O2
−), hydrogen peroxide (H2O2), 

and hydroxyl radicals (OH∙) [38, 58]. The most important reactions involved to generate ROS 

are the following: 

Reduction of oxygen: 

O2 + e− → O2
∙−                                  (1-2) 

Ionization of water: 

H2O + h+ → OH∙ + H+                          (1-3) 

Formation of hydroxyl radicals: 

OH− + h+ → OH∙                                            (1-4) 

Protonation of superoxide: 

O2
∙− + H+ → HOO∙                                                    (1-5) 

Formation of hydrogen peroxide: 

HOO∙ + e− → HOO−                          (1-6) 

HOO− + H+ → H2O2                             (1-7) 

H2O2 will be resolved again with e−  into OH− and OH∙ [59]: 

H2O2 + e− → OH∙ + OH−                         (1-8) 

Hydroxyl radicals are particularly effective in oxidizing and mineralizing almost all organic 

molecules into carbon dioxide (CO2) and inorganic ions, making them highly important for the 

photodegradation of pollutants [15]. However, the recombination of these electrons and holes 

can happen inside or on the surface of a particle, which significantly limits the generation of 

ROS. One way to mitigate this is to introduce oxygen, which acts as an electron scavenger, thus 
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boosting the concentration of the holes and subsequently enhancing the production of hydroxyl 

radicals and overall photodegradation [25]. 

ROS are also key players in photooxidation reactions, particularly for the selective oxidation of 

alcohols to aldehydes [60]. This process involves the adsorption of an alcohol via its hydroxyl 

groups onto the photocatalyst surface. ROS then trigger the deprotonation of these groups, 

efficiently converting alcohols to aldehydes [38]. It is worth noting that different ROS have 

varying levels of reactivity; while some are selective and only partially convert alcohols, more 

aggressive ROS like hydroxyl radicals may fully oxidize alcohols into CO2 and water [58]. 

For a typical heterogeneous photochemical reaction, assuming that the process is irreversible, 

the general steps can be outlined as follows, as illustrated in Figure 1-2 [61-63]: 

(1) Diffusion of reactant from the bulk solution to the external surface of the catalyst; 

(2) Diffusion of reactant inside the pores towards the center of the catalyst particle; 

(3) Reversible adsorption of reactant at an active site; 

(4) Photochemical reactions that lead to product formation; 

(5) Desorption of the formed product(s) from the active sites; 

(6) Diffusion of product(s) inside the pores towards the external surface of the catalyst; 

(7) Diffusion of product(s) back to the bulk solution; 

Steps 1 and 7 are described by a mass transfer coefficient 𝛽m, which is influenced by multiple 

factors, such as liquid properties, reactor configuration, flow regime, and the diffusion 

coefficient of the materials being transferred from the bulk [63, 64]. Steps 2 and 6 are 

characterized by an effective diffusivity 𝐷eff . Steps 3 and 5 are determined by adsorption-

equilibrium, quantified by the equilibrium constant 𝐾ad. This constant is dependent on various 

physico-chemical properties like surface charge, pH, and ionic strength [65, 66]. Step 4 is 

governed by the chemical reaction(s), with kinetics described by the reaction rate constant 𝑘. 

Note that Step 4 may be actually composed of many reaction steps depending on the mechanism. 
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Figure 1-2 Main steps in heterogeneous photochemical reaction.  

It is also critical to emphasize that light transmission in photocatalytic systems significantly 

impacts overall process efficiency and quantum yield [62]. In reactors employing immobilized 

catalysts, photon penetration depth is highly dependent on the catalyst layer thickness. For 

instance, as illustrated in Figure 1-3, light intensity can exhibit a nonlinear decline within 

porous catalyst layer due to scattering effects (e.g., diffraction, reflection), thereby reducing 

light utilization efficiency [67]. To address these challenges, recent studies have 

incorporated light attenuation models into kinetic analyses. These models quantify how photon 

flux diminishes with depth in porous media, enabling the correlation between local light 

intensity and reaction rates (reviewed in Section 1.2.3.). 
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Figure 1-3 Light decay through catalyst layer. 

1.2.1.2 Photocatalysts 

Numerous photocatalysts, predominantly semiconductors, have been explored for their efficacy 

in pollutant degradation. Among them, titanium dioxide (TiO2) stands out for its affordability, 

non-toxicity, and chemical stability [4, 68]. However, TiO2 is primarily activated by ultraviolet 

(UV) light, which constitutes a mere 5% of the total solar energy. To tap into the potential of 

visible light, researchers commonly modify TiO2 by narrowing its band gap. This is achieved 

by doping with nonmetal elements (N [69], C [70], and S [71]) or metal elements (Pt [72], Fe 

[73], and Mn [74]), forming composite catalysts such as graphene-TiO2 [75], carbon nanotubes-

TiO2 [76], etc. Additionally, WO3 [77], Bi2WO6 [78], MoS2 [79], SnWO4 [80] and graphite 

carbon nitride [81] have been studied for pollutant degradation in the visible light spectrum. 

For the selective organic synthesis, several semiconductor photocatalysts have been evaluated. 

However, when UV light is employed, the risk of forming undesirable by-products due to over-

oxidation is significant, leading to compromised selectivity for the targeted aldehydes or 

ketones [38]. For instance, photooxidation of benzyl alcohol under UV light and aerobic 

conditions produces not just benzaldehyde, but also CO2 and benzoic acid [82]. To address this 

issue, photocatalysts responsive to visible light have been developed to improve both light 

harvesting and reaction selectivity. 

In general, the engineering of visible-light-responsive photocatalysts for photooxidation of 

alcohols can be accomplished through various strategies like doping, defect engineering, and 

the construction of hetero-structures using wide-band and narrow-band semiconductors. A 

range of materials such as oxides [83-85], sulfides [86-88], nitrides [89-93], metal-organic 
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frameworks (MOFs) [94], covalent organic frameworks (COFs) [95, 96], and their hybrid 

variants [97-99] have been studied for this purpose. Among these, graphitic carbon nitride (g-

C3N4) has garnered significant attention due to its unique features, including chemical 

robustness - being insoluble in acids, alkalis, or organic solvents - and thermal stability up to 

600°C, in addition to its straightforward preparation from readily available, nitrogen-rich 

precursors [100, 101]. g-C3N4 has relatively mild oxidation capacity and shows much higher 

selectivity towards partial oxidation products [102]. These attributes make g-C3N4 an excellent 

option for selective photooxidation reactions.  

1.2.2 Photocatalytic reactors 

In the field of reactor design for photochemical processes, key factors to consider include 

limitations in photon and mass transfer, as well as scalability [103]. Furthermore, creating 

reactors that can function under well-defined conditions is essential for specialized studies, such 

as kinetic analysis and examinations of catalytic mechanisms. 

Photocatalytic reactors can be categorized into two primary configurations based on the state 

of the photocatalyst [41, 42, 47]: 1) slurry reactors with suspended photocatalysts, and 2) fixed-

bed reactors with immobilized photocatalysts.  

Slurry reactors, commonly described in literature as batch systems with continuous stirring, are 

often used for evaluating photocatalysts and typically yield higher reaction rates than fixed-bed 

reactors due to fewer diffusion limitations for reactants moving from the bulk solution to the 

catalyst [48, 104]. However, they require an extra step to separate the catalyst from the solvent, 

usually through filtration, which adds both complexity and cost to the overall process [104]. 

Moreover, the suspended catalyst particles induce significant light scattering, severely 

restricting light penetration depth - particularly at high catalyst loadings or with larger particle 

sizes [105]. Furthermore, undefined hydrodynamic conditions (e.g., uneven stirring, particle 

aggregation) and non-uniform light distribution in large-scale slurry reactors complicate 

process reproducibility, making performance prediction and process control challenging for 

scaling-up [106]. Additionally, while nanoscale particles minimize bulk diffusion limitations, 

they may introduce intraparticle pore diffusion barriers when the photocatalyst possesses 

mesoporous structure, or when particle agglomeration occurs, paradoxically diminishing the 

expected advantages of the suspended catalyst system [64]. 

On the other hand, fixed-bed reactors with immobilized photocatalysts eliminate the need for 

post-reaction catalyst separation, making it more suitable for industrial applications [48]. 
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Particularly, fixed-bed reactors operating under continuous-flow have received considerable 

attention in recent research [103]. However, this configuration comes with its own set of 

challenges, outlined as three key constraints [67]: 

1) external mass transport may restrict the overall reaction kinetics, particularly in laminar flow 

conditions at low fluid flow rates, because the diffusion of the reactant from the bulk fluid to 

the catalyst layer may not be sufficiently fast; 

2) internal mass transport within the catalyst layer can also be a limiting factor, depending on 

the thickness of the layer; 

3) photon transmission inside the catalyst layer may decrease dramatically due to factors such 

as diffraction, adsorption and reflection, etc., which may compromise the light utilization 

efficiency. 

This section will focus on recent advancements in continuous-flow photocatalytic reactors, 

particularly those designed for photodegradation and photooxidation that use immobilized 

catalysts. 

1.2.2.1 Reactors for photodegradation 

In this section, photocatalytic reactors with immobilized photocatalyst are reviewed. These 

reactors can be categorized into three types: conventional fixed-bed photocatalytic reactors 

(FPR), micro-structured photocatalytic reactors, and photocatalytic membrane reactors (PMR). 

1) Conventional fixed-bed photocatalytic reactor (FPR) 

One common design for conventional FPR involves coating the photocatalyst on the reactor 

walls, which can be either flat or curved, as illustrated in Figure 1-4 (a). The most frequently 

used substrates for this approach are glass slides or tubes [107-109], while membranes [110, 

111] and stainless steel [112] have also been utilized. Oftentimes, this setup yields lower 

degradation efficiency due to its reduced surface-to-volume ratio when compared to slurry 

reactors. 
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Figure 1-4 Three typical types of normal FPR, differentiated by the substrate on which the 

photocatalyst is coated: (a) coated on reactor walls; (b) coated on translucent glass rings or 

beads; (c) coated on optical fibers. Green film represents the coated photocatalyst. 

Figure 1-4 (b) shows an alternative configuration that employs glass beads [113-115] or rings 

[108] as the immobilizing substrate. Claes et al. [113] argue that this design allows for higher 

catalyst loading and photon utilization efficiency, resulting in enhanced reaction rates. They 

also noted that reducing the size of the glass beads could potentially ease external mass transport 

limitations. 

Manassero et al. compared the degradation of clofibric acid under continuous-flow conditions 

using TiO2 coatings on both flat glass plates and glass rings [108]. Their findings suggest that 

both configurations produce similar degradation rates under comparable catalyst loading. 

However, the glass ring setup exhibits superior potential due to its over 20 times higher surface 

area per reactor volume available for catalyst coating and more uniform radiation distribution 

across the reaction space. This enhanced photon utilization directly translates to a quantum 

efficiency (reaction rate per absorbed photon) nearly 1.5 times higher for the glass ring setup 

compared to the flat plate setup. The disparity arises because the larger surface area of the glass 

rings allows for greater catalyst accessibility, while their geometry promotes uniform light 

penetration, minimizing localized photon starvation. 

Optical fibers offer another typical reactor configuration, as depicted in Figure 1-4 (c) [116, 

117]. With the photocatalyst coated on multiple optical fibers while the pollutant solution flows 

over their surfaces, this design also provides a higher surface-to-volume ratio. However, it 

generally falls short in terms of light utilization efficiency [113]. 
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Considering the aforementioned challenges associated with FPRs, submerging a catalytic 

substrate in a large volume of solution generally results in slower overall conversion rates. 

Therefore, efforts to enhance the degradation could focus on optimizing the mass transfer 

between the immobilized photocatalyst and the dissolved contaminant while maintaining 

effective photon transfer within the catalyst layer. 

2) Microstructured photocatalytic reactor 

Microstructured photocatalytic reactors, also known as photocatalytic microreactors, provide 

efficient mass transport, even under laminar flow conditions. Typically, these microreactors 

feature one or more channels with widths and/or depths ranging from several tens to a few 

hundred micrometers [45]. The reduced diffusion path length between the bulk pollutant 

solution and the catalyst layer substantially mitigates external mass transport limitations, 

addressing a key challenge associated with catalyst immobilization [118]. Additionally, internal 

mass transport and light transmission within the catalyst layer can be optimized through careful 

selection of layer thickness, porosity and pore sizes of the catalyst [62-64]. 

Previous studies have employed continuous-flow microreactors with immobilized TiO₂ for 

photocatalytic water treatment [25, 63, 64, 119-121]. For example, the reactor shown in Figure 

1-5 features a stainless-steel microchannel plate with immobilized Ag/TiO₂ catalyst, and its 

performance was evaluated under UV irradiation for the degradation of terephthalic acid [122]. 

According to a recent comparative study that evaluated different reactors for TiO2-based 

photocatalytic water treatment [113], microreactors demonstrated superior reaction kinetics 

compared to conventional slurry reactors in terms of space-time yield. However, to meet the 

demands of practical applications in terms of throughput, a well-designed strategy for scaling-

up and numbering-up microchannel-based systems is essential [1, 113]. 
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Figure 1-5 Microreactor fabricated with stainless steel plate coated by Ag/TiO2 catalyst for 

terephthalic acid degradation. [122] 

3) Photocatalytic membrane reactor (PMR) 

Recent advancements in the development of photocatalytic reactors have increasingly focused 

on integrating membrane filtration with photocatalysis to create photocatalytic membrane 

reactors (PMRs) [103, 123]. In these systems, membranes either serve to separate catalyst 

particles post-reaction in slurry reactors or act as substrates for catalyst immobilization in fixed-

bed reactors. PMRs featuring immobilized photocatalysts have gained particular attention for 

several key reasons: (1) they simplify system operations by eliminating the need for an 

additional catalyst separation step [104]; (2) photodegradation on the membrane surface can 

mitigate fouling issues commonly encountered when using nanofiltration (NF) or reverse 

osmosis (RO) [21, 22, 124]; (3) enhanced contact between the pollutant and the photocatalyst 

can be achieved in a "contactor" mode when, e.g., the aqueous solution flows through the 

catalyst layer and the membrane, as shown in Figure 1-6 (a) [106, 110, 111, 125, 126]; (4) 

reactants such as oxygen can be distributed evenly via the membrane to the reaction zone, which 

can enhance the degradation, as shown in Figure 1-6 (b) [25]. 
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Figure 1-6 Two typical configurations of PMR: (a) mixed flow-through and surface-flow 

contactor which is a cross-flow mode; (b) pure surface-flow contactor with built-in oxygen 

distributor. 

Much of the existing research has centered on flow-through PMRs. For instance, Horovitz et al. 

achieved higher Carbamazepine (CBZ) removal by flowing the pollutant solution through an 

N-doped TiO2 coated membrane under visible light [110]. They claim that the results can be 

attributed to the enhanced mass transport between the reactants and the coated photocatalyst. 

Similar results were reported by Regmi et al., who compared PMRs operating in different flow 

modes [111]. Lotfi et al. reported up to 94% removal of β-Oestradiol (E2) using TiO2-coated 

polyethersulfone membranes in a dead-end PMR system [11]. Numerous other researchers have 

developed continuous-flow PMRs that have effectively removed dyes and micropollutants 

under both UV and visible light conditions [24, 28-30, 127-133]. 

Some studies have explored the potential of using oxygen-distribution modes through 

membranes, as shown in Figure 1-6 (b). A representative work by Aran et al. employed a porous 

Al2O3 membrane with TiO2-coated microchannels for oxygen supply, significantly enhancing 

phenol degradation, and the reactor setup is shown schematically in Figure 1-7 [25]. However, 

this setup showed only marginal improvements for methylene blue (MB) degradation, 

highlighting the system's limitations concerning gaseous reactant requirements [22]. 

Despite the promising outcomes, several challenges still remain for PMRs: (1) most PMRs 

operate on a millimeter scale for reaction zones or channels. Implementing the reaction in a 

PMR with micrometer-scaled channels could be beneficial for improving mass transport, as 

well as controlling the reaction under well-defined conditions, which has not been very much 

presented except the aforementioned work by Aran et al. [25]; (2) most studies on PMR for 

pollutant degradation assert that the forced flow-through mode (e.g., dead-end flow) enhances 

mass transport compared to surface-flow mode but often lack a theoretical analysis; and (3) 



1. Introduction 

14 
 

higher local reaction rates can potentially be achieved through concentration polarization, 

especially when using membranes with lower molecular weight cut-off (MWCO) such as NF 

membranes. Although some simulative studies have been conducted by Deba et al. [28], there 

are few experimental studies as yet discussing this interesting effect. 

 

Figure 1-7 A PMR employing oxygen-distribution mode for MB and phenol degradation. [25] 

1.2.2.2 Reactors for photocatalytic synthesis 

Compared to wastewater treatment, less progress has been made in reactor development for 

general photocatalytic synthesis. Most studies utilize slurry reactors, typically in batch mode, 

to assess catalyst behavior. Continuous-flow fixed-bed reactors are relatively less documented.  

Figure 1-8  depicts some standard reactor structures for photocatalytic synthesis: falling film 

reactor, packed-bed reactor, and wall-coated microreactor. 
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Figure 1-8 Typical fixed-bed reactors for photocatalytic synthesis: (a) falling-film reactor with 

gaseous counter flow [134]; (b) packed-bed reactor [135]; (c) wall-coated microreactor [136-

138] 

1) Continuous-flow fixed-bed reactors for general photocatalytic synthesis 

Falling film reactors, as demonstrated in Figure 1-8 (a), have found applications in 

photocatalytic synthesis. A notable example is the TiO2-catalyzed photochemical coupling 

between diazoarenes and heterocycles under blue-light irradiation, as explored by Rehm et al. 

[134]. In their design, the reactor walls were TiO2-coated, and nitrogen gas flowed counter-

currently to enable self-draining.  

Noël et al. designed a packed-bed reactor for TiO2-catalyzed synthesis of disulfides under 

aerobic conditions, illustrated in Figure 1-8 (b) [135]. Their innovative continuous-flow 

protocol can handle various thiol substrates, producing both homo- and hetero-dimerized 

disulfides. 

2) Continuous-flow fixed-bed reactors for photooxidation of alcohols  

For the selective photooxidation of alcohols using immobilized catalysts, continuous-flow 

microreactors dominate the literature due to their high surface-to-volume ratio, reduced mass 

transfer restrictions, and optimized illumination conditions, as shown in Figure 1-8 (c) [139]. 



1. Introduction 

16 
 

For instance, Nair et al. engineered a microreactor lined with ZnO nanoparticles for the 

oxidation of benzyl alcohol into benzaldehyde using a UV-LED light source [136]. The catalyst 

was coated by an ultrasound-assisted deposition method. Their system showcased impressive 

benzaldehyde selectivity and superior specific conversion rates compared to conventional batch 

reactors. 

Further, Pradhan et al. reported a microtube reactor, coating its inner walls with TiO2 for both 

TiO2 UV [137] and visible light [138] applications. This apparatus, when used for the selective 

photocatalytic oxidation of benzyl alcohol, outperformed traditional methods, requiring no 

additional oxidants and yielding commendable conversion rates and selectivity.  

3) PMRs for photocatalytic synthesis 

Although some progress has been made in reactors equipped with immobilized catalysts for 

photocatalytic synthesis, PMRs specifically tailored for this application are still in an early stage 

[140]. Comprehensive literature reviews have yet to find PMRs where catalysts are directly 

coated on the membrane where photocatalytic synthesis takes place. Nonetheless, it is worth 

noting certain PMRs in which the membrane aids in catalyst or product separation, with the 

reaction zone being distinctly separated. 

 

Figure 1-9 Graphical representation of: (a) dual [141] and (b) triple-channel [142] microreactor 

for photooxidation of allylic alcohol; (c) photograph of the triple-channel microreactor, reaction 

channel (red) and outer channels (blue) are filled with dye solution for demonstration purposes. 

Copyright 2011 Park and co-workers.  

Molinari et al. delved into the benzene-to-phenol conversion using a hybrid PMR that utilizes 

suspended TiO2 [143]. Their system simultaneously achieved phenol production and its 

separation, limiting the formation of oxidation by-products like benzoquinone, hydroquinone, 

and other derivatives. Additionally, Molinari et al. leveraged this PMR system for the 
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photocatalytic hydrogenation of acetophenone into phenylethanol, both under UV and visible 

light conditions [144]. When comparing the PMR's performance to traditional batch systems, 

the PMR demonstrated superior conversion and yield. This efficiency can be attributed to the 

concurrent extraction of phenylethanol into the organic phase, driving the reaction towards 

product formation. 

Although the main focus here is on photocatalytic synthesis with solid catalyst, Park et al.'s 

unique multi-channel microchannel membrane reactor deserves mention [141, 142]. Illustrated 

in Figure 1-9, their design uses a membrane to infuse oxygen into the reaction zone, markedly 

amplifying the biphasic gas−liquid photosensitized oxygenation of allylic alcohols. It's crucial 

to note that this setup didn't incorporate any immobilized photocatalyst on the membranes. 

Instead, a photosensitizer, methylene blue, was used alongside a separate oxygen flow within 

the channels. 

1.2.2.3 Development of photocatalytically active coatings  

As aforementioned, heterogeneous photosynthesis employing immobilized solid photocatalysts 

is rare in literature, whereas most applications focus on the photodegradation of pollutants with 

immobilized catalyst, particularly in PMRs. This section reviews the state-of-the-art methods 

exclusively for photocatalyst immobilization for photodegradation. 

Photocatalysts can be applied to porous membranes or non-porous substrates using numerous 

deposition techniques, as highlighted in Table 1-1. Traditional methods such as magnetron 

sputtering, chemical vapor deposition (CVD), dead-end filtration coating, and dip coating face 

certain challenges, including high energy consumption, the complexity of precursor preparation, 

or coating non-uniformity.  

In contrast, inkjet-printing emerges as a cost-effective and versatile approach, allowing to form 

a homogeneous layer with precisely controllable catalyst loading and layer thickness, which is 

a prerequisite for kinetic studies [64, 67, 145]. Previously, Mogalicherla and Lee et al. at IMVT 

have used inkjet-printing to fabricate alumina layers on stainless steel substrates in 

microreactors [146]. Recently, this technology has garnered significant interest for its ability to 

create homogeneous porous layers of photocatalysts, such as TiO2 [121, 147, 148]. Such 

photocatalytically active layers can be integrated with filtration membranes to form composite 

structures, which demonstrate high permeability and are promising for wastewater treatment 

applications [50]. Despite its potential, research on inkjet-printing of photocatalysts onto 

membranes remains rare, and comparative analyses of its degradation efficiency against other 
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techniques are limited. 

Table 1-1 Various methods for coating photocatalyst on porous membrane for 

photodegradation of pollutants 

Catalyst Membrane Coating method Ref. 

TiO2 Al2O3 Dip coating [30] 

TiO2 
TiO2 NF layer with Al2O3 

support 
Magnetron sputtering [23] 

TiO2 Al2O3 CVD [149] 

N-TiO2 Al2O3 Drop-coating [110] 

TiO2 
TiO2 NF layer with Al2O3 

support 
Inkjet-printing [64] 

TiO2 Al2O3 
Atomic layer deposition 

(ALD) 
[128] 

TiO2 Polyether sulfone (PES) Dip coating [11] 

TiO2 Porous Stainless Steel  Dead-end filtration [150] 

TiO2-WO3 Polyaniline (PANI) Dead-end filtration [151] 

g-C3N4 
Polyvinylidene fluoride 

(PVDF) 
Dip coating [152] 

In the field of PMRs for photodegradation, membranes are categorized into polymeric and 

ceramic types. Polymeric membranes, such as PVDF, are widely used in water treatment and 

are often employed as substrates for photocatalyst coatings [152, 153]. Nevertheless, these 

membranes exhibit lower thermal and chemical resistance compared to ceramic membranes 

[154]. For instance, inkjet-printing operates by dispersing inks - a liquid phase containing 

solutes or fine particles in a solvent. The coating process normally includes a calcination step 

to evaporate the solvent in the as-coated layer, which requires the substrate to be thermally 

stable. Furthermore, the exposure to UV light and the oxidative species produced during PMR 

applications may compromise the integrity of polymer-based membranes [104]. In contrast, 

ceramic membranes are distinguished by their robust thermal and chemical stability, making 
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them preferred substrates for coatings  [155]. Yet, they are also inherently more brittle, 

rendering them susceptible to cracking from mechanical stresses during use - a factor that must 

be considered carefully. 

1.2.3 Kinetic studies 

1.2.3.1 Photodegradation 

Kinetic studies play a crucial role in understanding the dynamics of photocatalytic pollutant 

degradation across various reactor systems. Over the past two decades, significant research in 

this area has been reviewed by Visan and Ateia et al. [62, 156]. Commonly, these studies 

employ a pseudo-first-order reaction model derived from the Langmuir-Hinshelwood model. 

However, this approach may oversimplify the process by overlooking the pollutant's adsorption 

to the catalyst, which can significantly impact kinetics [157]. Additionally, while the apparent 

reaction rate constant calculated using the Langmuir-Hinshelwood model is a popular metric 

for assessing reactor performance, it may obscure the distinction between the intrinsic reaction 

rate and mass transfer rate [158, 159]. 

In systems with immobilized photocatalysts, kinetic analysis becomes more complex compared 

to slurry systems. This complexity arises mainly from two factors: the attenuation of light 

intensity within the catalyst layer and the internal mass transport limitations. These factors, 

linked with the coating thickness, have received limited attention in existing literature. Ray et 

al. [67, 160-162] specifically addressed these issues in their kinetic studies of a semi-batch 

swirl-flow reactor with immobilized catalysts, developing models that factor in layer thickness, 

mass transport, and light decay. Similar considerations have been applied in studies of 

continuous-flow microreactors with immobilized photocatalysts [63, 163, 164], which examine 

both internal and external mass transport limitations. 

Kinetic studies also extend to PMRs with immobilized catalysts. For instance, Phan et al. 

developed a quantitative model for MB photodegradation in a dead-end flow system, 

incorporating mass transfer and intrinsic reaction rates [106]. This model also integrated a Beer-

Lambert law-based light model to account for light intensity decay within the catalyst layer, 

while highlighting the substantial role of external mass transfer in the overall reaction rate. 

Additionally, Deba et al. conducted simulative studies for a dead-end flow PMR for MB 

degradation [28], proposing a simple 1D model that considers the synergistic effects of 

membrane filtration and photodegradation. Their model suggests that membrane rejection 
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significantly aids pollutant degradation, especially with slower reactions. However, their 

findings lack experimental validation. 

It is also important to note that many kinetic studies on photodegradation do not always 

incorporate light-related factors. These include not only light decay due to scattering within the 

catalyst layer but also the non-uniformity of illumination, particularly when using overhead 

lamps that may light non-reactive areas of the reactor. This scenario can reduce light utilization 

efficiency and poses challenges for kinetic studies and reactor modeling. Potential optimization 

strategies include using micro-LED arrays [113, 165] or optical fibers with lenses to evenly 

distribute light over the reactive area. 

There remains a gap in validating models across different reactor systems to demonstrate their 

universal applicability. Reporting and comparing photocatalytic performances between various 

systems should consider defined experimental conditions, including the catalyst, model 

pollutant, light type, and intensity [166, 167]. 

Given these considerations, there is an increased need for developing reactor systems operating 

under well-defined conditions. Such systems are essential for more accurate kinetic studies, 

leading to a deeper understanding of the photocatalytic processes involved. 

1.2.3.2 Photooxidation of alcohols 

Despite being less prevalent than studies on pollutant photodegradation, the kinetic study of 

alcohol photooxidation, particularly within heterogeneous catalysis, has garnered notable 

attention.    

The study by Giannakoudakis et al. investigates the photocatalytic oxidation of benzyl alcohol 

to benzaldehyde using various titanium oxide catalysts in a slurry reactor [168]. The research 

focuses on the mechanistic and kinetic aspects of this reaction, utilizing different light sources 

and scavenger tests to understand the involved reactive oxygen species and reaction 

mechanisms. The study reveals that the photocatalytic activity and selectivity towards 

benzaldehyde are influenced by the physical and chemical properties of the catalysts. 

Giacco et al. offered a mechanistic and kinetic exploration of the photooxidation of benzylic 

alcohols [169]. The research determines the quantum yields related to this photo-oxidation 

process. A Langmuir-Hinshelwood isotherm treatment was employed to understand the 

reaction kinetics and mechanisms, particularly the electron transfer and benzylic deprotonation 

rate constants. This study offers significant insights into the influence of substrate structure on 
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the reactivity and kinetics of photo-oxidation in heterogeneous catalysis. 

Estahbanati et al. examined the selective photocatalytic oxidation of cyclohexanol to 

cyclohexanone using TiO2-based photocatalysts [170]. Their study employed in situ attenuated 

total reflectance - Fourier transform infrared spectroscopy (ATR-FTIR) analysis and developed 

a kinetic model to predict cyclohexanone production rates. The research revealed high 

selectivity of cyclohexanone formation without significant production of carbonates and 

carboxylates. 

Based on extensive literature review, researches on the photooxidation of alcohols have been 

conducted using slurry reactors. However, studies focusing on immobilized catalysts, especially 

on PMRs for alcohol oxidation, are notably scarce and warrant further investigation.  
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1.3 Objectives of this dissertation 

The primary objective of this research is the development of a μPMR, operational under well-

defined conditions, and its application in two key fields: photodegradation of pollutants in water 

and selective photooxidation of alcohols. The structure of the dissertation is illustrated in Figure 

1-10. 

 

Figure 1-10 Structure of this dissertation 

Initially, the μPMR was developed with a novel design of the optical part, incorporating optical 

fibers to achieve homogeneous light illumination on the reaction zone. Significant emphasis 

was placed on the development of catalytically active coatings with precisely controllable 

loading and thickness of the catalyst layer by employing a novel coating technique inkjet-

printing. The core of this coating technique is the formulation of inks for various photocatalysts. 
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For the photodegradation of pollutants, TiO2-based catalysts were selected, while C3N4-based 

catalysts were chosen for the photooxidation of alcohols. 

In its application to photodegradation, the μPMR was first employed in the degradation of a 

model dye pollutant, Rhodamine B (RhB). A detailed kinetic study was conducted, adopting 

the Langmuir–Hinshelwood kinetic model. This study accounted for the intrinsic reaction 

kinetics, alongside external and internal mass transport considerations. Furthermore, the 

μPMR's capabilities were extended to analyze the enhancement of RhB photodegradation under 

UV light. This included variations in flow modes, specifically examining the synergistic effects 

of membrane filtration and photocatalysis, and the impact of light intensity on the 

photodegradation process. Moreover, the μPMR was instrumental in photodegrading three 

pharmaceutical micropollutants - Carbamazepine (CBZ), Sulfamethoxazole (SMX), and 

Bezafibrate (BZF) - under both UV and visible light. Degradation using real sunlight was also 

part of this work.  

For the task of photooxidation of alcohols, a carbon-nanodot-doped C3N4 (CD-C3N4) catalyst 

was developed and formulated for the inkjet-printing of the reactive coating. This catalyst was 

initially tested in a batch reactor for the oxidation of various benzylic and aliphatic alcohols. 

Subsequently, benzyl alcohol was chosen as a model substrate for further oxidation studies to 

benzaldehyde using the μPMR.  

The development of the μPMR as well as the catalyst coating is elaborated in Chapter 0 of this 

thesis. Chapter 0 is dedicated to the comprehensive study of the photodegradation of pollutants, 

while Chapter 0 delves into the study on photooxidation of alcohols.  

Selected results presented in this work have been adapted from prior publications [50, 64], with 

additional data and analysis expanded for this thesis.  
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2. Experimental procedures 

and characterization 

2.1 Microstructured photocatalytic membrane reactor (μPMR) 

2.1.1 Development of the μPMR 

A major task of this work is the development of a µPMR, which enables continuous-flow 

operation under well-defined conditions. As shown in Figure 2-1, the reactor consists of two 

main components: the reactor body and the optical part.  

2.1.1.1 Reactor body 

The reactor body features two microchannels, each having identical dimensions: 100 mm in 

length, 5 mm in width, and 0.3 mm in depth. The upper microchannel is fabricated within the 

PTFE membrane holder, while the lower microchannel is constructed within the metallic 

reactor body. O-rings seal the reactor, with an epoxy sealant being applied at the contact area 

between the membrane and the PTFE holder (shown in  Figure A 1).  

This µPMR is designed to accommodate various membrane types, including both ceramic and 

polymeric. For membranes too thin for the holder, a porous support is required (refer to Figure 

A 1). Polymeric membranes, though common in water treatment, are less suitable for catalytic 

coatings due to their lower chemical and thermal resistance [171]. Therefore, considering 

inkjet-printing requires calcination to eliminate organic additives after printing, ceramic 

membranes were chosen for this work. 
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Figure 2-1 Illustration of the μPMR: (a) CAD structure; (b) picture of the components: 1. optical 

fiber; 2. 3D printed fiber holder; 3.O-ring for sealing; 4. quartz glass; 5. polyetheretherketone 

(PEEK) frame for the quartz glass; 6. polytetrafluoroethylene (PTFE) membrane holder; 7. 

photocatalyst-coated membrane; 8. metallic reactor body with a microchannel for permeate or 

gas flow. [50] 

2.1.1.2 Optics 

Figure 2-2 shows the optical setup of the reactor, comprising nine optical fibers (numerical 

aperture = 0.63, core diameter 1 mm, Prizmatix) that channel light from a high-power LED 

source (Prizmatix) into the reactor. These fibers are split from three main fibers, each connected 

directly to the light source, and are precisely positioned using a 3D-printed polymeric holder 

(material: Veroclear, Stratasys) secured by polyvinyl chloride (PVC) screws. The light is 

focused through cylindrical lenses made of quartz glass (H-K9L, Worldhawk), ensuring that 

the illumination area precisely aligns with the microchannel area, thus optimizing photonic 

energy utilization. Additionally, the upper microchannel is covered by a quartz plate featuring 

two cylindrical oblique holes for inlet and outlet flow. The configuration allows for precise 

tuning of light intensity from 0 to 2 mW cm-2, accommodating both UV (365 nm) and visible 

light (white light). The spectrum of both light types is shown in Figure A 2. 
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Figure 2-2 Optical part: (a) CAD schematic; (b) picture of the 3D-printed polymeric fiber holder 

and lens holder; (c) picture of the optical fiber; (d) illustration of the light path from the fiber 

to the channel via the lens; (e) quartz cylindrical lenses. [64] 

2.1.2 Continuous-flow system 

The µPMR was integrated into a continuous-flow system, as depicted in Figure 2-3 and Figure 

2-4. This system features a high-precision high performance liquid chromatography (HPLC) 

pump from Knauer for efficient liquid solution delivery to the µPMR. Gas flow to the feed 

bottle, for saturating the feed solution or to the lower microchannel, is regulated by a mass flow 

controller (MFC, MKS Instruments), depending on the chosen flow mode. Pressure within the 
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upper microchannel of the µPMR is maintained using a precision back pressure regulator (BPR 

1, U3L series, Equilibar) coupled with a nitrogen pressurization system from Air Liquide 

Deutschland GmbH. Additionally, another back pressure regulator (BPR2, Swagelok) manages 

the gas pressure in the lower microchannel. Light intensity measurements were averaged from 

18 points beneath the reactor's quartz glass using an irradiation meter TM213 (Tenmars) for 

UV light and a solar power meter TES1333 (TES) for visible light. 

 

Figure 2-3 Flow chart of the continuous-flow µPMR system.[50] 

The continuous-flow µPMR system's versatility is highlighted by its ability to operate under 

four distinct flow modes: 

⚫ Mode 1: Mixed flow-through and surface-flow contactor, where the feed solution flows 

through and above the membrane, which is a cross-flow setup (see Figure 1-6 (a)). 

⚫ Mode 2: Pure surface-flow contactor with built-in oxygen distributor, utilizing the 

membrane for direct gas distribution to the catalyst-coated membrane across the entire 

reaction zone, in order to intensify the reaction, as illustrated in Figure 1-6 (b). 

⚫ Mode 3: Nanofiltration mode, employing uncoated NF membranes in a cross-flow 

configuration without light for comparative analysis in pollutant rejection studies. 

⚫ Mode 4: Pure surface-flow mode, where the feed liquid flows over the membrane surface 

without permeating, a common approach in photocatalytic microchannel reactors, as 

discussed in Chapter 1.2.2. 
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Figure 2-4 Picture of the continuous-flow µPMR system: (a) MFC controller; (b) HPLC pump; 

(c) µPMR; (d) BPR1; (e) controller of BPR1; (f) MFC; (g) feed bottle; (h) magnetic stirrer; (i) 

electronic scale; (j) BPR2; (k) sampling bottle (point 2); (l) sampling bottle (point 1). [50]  
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2.2 Development of catalytically active coatings 

2.2.1 Coatings for photodegradation 

2.2.1.1 Preparation of the catalysts 

In this work, two types of photocatalysts were used: commercially available TiO2 (P25) from 

Evonik, and in-house synthesized Nitrogen-doped TiO2 (N-TiO2). Following the methodology 

described by Cong et al. [172], the synthesis of N-TiO2 started with the preparation of a 

microemulsion. For this, 10 mL of cyclohexane (VWR Chemicals) was mixed with 10 µL of 

Triton X-100 (Sigma-Aldrich) to create the oil phase. In parallel, the aqueous phase was 

prepared by adding 5.1 g of tetrabutyl titanate (Acros Organics) dropwise to 20 mL of a 5 mol 

L-1 nitric acid solution (Merck). The aqueous phase was then slowly incorporated into the oil 

phase under constant stirring at 100 rpm. Next, 1.77 g of triethylamine (Fluka), serving as the 

nitrogen source, was added to the stirred microemulsion. This mixture was then stirred 

continuously at the same speed for an additional 4.5 hours. The resultant emulsion was then 

transferred to an 80 mL Teflon-lined stainless-steel autoclave and heated to 120˚C at a rate of 

5˚C min-1, where it was maintained for 13 hours. After cooling to room temperature, the 

precipitate formed at the bottom of the autoclave was collected, washed thrice with ethanol and 

deionized water, and dried overnight in a vacuum oven (Vacutherm, Heraeus) to obtain the final 

N-TiO2 powder. Both TiO2 P25 and N-TiO2 are shown in Figure 2-5. 

 

Figure 2-5 Picture of the two catalysts: (a) TiO2 P25 and (b) N-TiO2. 

2.2.1.2 Preparation of the ink 

Adhering to established protocols in the literature [147, 173], the ink suspension was prepared 

using TiO2 powder, a dispersant (Zetasperse 1200, Air Products), an electrolyte (Na4P2O7, 
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Sigma-Aldrich), and two co-solvents (N, N-Dimethylformamide, VWR Chemicals, and PEG-

400, Sigma-Aldrich) mixed into deionized water (Milli-Q, Merck). A trace amount of NaOH 

solution (1 M) was added to adjust the pH. All chemicals, including the electrolyte, co-solvents, 

and NaOH (analytical grade), were used as received without further purification. The prepared 

ink underwent ultrasonication (Elmasonic P) at 80 kHz for 20 minutes before printing. 

For reproducible printing and to form homogeneous catalyst layers, the following criteria were 

essential, as summarized from literature [145, 146, 174, 175]: 1) particle size should be less 

than 1/100 of the nozzle diameter  ; 2) the ink suspension must maintain stability to avoid rapid 

agglomeration and sedimentation; 3) the rheological properties of the suspension, including 

viscosity, must be optimized to ensure stable ink formation with the printer. 

 
Figure 2-6 Particle size, zeta-potential and pictures of the TiO2 P25 ink at various pH values. 

[64] 

With a nozzle diameter of 100 μm of the printer used in this study, particle size needed to be 

under 1 μm. It has to be noted that the particle size measurement must take particle 

agglomeration into account. Suspension stability, typically gauged by zeta potential, requires 
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values above 30 mV or below -30 mV for effective electrostatic repulsion and agglomeration 

prevention [147]. pH values can have a critical impact on particle size and zeta potential, which 

was investigated in this work. Both of these parameters were measured using a Delsa Nano 

instrument (Beckman Coulter). 

As shown in Figure 2-6, the TiO2 P25 ink suspensions' pH significantly influenced the mean 

particle size and zeta potential. Higher pH values increased the overall suspension stability, 

thereby reducing agglomeration and sedimentation. The ideal pH range for optimal ink stability 

was identified between 8 and 10, with an optimized pH set at 10 (± 0.3). 

The investigated ranges and optimum values of each component are summarized in Table 2-1. 

The viscosity of the optimized inks, measured at 1.60 mPa s at a shear rate of 100 s-1 (HAAKE 

RheoStress 1, Thermo Scientific), falls within the recommended range of 0.4 - 100 mPa s for 

the nozzle. The ink density for both catalysts was measured at 1.07 g mL-1. 

Table 2-1 Composition of the TiO2 ink for inkjet-printing [64] 

Material Function Investigated range 
Optimum 

Value 

TiO2 Catalyst 0.1 – 1.0 wt.% 0.5 wt.% 

Water Main solvent / 88.5 wt.% 

Zetasperse 

1200 
Surfactant 0.5 - 4.0 wt.% 2 wt.% 

Na4P2O7 Electrolyte / 5×10-4 M 

PEG 400 Co-solvent 5 – 10 wt.% 7 wt.% 

DMF 
Drying and surface tension 

control 
0.5 - 5.0 wt.% 2 wt.% 

NaOH Adjusting pH / 10 (± 0.3) 

Note that the co-solvent and polymer functioned as humectants, slowing down water 

evaporation at the nozzle tip and promoting quick rehydration of the ink. Additionally, these 

co-solvents served as viscosity modifiers, effectively preventing air ingestion issues at the 

nozzle, which is crucial for stable droplet formation during extended periods of operation. 
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2.2.1.3 Development of the coatings 

An Autodrop Compact (Microdrop Technologies) drop-on-demand inkjet-printer was used for 

printing. Ink droplets were created by piezoelectric impulses from the dispenser head, with the 

voltage and pulse length tuned for stable droplet formation, as monitored by a high-speed CCD 

camera (see Figure 2-7 (a)).  

 

Figure 2-7  (a) Illustration of droplet generated from the nozzle at different time intervals from 

the pulse start; (b) ink drops on the substrate with variation of the drop distance ix = 300 μm 

and iy = 300 μm in x and y direction; (c) ink drops on the substrate with ix = 130 μm, iy = 300 

μm; (d) 2.5 cm × 2.5 cm square substrate printed by 9 layer of the catalyst; (e) 10.8 cm × 0.8 

cm substrate with a rectangular printed area of 0.6 cm ×10 cm printed by 9 layer of the catalyst.  
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After stable droplet formation ensured, the pulse voltage and length can be further fine-tuned 

to adjust the size of the droplets [145]. Figure 2-8 exemplifies how these parameters affect the 

droplet size for the developed ink. Generally, higher actuation energy leads to larger droplets 

due to more ink being drawn from the nozzle, with the droplet diameter increasing 

correspondingly with the voltage. For this study, a pulse voltage of 41 V and a pulse length of 

40 μs were selected for printing both P25 and N-TiO2 inks, resulting in a droplet size of 83 μm, 

as measured by the CCD camera. 

 

Figure 2-8 Droplet size change with variation of pulse length and voltage. [64] 

By knowing the droplet size, the loaded mass of the TiO2 printed on a certain area can be 

calculated by: 

𝑔cat = 𝑁L ∙
𝑙𝑥

𝑖𝑥
∙

𝑙𝑦

𝑖𝑦
∙

4

3
𝜋(

𝑑

2
)3 ∙ 𝜌ink ∙ 𝐶ink                                     (2-1) 

where NL is the total number of printed layers, lx and ly is the length of the printing area in x- 

and y-direction, ix and iy is the distance between two droplets in x- and y-direction as set in the 

printer (as shown in Figure 2-7 (b, c)), d is the droplet diameter, ρink is ink density (1.07 g mL-1) 

and Cink represents the catalyst concentration of the ink suspension (0.5 wt.%).  

The ink suspension was coated layer-by-layer on the 1mm thick ceramic NF membranes 

(Inopor). No drying was applied between the printing of each layer, as water, the main solvent, 
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either evaporated rapidly or was absorbed by the porous NF membrane. Three types of ceramic 

NF membranes, differing in molecular weight cut-off (MWCO) values as provided by Inopor, 

were used: Membrane 1 (200 Da MWCO), Membrane 2 (450 Da MWCO), and Membrane 3 

(750 Da MWCO). Each membrane consisted of a microporous TiO2 NF surface layer supported 

by meso- and macroporous Al2O3 layers [23]. Membranes of two sizes were employed: 

rectangular ones (2.5 cm × 2.5 cm) for batch experiments, and longer ones (10.8 cm × 0.8 cm) 

for μPMR experiments, as shown in Figure 2-7 (d, e). 

Post-coating, the membranes were calcined at 250˚C (2˚C min-1 ramp rate) in a Heraeus muffle 

oven to remove solvents and additives, while enhancing coating adhesion. This temperature 

was set based on thermogravimetric analysis (TGA, Setsys Evolution 16/18, Setaram) and by 

evaluating RhB degradation in a batch reactor under UV light using coated substrates calcined 

at various temperatures (procedures detailed in Chapter 2.3.1.2). 250˚C ensures complete 

removal of ink additives and had the highest photocatalytic removal performance [64]. During 

both batch and μPMR experiments, the coatings showed no signs of peeling off or defects. 

For the 2.5 cm × 2.5 cm substrates, setting the droplet distance to 105 µm yielded a per-layer 

catalyst loading of 0.09 mg (Eq. (2-1)). Although direct comparison of calculated and actual 

printed layer mass was challenging since the value of the mass per layer is considerably low, 

droplet size consistency before and after printing indicated precise control of the loaded mass. 

This precision in mass loading control was also corroborated by a previous study at IMVT using 

the same inkjet-printing device for Al2O3 [145]. 

2.2.1.4 Characterization method 

In order to establish a comprehensive understanding of the catalyst coatings’ properties and lay 

the groundwork for subsequent kinetic studies, a series of characterizations were performed on 

both TiO2 P25 and N-TiO2 catalysts and their respective coatings. 

Characterization of catalyst powder: 

⚫ Diffuse Reflectance Spectroscopy (DRS): the optical properties of the pristine catalysts 

were analyzed using a Lambda 650 instrument (PerkinElmer). Spectra were recorded in 

the range of 250 to 650 nm, employing a scan speed of 0.5 s nm-1. 

⚫ X-Ray Diffraction (XRD): structural properties were examined post-calcination at 250˚C 

for the catalyst powders, utilizing a Bruker D8 Advance X-ray diffractometer with Cu Kα 

radiation at 40 kV and 40 mA. Diffraction data were captured in the 2θ range from 20 to 
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60°, with a scanning rate of 4° per minute. 

⚫ Nitrogen Physisorption: surface area measurements were conducted at 77 K using a 

Micromeritics 3Flex Surface Characterization Analyzer. Pristine and catalyst samples 

calcined at 250˚C, underwent degassing at 343 K for 8 hours in a SmartVac Prep system 

(Micromeritics), with specific surface areas determined via the Brunauer–Emmett–Teller 

(BET) method. 

Characterization of catalyst coating: 

⚫ Scanning Electron Microscopy (SEM): morphological analysis of the calcined printed 

layers was performed using a JSM 6300 instrument (JEOL), applying a 10 kV electron 

beam. 

⚫ X-Ray Photoelectron Spectroscopy (XPS): chemical composition and states were assessed 

using a Scienta 4000 (Al Kα line) instrument. 

⚫ Optical Profiling: both 2D and 3D surface maps of the printed layers were acquired with 

an S-neox 3D optical profiler (Sensofar) in confocal mode. The layer thickness was 

determined from the topological data (detailed in Appendix B1). 

⚫ UV-Vis Spectrophotometry: the UV light transmission (TL %) of the coating, ranging from 

1 to 9 layers on quartz glass, was measured using an HP 8453 spectrophotometer for the 

TiO2 P25 coating. Measurements were conducted at 365 nm wavelength with the quartz 

glass immersed in a RhB solution within a quartz cuvette. Transmission data were 

normalized against a blank test using identical quartz glass without coating (refer to 

Appendix 02 for details). 

2.2.1.5 Characterization results 

The DRS spectra depicted in Figure 2-9 (a) show that P25 does not absorb visible light (λ > 400 

nm), whereas N-TiO2 exhibits visible light absorption, consistent with their respective 

colorations: N-TiO2 is yellowish and P25 is white. The band gaps, calculated using the Kubelka-

Munk function, were determined to be 2.96 eV for N-TiO2 and 3.16 eV for P25, with the latter 

aligning with previously reported values  [176, 177]. In contrast, the reported band gaps for N-

TiO2 vary widely, ranging from 2.5 to 3.0 eV, as influenced by different catalyst preparation 

methods [4, 172]. XPS analysis further investigated the state of nitrogen atoms within the TiO2, 

scanning the N1s region of N-TiO2. Figure 2-9 (b) suggests a narrower band gap and the 
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presence of substitutional nitrogen in the TiO2 lattice, indicated by a binding energy of 396.8 

eV of the Ti-N bond. The peak near 400 eV likely corresponds to interstitial nitrogen interacting 

with both Ti and O centers [178]. 

Figure 2-9 (c) presents XRD patterns of both catalysts post-calcination at 250 ˚C. N-TiO2 

shows an exclusively anatase phase, while P25 displays both anatase and rutile phases. Using 

the Reference Intensity Ratio (RIR) method [179], the phase composition of TiO2 P25 was 

quantified as 83% anatase and 17% rutile, consistent with known compositions for this product 

[180, 181]. This confirms that the calcination process did not alter the crystalline phases of the 

coatings. 

 

Figure 2-9 (a) DRS spectra with inset showing the transformed Kubelka-Munk curve for 

determining the bandgaps of the pristine catalysts; (b) XPS spectra of the N 1s region for the 

N-TiO2 coating; (c) XRD pattern of the catalyst powder after calcination at 250 ˚C. [50] 

Figure 2-10 illustrates that the inkjet-printed TiO2 layer is notably porous, with particles 
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exhibiting slight agglomeration but not forming larger sintered aggregates, a phenomenon also 

observed in other studies [173]. This figure also distinctly shows that N-TiO2 particles are 

smaller in size compared to P25. Smaller particles increase the specific surface area, thus 

offering more active sites, which is beneficial for catalysis. BET surface area measurements via 

N2 physisorption analysis revealed that calcined N-TiO2 has a significantly larger surface area 

of 258 m² g-1, which is fivefold greater than P25's 50 m² g-1. Notably, the surface area of N-

TiO2 exceeds the typical range for most TiO2-based photocatalysts in literature, which is usually 

below 200 m² g-1  [3, 182-184], while the pristine N-TiO2 powder shows an even higher surface 

area of 316 m² g-1. Consistent results across various batches of N-TiO2 in this study suggest that 

the adopted synthesis method is effective for producing visible-light-active TiO2 with enhanced 

surface areas, holding promise for future applications. 

 

Figure 2-10 SEM picture of the TiO2 coatings. [50] 

Figure 2-11 exemplifies the surface characterization of a nine-layer TiO2 P25 coating, 

demonstrating its significant roughness compared to the substrate. As shown in Figure 2-11 (b), 

the SEM cross-sectional image reveals a coating thickness varying between 0.72 and 1.42 µm 

in the examined area. Given the non-uniformity in thickness, optical profilometry was utilized 

to ascertain the average thickness over a larger area, approximately 0.1 – 0.3 mm². For enhanced 

contrast and more reliable thickness measurement in confocal mode, glass substrates were used 

in this analysis. The resultant 3D morphology, depicted in Figure 2-11 (c), displays the coating's 

topography.  

Furthermore, as illustrated in Figure 2-11 (d), a clear linear relationship between the mean layer 

thickness and the number of printed layers indicates effective control over the layer thickness 

achieved through inkjet-printing. The slope of this relationship suggests an average thickness 
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of about 110 nm per layer. The surface's RMS roughness is measured at 0.6 μm, corroborating 

the observed local non-uniformity in thickness. 

 

Figure 2-11 Characterization of the 9-layered TiO2 P25 coating after calcination at 250 °C: (a) 

top-view SEM image of the catalyst layer; (b) cross-sectional view of the coating and element 

distribution map (from blue to red: increasing signal intensity); (c) 3D morphology of the 

coating; (d) layer thickness as a function of the number of layers (data given are mean values 

of n≥3 replicates, error bar: standard error of the mean). [64] 

For kinetic study applications, the porosity of the layer was calculated using the formula: 

𝜀 = 1 −
𝑔cat

𝜌b𝛿L𝐴cat
                                                             (2-2) 

where 𝑔cat is the catalyst mass for the given layer thickness 𝛿L according to Eq. (2-1), 𝜌b is the 

bulk density of TiO2 and 𝐴cat is the area of the coating. Taken TiO2 P25 as an example, its bulk 

density is 4.26 g cm-3 (from manufacturer). The porosity of its coating was calculated to be 0.69, 

which aligns perfectly with literature values for TiO2 P25 thin films prepared by doctor blading 

[185]. The density of the coated thin film can be calculated with Eq. (2-3) by knowing 𝑔cat, 𝛿L 

and 𝐴cat, which yields 1.31 g cm-3 for TiO2 P25.  
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𝜌𝑐𝑎𝑡 =
𝑔cat

𝛿L𝐴cat
                                            (2-3) 

2.2.2 Coatings for selective photooxidation 

2.2.2.1 Preparation of the catalysts 

Graphitic carbon nitride (g-C3N4) was employed as the catalyst for photooxidation research. g-

C3N4 is typically synthesized through various methods, including the pyrolysis of urea or other 

nitrogen-rich precursors, or through the exfoliation of bulk materials [186]. For the synthesis 

of carbon-nanodot-doped g-C3N4 (CD-C3N4) in this work, the procedure outlined by Zhang et 

al. [187] was followed, as detailed in Figure 2-12.  

The synthesis began with the calcination of 10 g of urea (Sigma-Aldrich) at 600 °C for 4 hours 

with a ramp rate of 5 °C min-1. This method, adapted from Tang et al. [188], resulted in the 

formation of a yellowish g-C3N4 powder upon cooling to room temperature. 

Next, the carbon nanodots were synthesized using a thermal decomposition method with 

sucrose. Initially, 0.75 g of sucrose (Sigma-Aldrich) was dissolved in 30 mL of MilliQ water, 

followed by stirring at room temperature for 30 minutes. This solution was then transferred to 

a 45 mL Teflon-lined stainless-steel autoclave and heated at a rate of 10 °C min-1 to 180 °C, 

where it was maintained for 5 hours. Upon cooling the reactor to room temperature, a brown 

mixture was obtained. This mixture was then centrifuged at 8000 rpm for 20 minutes, after 

which the resulting pellet was washed thrice with water and subsequently dried at 50 °C for 24 

hours.  

To deposit carbon nanodots onto the surface of g-C3N4, the method described by Liu et al. [189] 

was followed. Initially, a stock solution containing 1 mg of carbon nanodots in 25 mL of water 

was prepared. Then, 15.0 mL of this solution was combined with 15.0 mL of NH4OH (28%) in 

a 45 mL Teflon-lined autoclave reactor, which was subsequently sealed. The mixture was 

heated to 150 °C at a rate of 10 °C min-1 and maintained at this temperature for 5 hours. After 

cooling the reactor to room temperature, the mixture was transferred to a beaker and dried at 

80 °C. 
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Figure 2-12 Preparation of the CD-C3N4. 

The dried carbon nanodots were then re-suspended in 2.0 mL of water and mixed with 10.0 g 

of urea. This mixture was calcined at 600 °C for 4 hours (ramp rate 5 °C min-1) and cooled 

down naturally to room temperature. The resulting carbon nanodots-C3N4 (CD-C3N4) 

concentration in the final product was estimated to be approximately 2.4×10-3 g g-1 as described 

by Liu et al. [189]. 

2.2.2.2 Preparation of the ink 

To synthesize the C3N4 ink for inkjet printing, adherence to the specifications mentioned in 

Section 2.2.1.2 was essential. Initially, replication of the composition used for TiO2 ink was 

attempted. However, this resulted in a non-stable ink, characterized by rapid sedimentation, 

primarily due to the larger, 2D form of C3N4 particles compared to TiO2.  

Leveraging ink formulation expertise at the IMVT, the recipe by Mogalicherla et al., using 

ethylene glycol as the primary solvent and water as a co-solvent was adopted [146]. The ink’s 

development involved adjusting the catalyst content, solvent proportions, pH levels, and testing 

various surfactants. The optimization process was guided by examining particle size, zeta 

potential, sedimentation behavior, and printability.  

Recognizing the influence of ink properties like density, surface tension, and viscosity on 

droplet formation, a non-dimensional number, 𝑍, akin to the inverse of the Ohnesorge number 

(𝑂ℎ) was used, for assessing printability prior to the actual printing process [146, 175, 190]:  
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𝑍 =
1

𝑂ℎ
=

𝑅𝑒

√𝑊𝑒
=

(𝛾ink∙𝜌ink∙𝛼noz)0.5

𝜂ink
                                    (2-4) 

In the given equation, 𝜂ink  represents dynamic viscosity, 𝛾ink  denotes surface tension, 𝜌ink 

signifies ink density, and 𝛼noz  refers to the nozzle diameter. The Z number quantifies the 

balance between surface and inertial forces during droplet formation in print heads. Jang et al. 

identified the range of 4 < Z < 14 as optimal for printing in various systems [191], while Derby 

suggested a range of 1 < Z < 10 as suitable for printing [190]. 

The composition of the finalized C3N4 ink is detailed in Table 2-2. After mixing the composites, 

the ink suspension was subjected to ultrasonication using an Elmasonic P device at 80 kHz for 

20 minutes to ensure homogeneity and optimal consistency prior to printing. 

Table 2-2 Composition of the C3N4 ink 

Material Function Value 

C3N4  

(for both g-C3N4 and CD-C3N4) 
Catalyst 0.3 wt.% 

Water Co-solvent 24.7 wt.% 

Ethylene glycol Main-solvent 75 wt.% 

NaOH Adjusting pH 9 (± 0.3) 

The ink's dynamic viscosity (𝜂ink) was recorded at 13 mPa s for a shear rate of 100 s-1. Its 

surface tension (𝛾ink) measured 0.03 N m-1, determined through ImageJ analysis of a sessile 

drop image captured by a Krüss DSA25 drop shape analyzer with a drop volume of 5 μL. The 

ink density (𝜌ink) was found to be 1.1 g cm-3, and the nozzle diameter (𝛼noz) was 100 μm. 

Based on Equation (2-4), the calculated Z number is 4.4, aligning well within the recommended 

printing range as previously noted. 
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Figure 2-13 Differential and cumulative intensity distribution of the particle size in the CD-

C3N4 ink (0.3 wt.%) measured by dynamic light scattering (DLS). 

Figure 2-13 illustrates that the ink's average particle size is 600 nm, which is within the upper 

limit of the recommended 1 μm for effective printing using a 100 μm nozzle. The differential 

particle size distribution reveals two peaks: a prominent peak at 450 nm and a smaller one at 

3000 nm, indicating the presence of some larger particles exceeding 1 μm. 

The zeta potential of the ink is measured at -40.51 mV, comfortably surpassing the -30 mV 

criterion for electrostatic stability. Additionally, no significant sedimentation was observed 

within the initial 2 hours, as illustrated in Figure 2-14, although sedimentation became 

noticeable after this period.  

 

Figure 2-14 CD-C3N4 Ink placed for 4 hours. 
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2.2.2.3 Development of the coatings 

The methodology for coating C3N4 was closely aligned with the previously established 

procedure used for TiO2. The developed ink demonstrated successful printing at a pulse voltage 

of 60 V and pulse length of 45 μs, yielding a droplet size of 86 μm. This printing process 

remained stable for up to 2 hours, as monitored by the printer's CCD camera. Despite the 

presence of some particles larger than 1 μm, the ink was still printable. The observation of stable 

droplet formation for 2 hours correlates well with the ink's sedimentation behavior. Post 2 hours, 

droplet formation became visibly unstable, marked by the emergence of satellite droplets. The 

ink's functionality could be readily restored with just 5 minutes of sonication. 

The substrate utilized was Membrane 2, featuring a 450 Da MWCO. After printing the coated 

membranes underwent a calcination process in a muffle oven. This was executed at specific 

temperatures with 2˚C min-1 ramp rate. The primary purpose of this calcination was to eliminate 

solvents and additives, simultaneously improving the adhesion of the coating. The selection of 

the optimal calcination temperature was guided by evaluating the coatings’ catalytic 

peformance in catalyzing the conversion of benzyl alcohol (BA) to benzaldehyde (BAl).  

2.2.2.4 Characterization method 

XRD, DRS, and Nitrogen Physisorption were conducted to characterize the catalyst powder, 

with the detailed procedures outlined in Section 2.2.1.4, similar to those applied for TiO2. 

Additionally, Transmission Electron Microscopy (TEM) using bright-field (BF) mode was 

employed for further examination of the catalyst. The TEM-BF imaging was carried out on a 

Philips CM200 FEG transmission electron microscope, operating at an acceleration voltage of 

200 kV. Image acquisition was facilitated by a TIETZ CMOS F416 (4kx4k) camera. The 

sample for TEM was prepared by nebulizing a catalyst powder suspension onto a carbon-coated 

copper TEM grid. 

To assess the coating's morphology, SEM was utilized, while Optical Profiling was also 

employed to determine the coating's thickness with test method described in 2.2.1.4. 

2.2.2.5 Characterization results 

Figure 2-15 offers detailed insights into the morphological and crystalline characteristics of the 

synthesized CD-C3N4 composite, as revealed by TEM analysis. The TEM images, particularly 

Figure 2-15 (a), display the CD-C3N4 particles (or flakes) with sizes ranging from 
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approximately 100 to 500 nm, corroborating previous DLS particle size findings. This size 

range is consistent with the results reported by Liu et al. [189], who observed, using Atomic 

Force Microscopy (AFM), that the grains of a similarly prepared CD-C3N4 composite varied 

between 90 and 400 nm in diameter, aligning with our observations.  

Additionally, Figure 2-15 illustrates the highly porous nature of the CD-C3N4 grains, which are 

composed of carbon nanodots interspersed within a porous g-C3N4 matrix. The selected area 

electron diffraction (SAED) pattern, depicted in Figure 2-15 (a), reveals a series of continuous 

diffraction halos, confirming the polycrystalline nature of the composite. This diffraction 

pattern contrasts with the discrete spots that would signify a single-crystalline structure, further 

underscoring the polycrystalline composition of our CD-C3N4 composite. 

 

Figure 2-15 Characterization of the as-prepared CD-C3N4: (a) TEM image with inset showing 

the crystal ring pattern of the selected area electron diffraction (SAED); (b) enlarged TEM 

image of a selected area with red circles indicating the carbon nanodots. 

Figure 2-16 depicts the optical properties and bandgap energies of CD-C3N4 and g-C3N4, 

analyzed through DRS and Tauc plot interpretation. CD-C3N4 displays an absorption edge that 

extends into the visible light spectrum, indicating that the incorporation of carbon dots has 

effectively altered the electronic structure of C3N4, enabling it to absorb more UV and visible 

light. The catalysts' color differences, as shown in the insets of Figure 2-16 (a), reflect their 

absorption characteristics, with CD-C3N4's darker appearance suggesting carbon nanodots 

incorporation. 
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Figure 2-16 (a) DRS spectra of CD-C3N4 and g-C3N4 (b) Tauc plot showing the (ahν)0.5 curve 

for determining the bandgaps of these two catalysts. 

The optical band gap of a semiconductor can be estimated from the Tauc plot. The Tauc plot is 

the curve of converted (𝑎ℎ𝜈)𝑟  versus ℎ𝜈  from the UV-vis spectrum, in which 𝑎  is the 

absorption coefficient, ℎ is Planck's constant, 𝜈 is the frequency of light, and r depends on the 

band gap nature (2 for direct, 0.5 for indirect band gap materials). For CD-C3N4, a linear fit 

with r = 0.5 suggests an indirect band gap, determining an Eg value of 2.5 eV from the Tauc 

plot's x-axis intercept (Figure 2-16 (b), yellow curve), while g-C3N4 exhibits a bandgap of 2.8 

eV.  

It is important to note that g-C3N4's band gap characteristics, direct or indirect, may vary based 

on its structural composition and any modifications made to it [192]. Therefore, applying r 

values of 0.5 or 2 in Tauc plot analysis might not accurately represent the actual band gap 

properties of the material. 

Figure 2-17 (a) presents the N2 adsorption-desorption isotherms for CD-C3N4 samples, 

showcasing Type IV isotherms with a hysteresis loop indicative of mesoporous structures. The 

CD-C3N4 exhibits a BET surface area of 85 m² g-1, closely aligning with Lima et al.'s reported 

87 m² g-1 for C3N4 [193], though higher surface area values exceeding 100 m² g-1 have also been 

noted [194]. The pore size distribution, peaking at approximately 60 nm, reveals a bimodal 

pattern that suggests the presence of both small and large mesopores, potentially enhancing the 

material's surface area and accessibility to its catalytic sites. 
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Figure 2-17 (a) N2 adsorption–desorption isotherms of the CD-C3N4 samples with inset 

illustrating the BJH desorption pore width distribution; (b) XRD pattern of CD-C3N4 and g-

C3N4. 

The XRD spectra of CD-C3N4 and g-C3N4, depicted in Figure 2-17 (b), feature two peaks at 13° 

and 27°, with the latter being the more intense peak associated with the (002) interlayer-stacking 

structure, and the former attributed to (100) interlayer reflection. These findings are consistent 

with literature [195, 196]. Notably, the XRD pattern of CD-C3N4 remains largely unchanged 

from the starting material g-C3N4, likely due to the carbon nanodots' amorphous nature being 

adsorbed onto the structure. 

Figure 2-18 presents an SEM image of a 20-layer CD-C3N4 coating, offering insights into its 

structure. From Figure 2-18 (a), the coating's high porosity is evident, with layered C3N4 flakes 

obviously visible. The cross-sectional view in Figure 2-18 (b) indicates a consistent coating 

thickness of approximately 4 µm across the substrate, contrasting with the uneven distribution 

of the printed TiO2 layers as previously described. Elemental mapping images, shown in Figure 

2-18 (c) and (d), illustrate the uniform distribution of carbon and nitrogen throughout the CD-

C3N4 coating, confirming the compositional integrity of the CD-C3N4 structure.  
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Figure 2-18 SEM images of a 20-layer CD-C3N4 coating, showcasing (a) topographical surface 

details and (b) cross-sectional morphology, complemented by elemental distribution mapping 

for (c) carbon and (d) nitrogen, with color gradients representing signal intensity from low (blue) 

to high (red). 

Figure 2-19 (a) presents a 3D optical surface profile of the CD-C3N4 coating with 30 layers 

printed on a ceramic substrate, illustrating an even distribution across the substrate on a larger 

scale as compared with smaller scale shown in Figure 2-18 (b). The mean layer thickness's 

graphical analysis against the layer number reveals a direct and linear relationship, highlighting 

the consistency of the deposition process. The 200 nm increase per layer indicates precise 

control over the coating process, with the standard error margins underscoring the technique's 

reliability. 
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Figure 2-19 (a) 3D optical surface profile image of a sample with 30 printed layers of CD-C3N4; 

(b) mean layer thickness in the function of layer numbers; (c) mean layer thickness of an 

identical sample before and after a batch experiment (error bars: standard errors). 

The coating's durability is further verified by measuring the thickness of an identical sample 

before and after conducting a batch experiment with a continuously stirred magnet bar beneath 

the substrate, as detailed in section 2.3.2.2. Figure 2-19 (c) demonstrates that the experimental 

conditions preserve the coating's thickness, confirming the high stability and strong attachment 

of the CD-C3N4 layers to the substrate. 
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2.3 Experimental protocol and analytics 

2.3.1 Photodegradation  

2.3.1.1 Chemicals 

Rhodamine B (RhB), Carbamazepine (CBZ), Sulfamethoxazole (SMX), and Bezafibrate (BZF) 

were purchased from Merck, while Rose Bengal (RB) was obtained from Sigma-Aldrich. The 

physicochemical properties of these model pollutants are detailed in Table 2-3.  

Table 2-3 Model pollutants used in this study. 

Pollutant 
Molecular 

weight 
(g mol-1) 

Structural formula pKa 

RhB 479 

 

4.2 [197] 

RB 974 

 

pKa1 = 3.93 and 
pKa2 =1.89 [198] 

CBZ 236 

 

pKa1 < 2.3 and  
pKa2 ≥ 13.9 [199] 

SMX 253 

 

pKa1 = 1.7 and 
pKa2 = 5.6 [200] 

BZF 362 

 

3.2 [201] 

Stock solutions for RhB and RB were prepared at 15 mg L-1 by dissolving the respective dye 

powders in deionized water (Milli-Q, Merck). The concentrations for CBZ, SMX, and BZF 

solutions were set at 20 µg L-1 (lab experiment) or 50 µg L-1 (sunlight experiment) achieved by 
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diluting a 10 mg L-1 mother solution in methanol by a factor of 500 with deionized water. The 

pH of the solutions was not adjusted unless specified otherwise. The recorded pH values for the 

solutions were as follows: RhB at 8.3, RB at 8.1, CBZ at 7.2, SMX at 7.3, and BZF at 7.3. It is 

important to note that all chemicals used in preparing these solutions were of analytical grade. 

2.3.1.2 Batch reactor experiment 

Prior to the μPMR experiments, catalyst performance was evaluated using a batch reactor test 

to optimize parameters such as calcination temperature after inkjet-printing catalyst on the 

ceramic substrate. Furthermore, kinetic studies, a crucial aspect of the photodegradation section 

of this dissertation, were conducted in the batch reactor to determine kinetic parameters. For 

these studies, RhB served as the sole model pollutant. 

 

Figure 2-20 Illustration of the batch reactor set-up. [64] 

The experimental setup, depicted in Figure 2-20, utilized a halogen lamp (VL-115.L, Vilber 

Lourmat) emitting UV light at a wavelength of 365 nm as the light source. The prepared sample 

(ceramic membrane with catalyst coating) was submerged 3 mm below the solution's surface 

(14 mL total volume) and secured in a stainless-steel holder. Light intensity at the sample's 

location was measured at 3.5 mW cm-2 using a UV irradiation meter TM213 (Tenmars). The 
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solution temperature was kept at 23 °C by recirculating water via a Polystat CC1 (Huber).  

Prior to irradiation, the solution was magnetically stirred in the dark for 60 min, which - 

according to preliminary tests - is sufficient for the establishment of an adsorption/desorption 

equilibrium between the immersed sample and the pollutant. RhB concentration was 

periodically measured by extracting 1 mL of solution, which was then returned to maintain 

volume. The effects of varying initial RhB concentrations (3, 6, 12, 15 g m-3) and catalyst layer 

thicknesses (110 - 990 nm) on degradation were assessed. Blank tests with non-coated 

substrates under irradiation showed negligible degradation. 

2.3.1.3 Continuous-flow experiment in the μPMR 

The μPMR experiments utilized the custom-built μPMR depicted in Figure 2-1 and the 

continuous-flow system from Figure 2-3. As outlined in chapter 2.1.2, four distinct flow modes 

were employed: 

Mode 1: Mixed flow-through and surface-flow contactor mode with light; 

Mode 2: Pure surface-flow contactor with built-in oxygen distributor with light; 

Mode 3: Nanofiltration mode in a cross-flow configuration without light; 

Mode 4: Pure surface-flow contactor with light; 

Before starting, the system was flushed with the pollutant solution for an hour at a 0.5 mL min-

1 inlet flow rate and 1 bar pressure (excluding Modes 2 and 4, which did not require pressure) 

to saturate the system with the pollutant, based on preliminary equilibrium tests. After reaching 

stability, experimental conditions were precisely adjusted. A further 30-minute stabilization 

was followed by regular sampling throughout the experiment. These samples were analyzed to 

determine the concentration (analytical method introduced in 2.3.1.5), and the flow rates of 

retentate and permeate were calculated by dividing the mass of each sample by the duration of 

sampling. 

For Modes 1 and 3, samples were collected from both retentate (outlet 1) and permeate (outlet 

2) for concentration analysis. In Mode 2, the oxygen overpressure in the lower microchannel 

was set at 0.2 bar to allow oxygen diffusion through the membrane, with only upper 

microchannel (outlet 1) samples analyzed. Mode 4 also involved analysis of samples from outlet 

1 only. Steady-state conditions were confirmed via material balance monitoring (Figure C 1), 

with blank tests in Mode 4 using a metal plate instead of a coated membrane.  
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Table 2-4 Summary of experimental parameters 

Pollutant Mode 
Light 

type 

Light 

intensity 

(mW cm-2) 

Inlet flow 

rate (mL 

min-1) 

Pressure 

(bar) 

RhB 3 / / 0.5 10 

RhB 1, 2, 4 UV 0.5 ~ 1.5 0.2 ~ 0.6 0.3 ~ 0.8 

RB 1 UV 2 0.2 0.2 ~ 0.8 

CBZ, SMX, 

BZF 
1 UV 1.5 0.1 0.2 

CBZ, SMX, 

BZF 
1 Vis 0.8 0.1 0.3 

  

Table 2-4 summarizes key experimental variables (light type, intensity, flow rate, and pressure). 

To ensure reproducibility, each experiment was repeated three times, unless otherwise stated, 

with standard error representing the variation. Notably, in Mode 1, "pressure" refers to the 

overpressure in the upper microchannel relative to atmospheric pressure, with adjustments 

made to maintain a consistent split between permeate and retentate. Mode 3 operated at a 

constant 10 bar, whereas Modes 2 and 4 had no pressure adjustments. 

2.3.1.4 Real sunlight experiment 

The versatility and functionality of the system were further assessed through experiments 

conducted under actual sunlight conditions, as depicted in Figure 2-21 and Figure 2-22. 

Utilizing the catalyst N-TiO2, applied in 10 inkjet-printed layers, the system's proficiency in 

degrading the model dye pollutant RhB and the micropollutants SMX and BZF was tested. For 

simplicity and to reduce experimental complexity, a dead-end flow mode was employed. 
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Figure 2-21 Continuous-flow system for sunlight experiment. 

On the afternoon of July 9, 2020, from 16:30 to 18:20, the light intensity naturally declined 

from 90 to 78 mW cm-2 as the sunlight waned, while the system worked to degrade RhB at an 

inlet concentration of 15 mg L-1, with an inlet flow rate maintained at 0.1 mL min-1.  

This was followed by experiments on July 11 and 12, 2020, targeting the micropollutants SMX 

and BZF at 20 µg L-1 concentrations, with light intensities measured at 98 mW cm-2 and 

approximately 96 mW cm-2, respectively, during midday when the sunlight was at its peak. 

Before each experiment, a 30-minute period was allotted for the system to reach a material 

balance, after which samples were collected at 20-minute intervals. Conducted without 

replication, these tests offered preliminary but valuable insights into the photocatalytic 

capabilities of the system under real-world sunlight exposure. 
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Figure 2-22 Reactor in photodegradation experiment under sunlight. 

2.3.1.5 Analytics 

The concentrations of RhB and RB were determined using a UV-Vis Spectrophotometer (HP, 

8453) at wavelengths of 554 and 562 nm, respectively. Figure 2-23 exemplifies the spectrum 

of RhB during a batch reactor degradation experiment over a period of 360 minutes. 

The concentrations of SMX, CBZ and BZF were analyzed via LC-MS/MS. Mass spectrometric 

(MS) analysis was performed using an API 4000TM quadrupole mass spectrometer (Applied 

Biosystems/MDS Sciex Toronto) equipped with an electro spray ionization (ESI) source. 

MS/MS was conducted by using the compound optimization mode in the software Analyst V 

1.6.3. An Agilent 1100 HPLC system was used for sample separation using a LiChrospher 100 

RPC-18 EC column (5 µm, 125 x 4 mm). A gradient of acetonitrile (ACN) and 0.1 % acetic 

acid (AcOH) was used, resulting in a total run time of 30 min. The initial conditions of the 

gradient (ACN: 0.1 % AcOH) were set at 30:70, ramped to 80:20 within 9 min, held for 5 min 

and then returning to 30:70 to equilibrate the column for the next run. The ion source 

temperature was set to 400 °C, and a flow rate of 500 µL min-1 was applied. The injection 

volume for all samples was 20 µL. The retention time for SMX, CBZ and BZF was 7.2, 8.7 and 

10.3 min, respectively. 
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Figure 2-23 UV-Vis spectrum of RhB in a batch reactor over 360 min using a 990 nm thick 

TiO2 P25 coating under UV light. Inset shows the RhB color change during 360 min. 

2.3.1.6 Calculation 

In batch experiments, the degradation performance is evaluated by monitoring the degree of 

removal for the pollutant 𝑋re [%] over a specified time, t [s], using Eq. (2-5): 

𝑋re =
𝐶0−𝐶t

𝐶0
× 100                  (2-5) 

Here, 𝐶0 [g m-3] is the initial bulk concentration and 𝐶t [g m-3] is the bulk concentration at time 

t, with the assumption of uniform concentration throughout the reactor due to vigorous stirring 

(will be discussed in detail in section 3.1). 

For the continuous-flow μPMR experiment, considering the steady state of the operation, the 

material balance for the reactor can be written as: 

𝑉̇0 ∙ 𝐶0 = 𝑉̇1 ∙ 𝐶1 + 𝑉̇2 ∙ 𝐶2 + 𝑅obs−PMR               (2-6) 

where 𝑉̇0 , 𝑉̇1  and 𝑉̇2  is the volumetric flow rate [m3 s-1] of inlet, retentate and permeate, 

respectively; 𝐶0, 𝐶1 and 𝐶2 is the inlet, retentate (outlet 1) and permeate (outlet 2) concentration 

of pollutant [g m-3]. 𝑅obs−PMR  is the observed reactor-averaged reaction rate of 

photodegradation of pollutant in the μPMR [g s-1], which is calculated by transforming Eq. (2-

6) to the following: 
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𝑅obs−PMR = 𝑉̇0 ∙ 𝐶0 − 𝑉̇1 ∙ 𝐶1 − 𝑉̇2 ∙ 𝐶2                  (2-7) 

The μPMR's photodegradation performance is assessed using the degree of removal 𝑋re [%], 

as with batch experiments, defined by Eq. (2-8): 

𝑋re =
𝑉̇0∙𝐶0−𝑉̇1∙𝐶1−𝑉̇2∙𝐶2

𝑉̇0∙𝐶0
× 100                                     (2-8) 

For Modes 2 and 4, and in blank tests where only outlet 1 is active, the term 𝑉̇2 ∙ 𝐶2 in Eq. (2-

8) vanishes. For Mode 3, only permeate flow from outlet 2 was active, and hence term 𝑉̇1 ∙ 𝐶1 

in Eq. (2-8) vanishes, and the degree of removal denotes the membrane rejection 𝛼mem [%], 

which is calculated as: 

𝛼mem = 𝑋re =
𝑉̇0∙𝐶0−𝑉̇2∙𝐶2

𝑉̇0∙𝐶0
× 100                              (2-9) 

To standardize the measurements and simplify calculations, concentrations initially provided 

in [mg L-1] and [μg L-1] have been standardized here to [g m-3]. Similarly, flow rates have been 

adjusted from [mL min-1] to [m3 s-1].  

2.3.2 Selective photooxidation 

2.3.2.1 Chemicals 

For the investigation of selective photooxidation, a variety of alcohols served as substrates, with 

their conversions to corresponding aldehydes being the focus. The reagents utilized are 

cataloged in Table 2-5. With the exception of specific mentions, all chemicals, purchased from 

Sigma-Aldrich, Fluka, Acros, or Alfa-Aesar, were of the highest available purity and used as 

received. 

Solutions of the alcohols and aldehydes were prepared by first creating a concentrated mother 

solution, which was then diluted to the required concentrations. The pH levels were not altered 

for these solutions. 
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Table 2-5 Alcohols and aldehydes used in this work 

Substrate 

- Alcohol 
Structural Formula 

Target 

- Aldehyde 
Structural Formula 

Benzyl alcohol 
 

Benzaldehyde 
 

4-Methylbenzyl 

alcohol  

4-Methylbenz 

aldehyde  

4-Bromobenzyl 

alcohol  

4-Bromobenz 

aldehyde  

Phenethyl 

alcohol  

Phenylacet 

aldehyde  

Cyclohexanol 
 

Cyclohexanone 
 

1-Phenylethanol 
 

Acetophenone 
 

2-Pentanol 
 

2-Pentanone 
 

1-Hexanol  Hexanal  

3-Octanol 
 

3-Octanone 
 

1-Heptanol  Heptanal  

 

2.3.2.2 Batch reactor experiment 

The catalyst coating's performance was evaluated using square substrates of 2.5 cm × 2.5 cm in 

batch experiments, considering factors such as calcination temperature, catalyst type, solvent, 

gaseous environment, layer number, and initial concentration. The experimental setup is similar 

to the one used in photodegradation, as depicted in Figure 2-20 and Figure 2-24. The light 
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source is an in-house developed xenon lamp with a 200 W power (supplier: Lifyn2) for 

illumination, standardized to a light intensity of 100 mW cm-2. The initial volume of the 

substrate solution was 15 mL. Temperature control was maintained at 23 °C through water 

recirculation. Gas flow was set at 5 mL min-1 at atmospheric pressure. Experiments were 

conducted over 4 hours, except for those assessing initial concentration variations, which 

extended to 12 hours. The specific conditions for each experiment are summarized in Table 2-6. 

 

Figure 2-24 Picture of the batch reactor setup for photooxidation of alcohols 

It is crucial to acknowledge that despite water recirculation, solvent evaporation occurred 

during the experiments, potentially due to the thermal effects from the high-power lamp on the 

solution's surface, influencing concentration measurements. To address this issue, the 

evaporation rates of the two solvents employed in this study were quantified based on three 

independent replicates. The rates were determined to be 0.538 mL h⁻¹ for CH₃CN and 0.125 

mL h⁻¹ for water, respectively. These values were subsequently used to correct the actual 

concentrations of alcohols and aldehydes over defined experimental durations using the 

following equation: 
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𝐶a𝑐𝑡 = 𝐶𝑚𝑒𝑎𝑠 ×
𝑉𝑖𝑛𝑖−𝑉𝑒𝑣𝑎

𝑉𝑖𝑛𝑖
                   (2-10) 

Here,  𝐶a𝑐𝑡  denotes the corrected concentration, 𝐶𝑚𝑒𝑎𝑠  the measured concentration, 𝑉𝑖𝑛𝑖  the 

initial solution volume (15 mL), and 𝑉𝑒𝑣𝑎 the total evaporated volume, calculated as the product 

of the evaporation rate and the experimental duration. 

Table 2-6 Experimental condition of the photooxidation experiment in the batch reactor. 

Investigated 

variable 

Calcination 

temperature 

[°C] 

Catalyst Solvent Gas 
Layer 

number 

Initial 

concentration 

[mM] 

Calcination 

temperature 

200 250 300 

350 400 
CD-C3N4 CH₃CN O2 10 0.5 

Catalyst 350 
CD-C3N4 g-

C3N4 TiO2 
CH₃CN O2 10 0.5 

Solvent 350 CD-C3N4 
CH₃CN  

H2O 
O2 10 0.5 

Gas 350 CD-C3N4 CH₃CN 

N2 

Air 

O2 

10 0.5 

Layer number 350 CD-C3N4 CH₃CN O2 10 20 30 0.5 

Initial 

concentration 
350 CD-C3N4 CH₃CN O2 30 

0.5  

5 

2.3.2.3 Continuous-flow experiment in the μPMR 

In the continuous-flow experiments conducted with the μPMR, Modes 1 and 4 were 

implemented. Specifically, Mode 1 operated in dead-end flow, akin to a membrane contactor 

mode. A comparative analysis of the two modes was conducted by recirculating the outlet fluid 

back to the feed bottle across an 8-hour duration to attain distinctively differential results. 

Benzyl alcohol (BA) was the sole substrate used in these experiments. Illumination was 

provided by the same light source as in the batch experiments, maintaining an intensity of 100 

mW cm-2. Acetonitrile (CH₃CN) served as the solvent, and the catalyst was CD-C3N4, which 

was coated for 30 layers followed by a 350 °C calcination. The starting concentration of the 

reactant was 0.5 mM, and no gas was introduced during the experiment. Concentration 

measurements were derived from feed bottle samples taken after the 8-hour duration. 

Subsequently, Mode 1 was tested again in a dead-end flow configuration without solution 

recirculation, allowing for single-run outlet monitoring over 12 hours. Samples were collected 
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for concentration analysis at the beginning and then hourly. 

2.3.2.4 Analytics 

The concentration of benzyl alcohol (BA) and benzaldehyde (BAl) was determined using a 

PerkinElmer LC 300 HPLC system equipped with a C18 column (250 mm × 4.6 mm, 5 μm 

particle size). The column temperature was maintained at 30 °C. The mobile phase consisted of 

a 70:30 volume ratio mixture of water and acetonitrile with 0.2 M phosphoric acid. The flow 

rate of the mobile phase was set at 1 mL min-1, and the injection volume for each sample was 

20 µL. Detection was performed using a UV-Vis detector at a wavelength of 210 nm. Each run 

was completed within a duration of 5 minutes. Calibration curves for BA and BAl were 

established using five standard concentrations in the range of 0.2 to 2 mM, which displayed 

excellent linearity with an R-squared value greater than 0.999. This ensured the accuracy and 

reliability of the concentration measurements obtained from the HPLC analysis. 

The concentrations of other aliphatic and aromatic alcohols (Table 2-6), along with their 

corresponding aldehydes, were determined using gas chromatography (GC) equipped with a 

flame ionization detector (FID) operating at 280 °C. The inlet temperature was controlled at 

250 °C. Helium served as the carrier gas, with hydrogen fueling the flame. The oven 

temperature program commenced at an initial temperature of 130 °C, holding for 1 minute, then 

ramping up at 5 °C min-1 to 180 °C, holding for another 2 minutes, and finally increasing the 

temperature at a rate of 30 °C min-1 to a terminal temperature of 220 °C with a 1-minute hold. 

For most substrates and their aldehydes, except for 1-Hexanol and 1-Heptanol, 1-Hexanol was 

employed as the internal standard to ensure analytical consistency. For 1-Hexanol and 1-

Heptanol analyses, 3-Octanol was utilized as the internal standard. 

2.3.2.5 Calculation 

The alcohol conversion 𝑋o [%], aldehyde selectivity 𝑆o [%], and aldehyde yield 𝑌o [%] are 

calculated as 

𝑋o =
𝐶AL0−𝐶AL1

𝐶AL0
× 100                        (2-11) 

𝑆o =
𝐶AlD1

𝐶AL0−𝐶AL1
× 100                           (2-12) 

𝑌o =
𝐶AlD1

𝐶AL0
× 100                  (2-13) 

In batch experiments, 𝐶AL0 represents the initial concentration of the substrate alcohol before 

exposure to light. 𝐶AL1  is the concentration of the substrate alcohol following a period of 
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illumination, while 𝐶AlD1  indicates the concentration of the formed aldehyde after this 

illumination period.  

In continuous-flow experiments utilizing the μPMR, 𝐶AL0 signifies the initial concentration of 

the substrate alcohol, either in the recirculation setup within the feed bottle or as the inlet 

concentration in single-pass experiments prior to light exposure. 𝐶AL1  corresponds to the 

concentration of the substrate alcohol either remaining in the feed bottle after a certain duration 

of illumination in recirculation experiments or at the outlet in single-pass experiments. 

Similarly, 𝐶AlD1  denotes the concentration of the produced aldehyde either in the feed bottle 

following the specified period of illumination in recirculation setups or at the outlet in single-

pass experiments. 

The subscript “o” is utilized to signify parameters related to photooxidation experiments, 

distinguishing them from degradation experiments, where “re” indicates removal. “Al” means 

alcohol while “AlD” means aldehyde. 
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3. Photocatalytic degradation 

of pollutant 

This chapter delves into the photocatalytic degradation of pollutants, commencing in the first 

part with a kinetic analysis conducted through both batch and μPMR experiments. The second 

part explores the μPMR's utility in enhancing RhB photodegradation, particularly focusing on 

the synergistic interplay between membrane filtration and photocatalysis. Additionally, the 

μPMR's efficacy in the photodegradation of three classic micropollutants is presented. It 

concludes with an examination of degradation under real sunlight conditions, highlighting the 

practical applicability of the system.  

3.1 Kinetic study - from batch to continuous-flow microreactor 

Kinetic studies are important for understanding the specific local conditions and processes 

governing photocatalytic pollutant degradation. The kinetic study of this work is anticipated to 

enrich our understanding of the photodegradation process across batch and continuous-flow 

reactor setups. Additionally, it seeks to highlight the μPMR system's capability in performing 

precise kinetic analyses, attributable to its operation under well-defined conditions.  

The study starts by establishing models that incorporate a light irradiation model specifically 

tailored to the catalyst coating, complemented by reaction kinetic models designed for both 

batch and continuous-flow reactor systems. In the context of the batch reactor, several reaction 

constants are determined for the intrinsic kinetic model, which are subsequently applied to the 

continuous-flow setup. The developed models are then assessed through a comparison between 

the simulated outcomes and actual experimental data for RhB degradation with TiO2 P25. It is 

important to note that within this kinetic study, only the surface-flow configuration (Mode 4) 

was employed for the continuous-flow scenario. 
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3.1.1 Modelling 

3.1.1.1 Light irradiation model 

In photocatalysis, the rate of reaction is influenced by factors beyond just the concentration of 

reactants and temperature. It is significantly affected by the number of photons striking the 

catalyst's surface per unit time and their energy. For a fixed wavelength, to isolate the impacts 

of photon flux and photon energy from those of concentration and temperature, the reaction rate 

constant 𝑘 [g g-1 s-1], can be modeled to depend on the light intensity 𝐼 [mW cm-2] as follows 

[106]:  

𝑘 = 𝑎𝐼𝑏      (3-1) 

a [g cm2b g-1 s-1 mW-b] and b [-] are constants to be determined from experiments. b is 

dimensionless whereas the unit of a depends on the value of b. In scenarios involving 

immobilized photocatalysts, the light intensity I decays along the irradiation direction y toward 

the bottom of the layer. This attenuation of light intensity can be described by the Beer-Lambert 

Law (as illustrated in Figure 3-1): 

𝐼 = 𝐼0𝑒−𝜔𝑦      (3-2) 

Here, 𝐼0 [mW cm-2] is the incident light intensity and 𝜔 [m-1] is the extinction coefficient. 𝜔 

can be determined by fitting the measured transmission 𝑇L  to the layer thickness 𝛿L  [m] 

according to the following equation: 

−ln (𝑇L) = 𝜔𝛿L           (3-3) 

 

Figure 3-1 Light penetration through the photocatalyst layer. [64] 
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The effective rate constant 𝑘̅ [g g-1 s-1] of a catalyst layer with thickness of 𝛿L is then found by 

integrating Eq. (3-1) over the layer thickness: 

  𝑘̅ =
1

𝛿L
∫ 𝑘(𝑦)

𝛿L

0
𝑑𝑦 =

1

𝛿L
∫ 𝑎𝐼0

𝑏𝑒−𝑏𝜔𝑦𝛿L

0
𝑑𝑦 =

𝑎𝐼0
𝑏

𝑏𝜔𝛿L
(1 − 𝑒−𝑏𝜔𝛿L)    (3-4) 

The parameters a and b are experimentally ascertainable by conducting tests with varying 

thicknesses of the catalyst layer 𝛿L , while maintaining constant temperature and light 

wavelength, ensuring the absence of mass transport limitations. These conditions were adhered 

to in the batch reactor experiments of this study, as will be discussed in Section 3.1.1.2. 

For the formulation of the light irradiation model pertinent to this research, several key 

assumptions were made: 

⚫ The UV lamp operates stably, with its irradiance remaining constant throughout the 

duration of the experiment. 

⚫ The light is uniformly distributed across the geometric surface of the catalyst layer, with 

the incident intensity denoted as 𝐼0. 

⚫ The catalyst layer possesses a uniform structure, ensuring consistent photocatalytic activity 

across its entirety. 

3.1.1.2 Reaction kinetics  

The concentration of the model pollutant RhB was determined through its measured absorbance, 

employing the Lambert-Beer law that establishes a relationship between absorbance and 

concentration. Any potential impact of temperature variations on the kinetic processes during 

the experiments was deemed negligible, as evidenced by the stable temperature measurements 

of the RhB solution in both reactor systems, which remained within a ±2 K range. 

The following Langmuir-Hinshelwood (LH) expression is a widely used model for describing 

heterogeneous photocatalytic reactions [61, 66]. For a monomolecular irreversible degradation 

reaction, 𝑟int [g s-1], according to Eq. (3-5), is the intrinsic reaction rate: 

𝑟int =
𝑘int𝑔cat𝐾LH𝐶

1+𝐾LH𝐶
                 (3-5)  

where 𝑘int [g g-1 s-1] is the intrinsic (catalyst-mass-related) rate constant, 𝑔cat [g] is the catalyst 

mass, 𝐾LH [m3 g-1] is the adsorption equilibrium constant of the reactant, and 𝐶 [g m-3] is the 

mass concentration of the pollutant in the liquid phase. Note that the reaction rate is always 
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positive. When applying Eq. (3-5) to the printed catalyst layers of this study, 𝑘int has to be 

replaced with 𝑘̅ from Eq. (3-4).  

As opposed to the intrinsic reaction rate, the observed rate of consumption of the pollutant in 

the batch reactor Robs-batch [g s-1] is defined in accordance with the material balance for the 

pollutant: 

𝑅obs−batch = 𝑉batch
𝑑𝐶b

𝑑𝑡
                 (3-6)  

where 𝑉batch [m3] is the constant volume of the reactant solution in the batch experiment, and 

𝑑𝐶b

𝑑𝑡
 represents the observed differential change of the bulk concentration 𝐶b [g m-3] with time t 

[s] in the reactor. Eq. (3-6) assumes that for a given time t the bulk concentration is the same 

everywhere in the reactor due to vigorous stirring.  

Assuming that concentration gradients within the catalyst layer, as well as any concentration 

difference between the bulk liquid and the catalyst layer's geometric surface, are negligible, the 

liquid phase concentration C in Eq. (3-5) equates to the bulk liquid concentration 𝐶b in Eq. (3-

6). Consequently, the observed reaction rate aligns with the intrinsic reaction rate. This premise 

enables the consolidation of Eq. (3-4), (3-5), and (3-6) into the subsequent Eq. (3-7): 

𝑑𝐶b

𝑑𝑡
= −

1

𝑉batch

𝑎𝐼0
𝑏(1−𝑒−𝑏𝜔𝛿L)

𝑏𝜔𝛿L

𝑔cat𝐾LH𝐶b

1+𝐾LH𝐶b
               (3-7)  

Estimations for the constants a, b and 𝐾LH were derived by fitting the solution of Equation (3-

7), obtained using Matlab® ODE45 solver, against the observed concentration profiles for 

various catalyst layer thicknesses and initial concentrations in the batch reactor. This fitting 

utilized a weighted least squares method for the objective function minimization, where 𝑅𝑆𝑆 =

∑ [(𝐶b.exp.𝑖 − 𝐶b.sim.𝑖)/∆𝐶b.exp.𝑖]
2

𝑖 . Here, ∆𝐶b.exp.𝑖  represents the measured standard error of 

the experimentally observed concentration 𝐶b.exp.𝑖 at time point i (calculated from 3 replicate 

measurements), and 𝐶b.sim.𝑖 denotes the simulated concentration from the model corresponding 

to the same time point. 

Before proceeding, the nonexistence of external (film) diffusion limitations was confirmed 

experimentally by incrementally increasing the stirring speed in the batch reactor until no 

further enhancement in the reaction rate was observed (detailed results can be found in section 

3.1.2). Additionally, the absence of internal (pore) diffusion limitations was validated through 

evaluation of the Weisz modulus. The generalized form of the Weisz modulus is presented in 
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Equation (3-8) [202]: 

𝛹WP = (
𝑉cat

𝐴cat.ext.
)2 𝑛+1

2

𝑟obs−batch

𝐷eff𝐶s
               (3-8) 

𝑉cat [m
3] is the volume of the catalyst layer, 𝐴cat.ext. [m

2] is the external surface area of the 

catalyst layer, n is the reaction order, 𝑟obs−batch [g s-1 m-3] is the observed reaction rate divided 

by the catalyst volume, 𝐷eff [m
2 s-1] is the effective diffusion coefficient of RhB in the catalyst 

layer, and 𝐶s [g m-3] is the mass concentration of the pollutant on the external catalyst surface. 

It has to be noted that a catalyst layer with thickness 𝛿L, accessible to the reactant only from the 

top surface, effectively functions like a flat catalyst plate of thickness 2𝛿L . This is due to 

symmetry reasons. Consequently, for the calculation of the Weisz-Prater modulus, the ratio of 

catalyst volume to external catalyst area 
𝑉cat

𝐴cat.ext.
 was substituted with 2𝛿L. 

The influence of internal diffusion on the observed reaction rate is considered negligible when 

the Weisz modulus does not exceed a specific threshold. This threshold signifies that the 

observed reaction rate diminishes by no more than 5%, compared to the conditions prevailing 

at the external surface due to concentration drops within the catalyst, attributed to finite 

diffusion rates. For a monomolecular irreversible reaction adhering to Langmuir-Hinshelwood 

(LH) kinetics, this critical value is tied to the product of 𝐾LH𝐶, essentially 𝐾LH𝐶b for batch 

reactor conditions as previously addressed [203]. Satterfield [204]  analyzed such reactions in 

the context of a flat catalyst plate, offering a correlation of effectiveness factors to the Weisz 

modulus for varying 𝐾LH𝐶 values. This relationship was utilized to establish threshold values 

for this study, noting that smaller 𝐾LH𝐶 values correspond to lower threshold values.  

Under this context, for all batch reactor experiments in this study, the most stringent threshold 

values occurred towards the end of each experiment, where concentrations were minimal. 

Calculated Weisz modulus values for varying catalyst layer thicknesses (ranging from 110 to 

990 nm) at experiment ends consistently fell below these thresholds, a detailed discussion of 

which appears in Section 3.1.2. 

Given these findings, it is clear that the kinetic data from the batch experiments are unaffected 

by pore diffusion limitations. This conclusion is particularly robust considering that, in our 

study, the reaction rate diminishes further within the catalyst layer due to light attenuation, 

which reduces the rate constant - a phenomenon not accounted for in the straightforward Weisz 

modulus estimation. As detailed in section 3.1.1, this light attenuation results in a further 

deceleration of the reaction rate deeper within the layer, whereas the rate of diffusion remains 
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constant. 

For the microreactor working under surface-flow mode (Mode 4), the material balance for the 

pollutant reads: 

d𝐶b

d𝑧
=

1

𝑉̇𝐿MR
𝑅obs−PMR                    (3-9)  

Pore diffusion's impact on the observed reaction rate 𝑅obs−PMR in the microreactor experiments 

can also be confidently ruled out. This is because the light intensity within the microreactor was 

lower than that in the batch reactor, resulting in a reduced reaction rate, while the pollutant 

concentration remained similar and the catalyst layer thickness was consistent at approximately 

990 nm. 

In the context of the microreactor experiments, the scenario for external mass transport is 

notably different due to the low flow velocities utilized. As a result, the observed reaction rate 

in the microreactor, represented by 𝑅obs−PMR in Eq. (3-9), cannot be straightforwardly linked 

to the bulk liquid concentration, 𝐶b. Instead, it necessitates determining the unknown pollutant 

concentration, 𝐶s , at the external surface of the printed catalyst layer. This determination 

involves balancing the diffusive flux to the layer's external surface with the consumption rate 

within the layer, factoring in its external surface area. The same approach was also taken, e.g., 

by Charles et al. [205]: 

𝛽m(𝐶b − 𝐶s) =
𝑘̅𝑔cat𝐾LH𝐶s

1+𝐾LH𝐶s

1

𝐴cat
=

𝛿L𝜌cat𝑘̅𝐾LH𝐶s

1+𝐾LH𝐶s
            (3-10)  

Here, 𝛽m [m s-1] is the mass transfer coefficient, 𝐴cat [m
2] is the external surface area of the 

catalyst layer and 𝜌cat [g m-3] is the density of the TiO2 P25 catalyst layer which is calculated 

in section 2.2.1. After rearranging, a quadratic equation for calculating 𝐶s is obtained: 

𝐶s
2 + (

1

𝐾LH
− 𝐶b +

𝛿L𝜌cat𝑘̅

𝛽m
) 𝐶s −

𝐶b

𝐾LH
= 0             (3-11) 

Eq. (3-11) has two analytical solutions, which read: 

𝐶
s

1

2

= −
1

2
(

1

𝐾LH
− 𝐶b +

𝛿L𝜌cat𝑘̅

𝛽m
) ± √

1

4
[

1

𝐾LH
− 𝐶b +

𝛿L𝜌cat𝑘̅

𝛽m
]2 +

𝐶b

𝐾LH
               (3-12) 

Obviously, one of the two solutions of Eq. (3-12) is negative, and hence only the positive one 

is meaningful, which reads: 
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𝐶s = −
1

2
(

1

𝐾LH
− 𝐶b +

𝛿L𝜌cat𝑘̅

𝛽m
) + √

1

4
[

1

𝐾LH
− 𝐶b +

𝛿L𝜌cat𝑘̅

𝛽m
]2 +

𝐶b

𝐾LH
               (3-13) 

Relating 𝑅obs−PMR to the surface concentration 𝐶s transforms Eq. (3-9) into the following form: 

d𝐶b

d𝑧
= −

1

𝑉̇𝐿MR

𝑘̅𝑔cat𝐾LH𝐶s

1+𝐾LH𝐶s
                (3-14)  

Substituting 𝐶s from Eq. (3-13) into Eq. (3-14) eliminates the unknown surface concentration 

by relating it to the bulk concentration 𝐶b  and the mass transfer coefficient 𝛽m . The mass 

transfer coefficient 𝛽m can be calculated from an established empirical correlation for laminar 

flow in microchannels using the Sherwood number Sh, Reynolds number Re and Schmidt 

number Sc [206]: 

𝑆ℎ =
𝛽m𝑑ℎ

𝐷RhB
= 7.54 (1 + 0.095

𝑑h

𝐿MR
𝑅𝑒𝑆𝑐)

0.45

           (3-15) 

𝑅𝑒 =
𝑢𝑑ℎ

𝜈
                (3-16)  

𝑆𝑐 =
𝜈

𝐷RhB
                (3-17) 

where 𝑑ℎ [m] is the hydraulic diameter of the channel, 𝐷RhB [m2 s-1] is the binary diffusivity of 

the pollutant RhB in water, 𝜈 [m2 s-1] is the kinematic viscosity of water and 𝑢̅ [m s-1] is the 

mean flow velocity in the channel.  

Based on these equations (3-15) to (3-17), and the data given in Table 3-1, the mass transfer 

coefficient 𝛽m can be calculated. For flow rates of 0.05, 0.1 and 0.2 ml min-1 employed in this 

study, 𝛽m is calculated to be 6.61×10-6, 7.40×10-6, 8.72×10-6 m s-1, respectively. This finally 

allows to solve Eq. (14) with the Matlab® routine ODE45 to obtain the concentration profile 

of the pollutant along the microchannel.  
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Table 3-1 Parameters used for calculation of 𝛽m. [64] 

Density of water ρ 9.98×105 g m-3 

Viscosity of water μ 1.00 g s-1 m-1 

Volumetric flow rate 𝑉̇ 

8.33×10-10 

1.66×10-9 

3.33×10-9 

m3 s-1 

Cross-sectional area of the channel Ar 1.50×10-6 m2 

Microchannel height H 3.00×10-4 m 

Perimeter of the channel PC 1.06×10-2 m 

Hydrodynamic diameter dh=4A/Pc 5.66×10-4 m 

3.1.2 Assessment of the reaction kinetics 

3.1.2.1 Analysis of possible mass transport limitations 

The impact of external mass transport on the batch reactor experiments was checked by varying 

the stirring speed, as aforementioned in Section 3.1.1. Figure 3-2 illustrates that elevating the 

stirring speed from 200 to 400 rpm did not alter the rate of degradation over time. This 

observation suggests that, at the standard stirring speed of 200 rpm employed in this study, film 

diffusion limitation can be excluded. 
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Figure 3-2 Degradation of RhB with different coating at 200 and 400 rpm stirring speed (initial 

concentration: 15 g m-3; symbols: mean values of 3 replicates; error bars: standard error of the 

mean). [64] 

To assess the potential influence of pore diffusion limitations on the reaction, the Weisz-Prater 

criterion, as outlined in Eq. (3-8) from Section  3.1.1.2, was applied. The effective diffusivity, 

𝐷eff, was estimated using the equation: 

      𝐷eff =
𝜀𝐷RhB

𝜏
                (3-18) 

where 𝐷RhB represents the diffusion coefficient of the pollutant RhB in water, 𝜀 is the porosity 

and 𝜏 is the tortuosity factor. The porosity value of 0.69, derived from the catalyst layer's 

characterization, along with a tortuosity factor 𝜏  of 3 and 𝐷RhB  = 4.2710-10 m2 s-1 from 

literature [207, 208], were utilized for this evaluation. The Weisz modulus for different catalyst 

layer thicknesses towards the end of the experiments was calculated, where the lowest 

concentration and limiting values are expected, as per the methodology detailed in Section 

3.1.1.2 and presented in Table 3-2. The limiting values for various 𝐾LH𝐶  values were 

determined following Satterfield's analysis [203, 204], adopting a 𝐾LH of 0.14 m3 g-1 derived 

from curve fitting as will be described in Section 3.1.2.2. The observed reaction rates needed 

for calculating the Weisz modulus 𝛹WP were determined from the degradation curves obtained 

through experimental data fitting, as depicted in Figure 3-4. 
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Table 3-2 Calculated Weisz modulus and limiting values for different layer thickness at the 

end of each experiment. [64] 

Thickness (nm) Limiting value 𝛹WP 

110 0.40 0.002 

330 0.34 0.021 

550 0.31 0.056 

770 0.28 0.103 

990 0.25 0.153 

It can be seen that all the values of 𝛹WP are lower than their corresponding limiting values. 

This indicates that internal mass transport limitations can be neglected. 

3.1.2.2 Determination of the kinetic parameters 

First, to determine the extinction coefficient 𝜔 in Eq. (3-3), the measured transmission 𝑇L for 

different layer thickness was used, as shown in Figure 3-3. By employing a linear least square 

fitting, a value of 4.38106 m-1 was obtained for 𝜔.  

 

Figure 3-3 Experimental data and fitting of measured transmission 𝑇L and –ln(𝑇L) versus layer 

thickness for determining the extinction coefficient 𝜔. [64] 
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Figure 3-4 Degradation with (a) 9-layer coating (990 nm thickness) at different initial 

concentrations; (b) coatings of different thickness (symbols: mean values of measured data of 

n≥3 replicates; error bars: standard error of the mean; lines: fitting). [64] 

Figure 3-4 presents experimental data depicting the degradation performance of a 9-layer 

coating (δL = 990 nm) across initial concentrations ranging from 3 to 15 g m-3, and for coatings 

of various thicknesses at a fixed initial concentration of 15 g m-3. A non-linear fitting approach, 

in line with Eq. (3-7), was employed to derive the kinetic parameters based on these 9 data sets, 
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which encompass different layer thicknesses and initial concentration levels. This 

comprehensive analysis aimed to simultaneously estimate the kinetic parameters a, b, and 𝐾LH 

for all variations depicted in Figure 3-4. Although the model slightly underpredicts reaction 

rates at higher layer thicknesses and initial concentrations, the overall fit is deemed acceptable, 

particularly when considering the confidence intervals and correlation coefficients associated 

with the parameter estimates. 

The model's fitting to the experimental data is illustrated in Figure 3-4, with kinetic parameters 

and their confidence intervals at a 95% confidence level detailed in Table 3-3. Analysis of the 

correlation matrix (Table 3-4) and the joint confidence region plots (Figure 3-5) for parameter 

pairs (a and b, as well as 𝐾LH and b) indicates a moderate correlation between these parameter 

pairs. However, a notable negative correlation exists between 𝐾LH and a, which can be traced 

back to the dependency of the reaction rate on those two parameters. Note that combining Eq. 

(3-4) and (3-5) yields: 

𝑟 =
𝑎𝐼0

𝑏(1−𝑒−𝑏𝜔𝛿L)

𝑏𝜔𝛿L

𝑔cat𝐾LH𝐶

1+𝐾LH𝐶
                (3-19) 

where 𝑎 and 𝐾LH appear in the numerator as a product, and, 

𝑟~
𝑎𝐾LH𝐶

1+𝐾LH𝐶
                              (3-20) 

Hence, for small values of 𝐶, the denominator approaches unity and 𝑟 is both proportional to 𝑎 

and 𝐾LH. This means that only the product 𝑎 ∙ 𝐾LH is well defined, but not the individual values 

of 𝑎 and 𝐾LH. Fortunately, for higher concentrations, the denominator significantly differs from 

unity, and this in the end still allows the estimation of both 𝑎 and 𝐾LH with acceptable precision, 

as signified by the confidence intervals reported in Table 3-3. 

Table 3-3 Kinetic parameter estimates determined from a non-linear fitting to the 

experimental data. [64] 

 Value 
Confidence interval at 

confidence level of 0.95 

a [g cm0.86 g-1 s-1 mW-0.43] 4.01  10-5 7.09  10-7 

b [-] 0.43 0.013 

𝑲𝐋𝐇 [m3 g-1] 0.14 0.005 
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Table 3-4 Correlation matrix of the determined kinetic parameter estimates. [64] 

 a b  𝑲𝐋𝐇  

a  1.00 -0.48 -0.98 

b  0 1.00 0.51 

𝑲𝐋𝐇  0 0 1.00 

The adsorption equilibrium constant 𝐾LH was determined to be 0.14 m3 g-1. A large number of 

studies from literature describe the photocatalytic degradation with a pseudo first-order kinetic 

model assuming that 𝐾LH𝐶 << 1 [61, 121, 163]. However, for the present study, the term 𝐾LH𝐶 

is close to or even larger than 1, which obviously cannot be neglected.  

 

Figure 3-5 Ellipse plot showing the pairwise joint confidence regions of parameter estimates a, 

b and 𝐾LH (units not shown). [64] 
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3.1.2.3 Kinetic performance in the microreactor under surface-flow 

The kinetic model established from the batch experiments was applied to evaluate the 

continuous-flow μPMR experiments conducted in surface-flow (Mode 4). To determine the 

pollutant RhB's conversion rate 𝑋re  [%], Equation (2-8), detailed in Section 2.3.1.6, was 

utilized. Within the context of surface-flow mode, where there is a single inlet and outlet leading 

to 𝑉̇0 = 𝑉̇1, the degree of removal, namely, conversion 𝑋re is determined as outlined in Eq. (3-

21): 

𝑋re =
𝑉̇0∙𝐶0−𝑉̇1∙𝐶1

𝑉̇0∙𝐶0
× 100 =

𝐶0−𝐶1

𝐶0
× 100                    (3-21) 

Here, 𝐶0 is the inlet concentration and 𝐶1 is the measured outlet concentration.  

Figure 3-6 showcases the variation in outlet concentration over time for three different sets of 

operational conditions. As demonstrated in Figure 3-6 (a), keeping flow rate (0.05 mL min⁻¹) 

and light intensity (1.5 mW cm-2) constant, a higher conversion was achieved at lower initial 

concentrations of 3 g m-3 as compared to that of 15 g m-3. The system requires an initial 

stabilization period of approximately 220 min after illumination onset to reach steady-state 

operation (defined as outlet concentration fluctuations within ±5% over three consecutive 30-

minute samples). This corresponds to a cumulative volume displacement of 11 mL (calculated 

as flow rate × stabilization time). Figure 3-6 (b) highlights the system’s operational stability at 

0.2 mL min⁻¹, showing a sustained plateau in outlet concentration for over 3 hours following a 

shorter stabilization period of 30 minutes after illumination was on, corresponding to a 

cumulative volume displacement of 6 mL 
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Figure 3-6 An exemplary display of the outlet concentration in the microreactor for 3 different 

data series (filled symbols represent the points used for data evaluation where steady-state can 

be assumed) with 2 volumetric flow rate: (a) 0.05 mL min-1; (b) 0.2 mL min-1. [64] 

Table 3-5 systematically summarizes the effects of varying operational parameters (e.g., flow 

rate, light intensity, initial concentration) on degradation performance. All reported data were 

collected during steady-state operation, with sampling initiated only after meeting the 

stabilization criterion: three consecutive outlet concentration measurements (taken at 30-minute 
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intervals) deviating by ≤5%. 

Table 3-5 Degree of removal in the microreactor by varying the light intensity I0 (mW cm-2), 

inlet concentration C0 (g m-3) and flow rate 𝑉̇ (mL min-1). [64] 

 

C0 = 15 C0 = 3 

I0 = 0.5 I0 = 1.5 I0 = 0.5 I0 = 1.5 

𝑽̇ = 0.05 34 47 60 71 

𝑽̇ = 0.1 21 32 40 53 

𝑽̇ = 0.2 12 20 23 35 

Section 3.1.1.2 clarified that internal diffusion limitation was not a factor for the microreactor 

experiments, as determined by the assessment of the Weisz modulus. However, external mass 

transport was explicitly accounted for in the model equations (3-13) to (3-17), enabling accurate 

simulation of degradation in the microreactor.  

Figure 3-7 (a) illustrates the simulated profiles of the bulk concentration 𝐶b and the 

concentration at the external surface of the catalyst layer 𝐶s for a representative experiment. 

The results reveal a moderate effect of external mass transport, with 𝐶s approximately 10% 

lower than 𝐶b at the inlet and up to 12% lower at the outlet. As described by Eq. (3-20), the 

reaction rate 𝑟 is directly governed by the local surface concentration. Accordingly, this 10–12% 

difference between 𝐶b and 𝐶s translates to a comparable deviation in the local reaction rate, 

underscoring the non-negligible role of external mass transport under the studied conditions. 

A comparison of predicted conversions against experimental outcomes, presented in a parity 

plot (Figure 3-7 (b), shows all data points within a ±20% margin. This level of agreement is 

generally regarded as satisfactory in complex catalytic reactor studies and indicates that the 

model reliably captures the key kinetics and transport phenomena.  
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Figure 3-7 (a) Illustration of the bulk concentration Cb and concentration at the external surface 

of the catalyst layer Cs along the microchannel (experimental condition: C0 = 15 g m-3, I0 = 0.5 

mW cm-2, 𝑉̇ = 0.1 mL min-1); (b) comparison of the simulation and experimental results in a 

parity plot for the microreactor experiment. 

3.1.3 Discussion 

This section presents a kinetic analysis of RhB degradation, employing a Langmuir-

Hinshelwood kinetic model that accounts for light attenuation within the catalyst layer. The 

model effectively describes the batch reactor experimental data, establishing parameter 
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estimates for kinetic constants while ruling out external and internal mass transport limitations. 

The obtained estimates therefore characterize the intrinsic chemical kinetics. Validating this 

kinetic model using the continuous-flow μPMR in surface-flow mode showed a strong 

agreement between simulated and experimental data, affirming that reaction kinetics remain 

consistent across different reactor setups when the analysis is meticulously conducted.  

This work offers a robust framework for kinetic studies in photocatalytic degradation, using 

RhB as a representative pollutant. While the study focuses on a single pollutant in water, 

applying this approach to other pollutants or complex mixtures may introduce additional 

complexities in mass transport and reaction kinetics modeling. Nonetheless, with careful 

modeling that encompasses all critical effects and experiments conducted under well-defined 

conditions, the insights gained here should be applicable to other systems, facilitating their 

scale-up and broader application. 
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3.2 Study on process enhancement in μPMR and practical 

application 

This section showcases the capabilities of the μPMR, designed to operate under well-defined 

conditions. The focus is on delving into the exploration of the μPMR's versatility by 

transitioning from batch and surface-flow modes of last Section 3.1, to a broader range of flow 

modes, with a primary emphasis on studying the process enhancement. This involves a detailed 

investigation into the effects of mass transport and the synergistic interaction between 

membrane filtration and photocatalysis on the photodegradation process. Additionally, the role 

of light intensity in boosting photodegradation is examined using the established light model. 

Rhodamine B (RhB) and Rose Bengal (RB) serve as model pollutants for these studies.  

To demonstrate the μPMR's practicality, its application to the photodegradation of several 

micropollutants, including Carbamazepine (CBZ), Sulfamethoxazole (SMX), and Bezafibrate 

(BZF) is extended using selected flow modes. Lastly, an examination of degradation under real 

sunlight conditions is presented, highlighting the practical applicability of the system. 

3.2.1 Flow mode comparison 

The study of RhB photodegradation across four specific flow modes showed varying 

efficiencies, as detailed in Figure 3-8. This illustration shows the percentage of RhB removed 

over 150 minutes. All modes achieved a steady state, as corroborated by a consistent material 

balance established by monitoring the mass flow of the inlet, permeate, and retentate (Figure C 

1), which is prerequisite for the following studies.  
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Figure 3-8 Removal of RhB under different flow modes. For Mode 1, 2 and 4, 𝑋re denotes the 

photodegradation. For Mode 3, 𝑋re denotes the membrane rejection. Experimental conditions: 

inlet concentration: 15 mg L-1; inlet flow rate for all flow modes and blank: 0.2 mL min-1; UV 

light intensity (Mode 1, 2 ,4 and blank): 1 mW cm-2; split between permeate and retentate 

volume flow rate for Mode 1 was 2:1 under transmembrane pressure of 0.5 ± 0.1 bar; 

transmembrane pressure for Mode 3: 10 bar; blank tests were conducted under Mode 4 using a 

metal plate instead of a coated membrane. Error bars: standard error of the mean. [50] 

Photolysis-induced degradation was shown to be minimal, as evidenced by a blank test. The 

mixed flow-through mode (Mode 1) achieved the highest removal, reaching approximately 

30%, with the oxygen distributor mode (Mode 2) close behind at about 18%. In comparison, 

both nanofiltration (Mode 3) and pure surface-flow (Mode 4) showed nearly the same degree 

of removal, ranging between 13-15%. Note that in Mode 3 the pollutants are not degraded (as 

light was not on) but only concentrated in the retentate which has to be subsequently treated. 
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Figure 3-9 Membrane permeance for RhB aqueous solution under Mode 1 and 3. [50] 

Mode 1 outperformed nanofiltration by the pristine ceramic membrane (Mode 3), suggesting 

that the integration of photocatalysis with nanofiltration can significantly boost the 

effectiveness of pollutant removal performance. This finding is further evaluated in the 

subsequent sections. 

The enhanced performance of Mode 1 becomes even more evident when considering the 

increase in membrane permeation flux at constant differential pressure, as shown in Figure 3-9. 

Contrary to expectations that adding an additional layer to the membrane would decrease its 

permeance, an increase was observed instead. The formation of larger cracks on the membrane 

surface, which could have occurred during the application of the photocatalyst layer, was ruled 

out through extensive characterizations (see Appendix Section D). The increase of permeance 

may be attributed to the improved wettability of the membrane surface, as a result of the 

hydrophilic and porous nature of the TiO2 coating [209], or to a decrease in nanofiltration layer 

blockage due to pollutant degradation, or potentially a combination of these factors. As 

demonstrated in Figure 3-9, the hydrophilicity of TiO2 is enhanced under UV illumination, 

which in turn increases the membrane's surface wettability and water permeance, as 

corroborated by multiple studies [210-212]. Nonetheless, a definitive explanation for the 
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observed increase in water permeance with photocatalytically active TiO2 coating under light 

exposure remains elusive, indicating the need for further investigations. 

Mode 2, where oxygen gas was introduced directly via the membrane to the bottom of the 

catalyst layer along the microchannel, and Mode 4, where the oxygen and water were co-fed to 

the inlet, had an extent of removal of around 20% and 15%, respectively. However, the slight 

advantage of Mode 2 can be explained by an enriched local oxygen concentration near the 

catalyst's active sites. Oxygen acts as an electron scavenger to enhance the generation of 

powerful oxidizing species, such as hydroxyl radicals, as reported elsewhere [25]. 

3.2.2 Process intensification – evaluation of mass transport, synergistic effect of 

filtration and degradation, and light intensity 

3.2.2.1 Evaluation of mass transport 

This section delves deeper into the characteristics of the µPMR in the preferred Mode 1, 

focusing on identifying performance-limiting factors. The impacts of inlet flow rate and 

transmembrane pressure on the observed reaction rate were investigated while keeping all other 

operational parameters constant. Figure 3-10 (a) displays the observed reaction rate, 𝑅obs−PMR, 

as a function of the inlet flow rate at constant permeate flow rate. Figure 3-10 (b) illustrates the 

observed reaction rate and the degree of removal as functions of the transmembrane pressure at 

the constant inlet flow rate. Notably, higher transmembrane pressure correlates with increased 

permeate flow, as shown in Figure 3-11. This indicates that the transmembrane flux is crucial 

for high performance, whereas the inlet flow rate is less influential. Surface-flow mode is shown 

to be less effective than through-flow mode because pollutants must diffuse from the center of 

the microchannel to the external surface of the catalyst layer in surface-flow, while convective 

flow in through-flow mode significantly enhances pollutant supply to the photocatalyst.  
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Figure 3-10 Degradation of RhB by varying the inlet flow rate and transmembrane pressure: (a) 

observed reaction rate of photodegradation at 3 different volumetric feed flow rates; (b) degree 

of removal and observed reaction rate by photodegradation at 3 different transmembrane 

pressures. Experimental conditions: membrane type: Membrane 2; inlet concentration: 15 mg 

L-1; UV light intensity: 1 mW cm-2; transmembrane pressure for inlet flow variation 

experiments was 0.5 ± 0.1 bar to maintain the permeate flow at 0.13 mL min-1; inlet flow rate 

for transmembrane pressure variation experiments: 0.4 mL min-1; Error bars: standard error of 

the mean. [50] 
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The slight increase in the observed reaction rate with higher inlet flow rates is attributed to 

reduced pollutant depletion in the liquid traveling along the catalyst layer's external surface or 

to faster external mass transport from the bulk flow in the microchannel to the catalyst layer, or 

a combination of both. Doubling the inlet flow rate resulted in a 7% increase in reaction rate, 

and tripling it led to only a 9% increase, suggesting a nearing limit, likely due to the negligible 

decrease in pollutant concentration from inlet to outlet (retentate). A further increase in the inlet 

flow rate thus appears ineffective in enhancing the reaction rate. This interpretation is supported 

by adequate mass transfer at the lowest tested inlet flow rate of 0.4 mL min-1, corroborated by 

pollutant concentration measurements in the retentate across different flow rates, as 

documented in Figure 3-12. This inlet flow rate was used for the following experiment.  

Experiments with transmembrane pressures rising from 0.3 to 0.8 bar, conducted at an inlet 

flow rate of 0.4 mL min-1, revealed a linear increase in transmembrane flux with pressure. 

Unlike in Figure 3-10 (a), the nonlinear response of the observed reaction rate and degree of 

removal suggest that higher transmembrane pressures could significantly boost reactor 

performance. The enhanced degree of removal is explained by a greater fraction of inlet flow 

passing through the catalyst-coated membrane, facilitating photodegradation. Convective 

transport is more effective than molecular diffusion alone, enhancing both the reaction rate and 

pollutant removal. With further increases in transmembrane flow, the reaction rate is expected 

to reach an upper limit once the change in pollutant concentration across the catalyst layer is 

minimal unless pollutant accumulation due to preferential permeation of water ("concentration 

polarization") continues to raise the degradation rate.  
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Figure 3-11 (a) Permeate flow rate versus time for various transmembrane pressures; (b) 

average permeate flow versus transmembrane pressure with a linear fit. [50] 
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Figure 3-12 Relative retentate concentration versus time. [50] 

Conversely, the degree of removal is anticipated to peak and then decline, influenced by the 

kinetics of photodegradation, as it relates the degraded pollutant amount to the inlet flow-

supplied pollutant, given the finite reaction rate for a set catalyst mass. The borderline case 

would be to close the retentate outlet completely and operate the system in dead-end mode 

(Figure 3-13). In this case, the maximum of the degree of removal is expected to shift to a rather 

small value of the transmembrane flux where the convective transport would deliver a sufficient 

amount of pollutant to the catalyst in order to overcome mass transport limitation. 
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Figure 3-13 Decolorization of RhB under cross-flow (Mode 1) and dead-end flow. 

Experimental conditions: inlet flow rate: 0.2 mL min-1; light intensity: UV light, 2 mW cm-2; 

split between permeate and retentate volume flow rate for cross-flow: ca. 2:1 (Mode 1). [50] 

3.2.2.2 Evaluation of synergistic effect of filtration and degradation 

There is a hypothesis suggesting that filtration-induced concentration polarization could 

enhance the local reaction rate, given that the reaction rate is also concentration-dependent as 

outlined in Section 3.1.1. This potential synergistic effect between nanofiltration and 

photodegradation warrants further exploration.  

Due to the experimental challenges associated with directly measuring pollutant concentrations 

above the catalyst-coated membrane surface, an indirect method was utilized to investigate this 

phenomenon. Specifically, ceramic NF membranes with varying MWCO values, which exhibit 

different pollutant rejection rates 𝛼mem  (Eq. (2-9)), were coated with a photocatalyst and 

subjected to experimental testing. For this study, Rose Bengal (RB) was selected as the model 

pollutant because its higher molecular weight leads to more significant and MWCO-sensitive 

rejection by NF membranes. Consequently, a more pronounced concentration polarization 

effect is expected.  

Figure 3-14 shows a notable increase in the rejection rate 𝛼mem for coated membranes as the 

MWCO of the membranes decreases from 750 Da to 250 Da, jumping from 58% to 86%. This 
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observation aligns with the nearly identical rejection rates seen with pristine membranes, as 

outlined in Table 3-6. Importantly, a direct relationship between the degree of removal 𝑋re and 

the membrane's rejection rate 𝛼mem was identified, as 𝑋re increased from 61% to 76%. This 

relationship highlights that as the membrane increasingly rejects the pollutant, concentration 

polarization at the membrane surface becomes more pronounced, potentially boosting the rate 

of photodegradation occurring near or within the catalyst-coated membrane layer due to the 

increased local concentration. This observation supports the hypothesis that concentration 

polarization can significantly enhance the overall photodegradation efficiency. 

 

Figure 3-14 Correlation between the rejection 𝛼mem  with catalyst-coated NF membranes 

(under Mode 3) and the degree of removal 𝑋re of RB (under Mode 1). Experimental conditions: 

inlet concentration: 15 mg L-1; inlet flow rate: 0.2 mL min-1; light intensity: 2 mW cm-2; 

permeate flow was kept at 0.1 mL min-1 for both Mode 1 and 3; each test was conducted first 

through a NF rejection test without light, followed by a photo-degradation test under UV light, 

while keeping the membrane unchanged. Error bars: standard error of the mean. [50] 
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Table 3-6 Rejection 𝛼mem (%) of RB by 3 NF membranes before and after coating TiO2. 

Error: standard error of the mean. [50] 

 
Membrane 1 

(MWCO 200 Da) 

Membrane 2 

(MWCO 450 Da) 

Membrane 3 

(MWCO 750 Da) 

Pristine 88.3 ± 6.5 75.1 ± 4.8 63.2 ± 3.3 

Coated 86.0 ± 3.1 74.4 ± 1.8 58.2 ± 6.5 

Considering the involvement of three different membrane types in this study, it is important to 

consider the potential charge repulsion effect. This factor could also contribute to the observed 

variation in both membrane rejection and degree of removal of RB by photodegradation. Zeta-

potential measurements indicated near-identical values of -60 mV for both pristine and catalyst-

coated surfaces of Membrane 2 at the experimental pH of 8.1, as seen in Figure 3-15. Given 

that Membranes 1 and 3 were fabricated using the same materials and processes as Membrane 

2 (detailed by the manufacturer, Inopor), and that all three membranes were coated with the 

same TiO2 P25 catalyst, it is expected that the type of membrane or coated catalyst doesn't 

contribute to differences in charge effects. Notably, with RB's pKa values of 3.93 and 1.89 

[198], the negatively charged membranes and coatings are expected to enhance the rejection of 

negatively charged RB at the experimental pH due to the charge repulsion effect.  

Given that the inlet and permeate flow rates were maintained at 0.2 and 0.1 mL min-1 

respectively for all experiments, it can be assumed that comparable flow conditions existed. 

Furthermore, with light intensity and the catalyst layer being consistent across tests, the core 

conditions driving the intrinsic reactions remained unchanged. These factors collectively 

strengthen the hypothesis that polarization-induced reaction enhancement plays a significant 

role. Deba et al. have recently developed a one-dimensional model to forecast the overall 

photocatalytic removal of MB in a dead-end flow mode [28]. This model, integrating membrane 

retention with reaction kinetics, suggested that retention can markedly boost MB removal, 

especially in slower reactions. While these simulation results require further empirical 

validation, they align with and reinforce our hypothesis. 
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Figure 3-15 Surface charge (zeta-potential) of pristine and catalyst-coated membranes 

(Membrane 2, MWCO 450 Da) in 1 mM KCl solution, pH adjusted with 0.05 M HCl and 0.05 

M NaOH. [50] 

3.2.2.3 Evaluation of light intensity 

In addition to potential mass transport limitations, the observed reaction rate is also influenced 

by the incident light intensity, catalyst layer thickness, and mass of catalyst. In this work, the 

impact of light intensity was investigated particularly. As depicted in Figure 3-16, 𝑋re increased 

from 12 to 18% as the light intensity went from 0.5 to 1.5 mW cm-2.  

It is worth noting that the observed reaction rate, 𝑅obs−PMR, didn’t exhibit a linear relationship 

with light intensity. This phenomenon can be explained using the light irradiation model as 

given in Section 3.1.1, which describes the effective reaction rate constant 𝑘 being dependent 

on the light intensity 𝐼 (mW cm-2) as per Eq. (3-1). The effective rate constant, 𝑘̅, for a catalyst 

layer of thickness 𝛿L is represented by Eq. (3-4). 
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Figure 3-16 Degree of removal and observed reaction rate of RhB degradation by varying the 

UV light intensity. Experimental conditions: membrane type: Membrane 2; inlet concentration: 

15 mg L-1; transmembrane pressure was 0.5 ± 0.1 bar to maintain the permeate flow at 0.13 mL 

min-1; inlet flow rate: 0.4 mL min-1; Error bars: standard error of the mean. [50] 

As discussed earlier, the reaction adheres to Langmuir-Hinshelwood kinetics. Therefore, when 

the incident light intensity is the sole variable, changes in the observed reaction rate, 𝑅obs−PMR, 

are assumed to be solely driven by alterations in the intrinsic reaction rate, which is linearly 

related to 𝑘̅. Specifically, 𝑘̅ is affected only by the term 𝐼0
𝑏 when 𝐼0 is the only variable in this 

case (see Eq. (3-4)). As 𝐼0 increases from 0.5 to 1 mW cm-2 and from 1 to 1.5 mW cm-2, 𝑘̅ as 

well as 𝑅obs−PMR are calculated to rise by 34.7% and 19% according to Eq. (3-4), respectively. 

These calculations align very well with the experimental values of 31% and 18% for 𝑅obs−PMR, 

respectively.  

The experimental observations and theoretical analyses uniformly indicate that enhancing the 

incident light intensity favorably affects the observed reaction rate. This outcome corroborates 

the foundational principles of our light irradiation model and underscores the pivotal influence 

of light intensity on photocatalytic reactions. 

3.2.3 Photodegradation of micropollutants 

To demonstrate the μPMR's practicality, its application was extended to the photodegradation 
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of several micropollutants, including CBZ, SMX and BZF, using selected Mode 1, under UV 

and visible light. Steady-state conditions were maintained in each experiment, as confirmed by 

consistent mass flow over time (Figure C 2).  

Figure 3-17 illustrates the degree of photocatalytic removal of these pollutants under both light 

sources, with blank tests indicating negligible photolysis-induced degradation. As depicted in 

Figure 3-17 (a), under UV light, BZF showed the highest degree of removal, approximately 

80%, followed by SMX at about 70%, and CBZ at roughly 50%. Preliminary tests in a batch 

reactor indicated that under visible light, N-TiO2 outperformed P25 in decolorization of RhB 

(data not shown). In the µPMR, degradation for CBZ, SMX, and BZF under visible light were 

significantly lower than those under UV light, with CBZ seeing around 10% removal, and SMX 

and BZF around 30%, all more slowly than under UV light. This variation is attributed to 

differences in the generation of oxidizing species between N-TiO2 under visible light and P25 

under UV light, influenced by their different band gaps and the reactive species' oxidizing 

power.  

For both lighting conditions, SMX and BZF showed higher degradation rates than CBZ. This 

could be related to their charge properties, chemical stability, degradation pathways, and 

adsorption behavior on the catalyst. Filtration tests with catalyst-coated NF membranes showed 

that SMX and BZF had about 45% rejection, significantly higher than CBZ's 4% (Table 3-7). 

This difference is due to their molecular weights and charge properties. CBZ is neutral at pH 

7.2, while SMX and BZF are negatively charged at pH 7.3 (see Table 2-3). Given that both the 

membrane and the coating are also negatively charged at the experimental pH, as discussed in 

Section 3.2.2.2, the negatively charged SMX and BZF are more prone to rejection by the 

membrane. Ultimately, pollutants that have higher rejection are likely to contribute to an 

enhanced overall degradation efficiency. 
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Figure 3-17 Degradation of micropollutants under Mode 1 with (a) UV light and (b) visible 

light. Experimental conditions: membrane type: Membrane 2; inlet concentration: 20 μg L-1; 

inlet flow rate: 0.1 mL min-1; light intensity: 1.5 mW cm-2 for UV light and 0.8 mW cm-2 for 

visible light; split between permeate and retentate volume flow rate was 2:1 under 

transmembrane pressure of 0.2 ± 0.1 bar and 0.3 ± 0.1 bar for UV and visible light experiment, 

respectively; blank tests were conducted under Mode 4 using a metal plate instead of a coated 

membrane. Error bars: standard error of the mean. [50] 
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Table 3-7 Rejection of CBZ, SMX and BZF by Membrane 2 under Mode 3 (nanofiltration). 

Error: standard error of the mean. [50] 

Pollutants CBZ SMX BZF 

Rejection 𝛼mem (%) 3.9 ± 0.8 43.3 ± 0.4 46.3 ± 0.9 

3.2.4 Photodegradation under real sunlight 

To further assess the capability of this system in photodegrading pollutants, a proof-of-concept 

examination was undertaken using real sunlight. The selected pollutants for this investigation 

were RhB along with two micropollutants, SMX and BZF, with N-TiO2 serving as the catalyst. 

Figure 3-18 illustrates the decolorization of RhB under sunlight, highlighting an initial rapid 

photocatalytic activity that achieves over 60% removal within the first half-hour. Following 

this burst, the efficiency plateaus, maintaining a steady state despite a slight reduction in light 

intensity from over 90 to 80 mW cm-2. 

 

Figure 3-18 Decolorization of RhB under real sunlight. Experimental conditions: flow mode: 

dead-end flow; inlet flow rate: 0.1 mL min-1; catalyst: N-TiO2 printed for 10 layers on 

Membrane 2; inlet concentration: 15 mg L-1. 
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In contrast, Figure 3-19 captures the degradation process for the micropollutants SMX and BZF 

under sunlight. The results indicate efficacious photocatalytic activity, with removal 

efficiencies reaching 61.5% for SMX and 67.3% for BZF. The experiments benefited from 

consistent sunlight intensity above 95 mW cm-2, thanks to clear weather conditions on the day 

of testing. 

 

Figure 3-19 Degradation of SMX and BZF under real sunlight. Experimental conditions: flow 

mode: dead-end flow; inlet flow rate: 0.1 mL min-1; catalyst: N-TiO2 printed for 10 layers on 

Membrane 2; light intensity: 95-100 mW cm-2; inlet concentration: 50 µg L-1. 

3.2.5 Discussion 

Building upon the kinetic study of batch and surface-flow reactors, this section leverages the 

μPMR system for a comprehensive analysis of the degradation process, emphasizing process 

intensification and covering a range of theoretical aspects. Additionally, it explores practical 

applications, including degradation studies of micropollutants at ultra-low concentrations in the 

laboratory and under real sunlight conditions. 

An initial comparison across four flow modes revealed that the mixed flow-through contactor 

mode (Mode 1) emerged as the most effective, primarily due to enhanced mass transport under 

Mode 1. A notable finding was the synergistic effect between nanofiltration and photocatalysis 

observed in Mode 1, which experimentally enhanced degradation performance. This observed 
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synergy, potentially induced by increased concentrations of pollutants locally at the membrane 

surface during filtration, serves to accelerate reaction kinetics. This intriguing effect warrants 

further investigation to fully understand its implications and optimize degradation processes. 

Studies on light intensity further confirmed that an increase in light intensity significantly 

enhances degradation rates. The trends predicted by the previously developed light model 

correspond closely with experimental observations, underscoring the model's predictive 

accuracy. 

Degradation experiments with micropollutants demonstrated the system's efficacy, suggesting 

potential for future systematic studies. The data from these experiments provide a solid 

foundation for future simulation works. 

Moreover, the investigation into real sunlight degradation confirms the system's capability to 

leverage natural sunlight effectively for the degradation of pollutants, establishing it as a 

practical tool for photodegradation studies.  
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4. Selective photooxidation of 

alcohols 

The photocatalytic aerobic oxidation of alcohols is demonstrated in this chapter. Figure 4-1 

illustrates this oxidation scheme. The catalyst was applied onto membrane substrates through 

inkjet-printing. Initial tests in a batch reactor focused on the oxidation of various benzylic and 

aliphatic alcohols to study optimal experimental conditions. Benzyl alcohol (BA) was selected 

as the model substrate for in-depth oxidation studies to benzaldehyde (BAl) in the μPMR, 

utilizing a continuous-flow setup.  

 

Figure 4-1 Scheme of photocatalytic aerobic oxidation using CD-C3N4 

4.1 Experiment in a batch reactor 

In the batch experiments, the focused was on two main areas. Initially, various experimental 

parameters were explored such as the calcination temperature of the printed CD-C3N4, type of 

catalyst, choice of solvent, introduction of gas into the reactor, number of CD-C3N4 layers 

printed, and the initial concentration of BA. Subsequently, the photooxidation efficacy across 

different substrates under the optimized conditions identified from the first part of the study 

was assessed. 
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4.1.1 Experimental condition study 

 

Figure 4-2 Photooxidation of BA in the batch reactor with variations of: (a) calcination 

temperature of the printed CD-C3N4; (b) catalyst type; (c) solvent; (d) gas introduced to the 

reactor; (e) number of layers of the printed CD-C3N4; (f) initial concentration of BA. Reaction 

conditions: see Table 2-6. Error bars: standard error of the mean.        
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The experimental conditions were systematically investigated, with key findings illustrated in 

Figure 4-2. Analysis of single parameters revealed: 

⚫ Calcination temperature of the coating 

Figure 4-2 (a) illustrates how calcination temperature influences the photooxidation capability 

of the catalyst over a range from 200 °C to 400 °C, with 350 °C emerging as the optimal one. 

Lower temperatures may fail to adequately remove organic solvents from the ink, potentially 

hinder the reaction. On the other hand, calcination influences the catalyst's crystallinity and 

surface area. Here in this experiment, higher temperatures might induce agglomeration and 

reduce surface area, thereby adversely impacting photocatalytic efficiency. Consequently, 

350 °C was selected for subsequent experiments due to its balance of these factors. 

⚫ Catalyst  

Figure 4-2 (b) evaluates different catalysts: TiO2, g-C3N4, and CD-C3N4, revealing that CD-

C3N4 is the highest in conversion, selectivity, and yield. The integration of carbon nanodots in 

CD-C3N4 likely adds more active sites that improve charge separation and transfer, thus 

boosting its photocatalytic performance over undoped g-C3N4 and TiO2. While g-C3N4 alone 

shows limited photocatalytic activity due to quick recombination of photoinduced charges, 

TiO2's lower efficacy is attributed to its wider band gap and restricted visible light absorption. 

In contrast, C3N4-based catalysts, with their narrower band gaps, more efficiently harness the 

light spectrum. Notably, without a photocatalyst or light source (blank test, data not shown), 

there was no detectable conversion. 

⚫ Solvent 

Figure 4-2 (c) demonstrates how solvent affects photocatalytic reactions, comparing acetonitrile 

(CH3CN) with water (H2O). The results show acetonitrile yields better performance than water 

in all evaluated aspects. The choice of solvent plays a critical role in photocatalysis, affecting 

reactant solubility, the catalyst's absorption spectrum, and catalyst-solvent interactions. Water, 

as a solvent in heterogeneous photocatalysis, tends to be adsorbed on the catalyst's surface and 

undergoes oxidation, producing hydroxyl radicals. This can complicate control over the 

reaction's selectivity due to water's intense oxidizing conditions and the limited solubility of 

many organic compounds. In contrast, organic solvents like acetonitrile, which resist oxidation 

by photogenerated holes, are preferred for ensuring the selectivity of photocatalytic synthesis 

without participating in the reaction, thus preventing interference with the photocatalytic 
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process [213]. 

The beneficial "shield effect" of acetonitrile, reported in literature [214-216], describes its role 

as a weak base that stabilizes reaction products through solvation, minimizing undesired side 

reactions by inhibiting proton transfer and radical species formation.  

⚫ Gas 

Figure 4-2 (d) explores the impact of various gases on photocatalytic efficacy, testing nitrogen 

(N2), air, and oxygen (O2). Oxygen's introduction markedly improves conversion, selectivity, 

and yield, a result that aligns with its critical role in aerobic oxidation reactions. By capturing 

electrons, oxygen mitigates electron-hole recombination, thus boosting the efficiency of 

photocatalytic processes. Air, albeit containing oxygen, exhibits lesser performance compared 

to pure oxygen, likely due to its diluted oxygen content. Nitrogen, an inert gas, demonstrates 

minimal effect on photocatalytic outcomes, underscoring the importance of an oxidant in 

optimizing photocatalytic activity. 

⚫ Layer number 

Figure 4-2 (e) reveals the impact of varying the number of catalyst layers on the photocatalytic 

reaction. An upward trend in conversion and yield is observed as the layer count rises from 10 

to 30, although selectivity experiences a slight decrease. This improvement in performance with 

additional layers can likely be linked to the increased presence of active sites, facilitating greater 

conversion and yield. Yet, the selectivity's reduction could indicate that extra layers may 

inadvertently foster side reactions or excessive oxidation of the target product due to the 

augmented layer thickness. Note that very thick layers may also increase the probability to 

overoxidation due to pore diffusion limitations. 

⚫ Initial concentration 

Figure 4-2 (f) displays how varying initial concentrations of BA, from 0.5 mM to 5 mM, 

influences the photocatalytic reaction. The findings indicate enhanced conversion, selectivity, 

and yield at lower BA concentrations. This enhancement could stem from the active catalyst 

sites remaining unsaturated at lower reactant levels, facilitating more efficient interactions with 

BA molecules. Conversely, at higher BA concentrations, these active sites might reach 

saturation, thereby diminishing overall performance. 
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4.1.2 Various substrates 

The application of CD-C3N4 was further expanded using the selected optimum conditions in 

the batch reactor to include a wider array of substrates, with the outcomes presented in Table 

4-1.  

Table 4-1 Photocatalytic selective oxidation of various benzylic and aliphatic alcohols with 

the printed CD-C3N4. 

Substrate Structural Formula X0 (%) S0 (%) Y0 (%) 

4-Methylbenzyl 

alcohol  
61 67 41 

4-Bromobenzyl 

alcohol  
68 52 35 

Phenethyl alcohol 
 

25 17 4 

Cyclohexanol 
 

31 33 10 

1-Phenylethanol 
 

38 38 14 

2-Pentanol 
 

29 28 8 

1-Hexanol  24 38 9 

3-Octanol 
 

21 13 3 

1-Heptanol  26 29 8 

Reaction conditions: temperature 23 °C, light intensity 100 mW cm-2, solvent 

CH₃CN, calcination temperature for the sample 350 °C, number of printed layers 

30, initial concentration 1.5 mM, O2 5 ml min-1 at 1 atm, reaction time 12 h. 
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Particularly striking is the performance exhibited by 4-Methylbenzyl alcohol, which achieved 

a conversion rate of 61%, coupled with a high selectivity of 67% and a notable yield of 41%. 

This result demonstrates the robust catalytic efficiency of CD-C3N4 when applied to substrates 

that possess an electron-donating group, such as a methyl moiety, in the para position relative 

to the hydroxyl function. The electron-donating characteristics may facilitate the photocatalytic 

process, enhancing the reactivity of the hydroxyl group and thereby improving overall 

conversion rates. 

On the other hand, cyclohexanol presents a contrasting scenario. With a modest conversion rate 

of 31%, a selectivity of 33%, and a yield limited to 10%, it becomes evident that the cyclic 

structure of this alcohol poses a significant hindrance to the photocatalytic oxidation process. 

The lack of extended conjugation, as found in benzyl alcohols, could be a factor in the reduced 

efficiency seen with cyclohexanol, highlighting the importance of molecular structure in 

influencing the photocatalytic activity. 

The results for phenethyl alcohol and various longer-chain aliphatic alcohols (e.g., 1-hexanol 

and 1-heptanol) reveal a consistent trend of decreasing catalytic performance with increasing 

alkyl chain length. Phenethyl alcohol, with a conversion and selectivity both at 38% and yield 

at 14%, indicates a moderate catalytic activity. This activity decreases progressively as the 

aliphatic chain elongates, with 1-hexanol and 1-heptanol showing reduced conversion rates of 

24% and 26%, selectivity rates of 38% and 29%, and yields of 9% and 8%, respectively. Such 

results imply that as the substrate's molecular size increases, the accessibility or interaction with 

the catalytic sites may be impeded, leading to lower photocatalytic effectiveness. 
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4.2 Photooxidation of benzyl alcohol in the μPMR 

 

Figure 4-3 Results of photooxidation of BA in μPMR: (a) comparison of two flow modes on 

the photooxidation of BA by recirculating the flow in the system; (b) 12-hour test of membrane 

contactor flow mode under dead-end flow without recirculation. Reaction conditions: see 

Section 2.3.2.3. 

Photooxidation of BA in the μPMR was also conducted. The results are shown in Figure 4-3. 

Figure 4-3 (a) illustrates a comparison between the performance of membrane-contactor mode 

(Mode 1) and surface-flow mode (Mode 4). The results underpin that the membrane-contactor 

mode achieves higher conversion than the surface-flow mode, while maintaining similar levels 
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of selectivity for both modes. This improvement in the membrane-contactor mode is attributed 

to enhanced mass transport. By allowing the reactant to flow through the catalyst layer, it 

increases the mass transfer coefficient, thereby facilitating higher conversion rates. This finding 

is also given in Chapter 3. The consistent selectivity across both modes suggests that they share 

comparable selectivity towards the desired reaction pathway, despite the variance in mass 

transport efficiency. 

Figure 4-3 (b) presents results from a 12-hour experiment utilizing the membrane-contactor 

mode for the photooxidation of BA, conducted without recirculation of the reactant. Given the 

single-run flow's shorter residence time, the conversion stabilized at approximately 8%. 

However, the selectivity observed was comparable to the results from Figure 4-3 (a),  
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4.3 Discussion 

This chapter shifts focus from the detailed exploration of photodegradation processes discussed 

earlier, introducing preliminary proof-of-concept experiments that highlight the system's 

versatility across a broader spectrum of photocatalytic reactions. These initial findings 

underscore the system's adaptability to defined operational parameters, providing a foundation 

for more targeted and systematic future studies. 

The results from these preliminary experiments reveal that factors such as the solvent used, the 

type of photocatalyst, the presence of oxygen significantly influence the selectivity and 

conversion of the reactions. The μPMR shows its advantage in mass transport when operating 

in contactor mode, as it was the case also for the photodegradation study.  

The focus on the selective oxidation of benzyl alcohols contrasts with the potentially more 

industrially relevant, yet more complex, oxidation of aliphatic or secondary alcohols. Despite 

numerous studies into photocatalytic oxidation of alcohols under visible light, achieving high 

conversion and selectivity remains a considerable challenge, particularly for aliphatic alcohols. 

The quest for photocatalysts that efficiently harness solar energy while managing charge 

carriers and oxidative species with precision underscores the ongoing need for innovation in 

this field. 

Moreover, transitioning these processes from batch to continuous-flow operations to enhance 

yields presents its own set of challenges, necessitating further in-depth exploration to unlock 

the potential of photocatalytic reactions for industrial applications. 
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5. Summary and conclusions 

This dissertation presents the development and application of a microstructured photocatalytic 

membrane reactor (μPMR) for addressing two significant environmental challenges: the 

photodegradation of pollutants in water and the selective photooxidation of alcohols. The 

μPMR design integrates advanced photocatalysis with membrane technology, offering a novel 

approach to enhance reaction efficiencies under well-defined operational conditions. 

The μPMR was designed with a dual microchannel configuration and an innovative optical 

system, ensuring uniform light distribution and optimal reactor illumination. This design 

facilitated the deployment of two types of photocatalysts: TiO₂ for pollutant degradation and 

carbon-nanodot-doped C₃N₄ (CD-C₃N₄) for alcohol photooxidation. The reactor's capability to 

operate in continuous flow under well-defined conditions, such as light type, intensity, and flow 

mode, marks a significant advancement in photocatalytic reactors. 

Focusing on the photodegradation application, the μPMR demonstrated remarkable efficiency 

in degrading model dye pollutants, including Rhodamine B (RhB), and three pharmaceutical 

micropollutants: Carbamazepine (CBZ), Sulfamethoxazole (SMX), and Bezafibrate (BZF). A 

detailed kinetic study, adopting the Langmuir–Hinshelwood model, accounted for intrinsic 

reaction kinetics and mass transport limitations, underscoring the reactor's effectiveness in 

pollutant degradation. This study not only confirmed the μPMR's potential for environmental 

remediation but also highlighted the synergistic effects of integrating membrane filtration with 

photocatalysis. 

The organic synthesis section presents initial proof-of-concept experiments in both batch and 

μPMR setups, demonstrating the catalytic activity of C₃N₄ for the selective photooxidation of 

alcohols to their corresponding aldehydes. These experiments focused on optimizing 

operational parameters within a batch reactor and exploring the performance across various 

alcohol substrates. Moreover, the μPMR demonstrated its capability to enhance mass transport 
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significantly when operating in contactor mode. 

The development of the μPMR and its application to both environmental remediation and 

organic synthesis represents a substantial contribution to the field of photocatalysis. This work 

successfully addresses the limitations of traditional photocatalytic systems by providing a 

versatile platform that combines high efficiency and operational control. Furthermore, the 

reactor's design and operational flexibility underscore its potential for scale-up and application 

in various photocatalytic processes. 

This dissertation underscores the significant potential of microstructured photocatalytic 

membrane reactors in environmental and synthetic chemistry applications. The μPMR's 

innovative design, combined with the strategic use of photocatalysts, paves the way for 

advanced photocatalytic processes that are efficient, selective, and adaptable to a wide range of 

applications. This research not only contributes to the fundamental understanding of 

photocatalytic processes but also offers practical solutions for pollutant degradation and the 

synthesis of valuable chemical products. 
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6. Outlook 

The development of PMRs represents a significant advancement in the fields of environmental 

and synthetic chemistry, offering innovative approaches for water treatment and organic 

synthesis. However, the transition from laboratory-scale prototypes to industrial-scale 

applications presents a variety of challenges. This summary highlights both future research 

directions necessary for the advancement of PMRs and the critical challenges associated with 

scaling these systems for practical use. 

Future research in PMRs should focus on deepening the understanding of photocatalytic 

reactions through simulation studies. This is essential for refining theoretical models and 

optimizing PMRs for better performance. Additionally, it is important to test PMRs in real water 

matrices to evaluate their effectiveness against complex environmental pollutants, thereby 

pushing the boundaries of this technology beyond controlled laboratory conditions. 

Furthermore, the identification of degradation products is necessary to ensure that the treatment 

process yields less harmful or non-toxic byproducts. The search for new photocatalysts is also 

crucial, with an emphasis on materials that are active under visible light, exhibit high stability, 

activity, and selectivity, and can utilize full sunlight efficiently. Expanding the range of model 

reactions investigated with PMRs will demonstrate their versatility across different chemical 

processes and broaden their potential applications. 

Scaling up PMRs to an industrial level involves overcoming several complex challenges. 

Ensuring uniform light distribution in larger reactors is crucial but challenging, necessitating 

innovative reactor designs for optimal light penetration. Heat management becomes 

increasingly important in large-scale operations to avoid negatively impacting the catalysts and 

reaction dynamics; thus, effective heat dissipation methods are needed to prevent hotspots. 

Additionally, achieving effective mass transfer is more challenging as the reactor size increases, 

requiring careful design and optimization of flow patterns to enhance reaction efficiency. 
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For PMRs to find industrial applications, several practical aspects must be addressed. 

Developing materials that can withstand harsh operational conditions is critical for the 

durability of catalysts and membranes within PMRs. The economic feasibility of PMRs also 

hinges on identifying cost-effective materials and optimizing system design. Moreover, 

harmonizing photocatalytic and membrane processes through advanced control strategies will 

be crucial for enhancing the efficiency of PMRs. 

Moreover, the integration of micro process technology with photocatalytic reactors presents an 

exciting avenue for decentralized applications. Microreactor platforms enable precise control 

over operation parameters, which can significantly enhance photocatalytic efficiency even at 

small scales. Such systems are ideally suited for on-site wastewater treatment units in remote 

or distributed locations, where conventional large-scale plants are impractical. Furthermore, 

continuous-flow microreactors can be engineered for the selective photooxidation or reduction 

of fine chemicals and active pharmaceutical ingredients (APIs), offering streamlined, scalable 

synthesis with improved safety, reduced footprint, and lower energy consumption.  

In conclusion, while PMRs offer great promise for sustainable applications, realizing their full 

potential demands overcoming significant technical and practical challenges. Addressing these 

challenges through continued research and innovation will pave the way for the successful 

industrial implementation of PMRs, contributing to environmental sustainability and the 

advancement of green chemistry. 

  



 

113 
 

Abbreviations and symbols 

Abbreviations 

AFM atomic force microscopy 

ALD atomic layer deposition 

API active pharmaceutical ingredient 

ATR-FTIR 
attenuated total reflectance - Fourier transform infrared 

spectroscopy 

BA benzyl alcohol 

BAl benzaldehyde 

BET brunauer–emmett–teller 

BF bright-field 

BJH barrett-joyner-halenda 

BPR back pressure regulator 

BZF bezafibrate 

CBZ carbamazepine 

CCD charge coupled device 

CD-C3N4 carbon-nanodot-doped C3N4 

COF covalent organic framework 

CVD chemical vapor deposition 

DLS dynamic light scattering 

DRS diffuse reflectance spectroscopy 

E2 β-oestradiol 

EDC endocrine disrupting compound 

ESI electro spray ionization 

FID flame ionization detector 

FPR fixed-bed photocatalytic reactors 
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GC gas chromatography 

g-C3N4 graphitic carbon nitride 

HPLC high performance liquid chromatography 

IMVT institute for micro process engineering 

LED light emitting diode 

LH Langmuir-Hinshelwood 

MB methylene blue 

MFC mass flow controller 

MOF metal-organic framework 

MS mass spectrometric 

MWCO molecular weight cut-off 

N-TiO2 nitrogen-doped TiO₂ 

NF nanofiltration 

PANI polyaniline 

PES polyether sulfone 

PEEK polyetheretherketone 

PMR photocatalytic membrane reactor 

PTFE polytetrafluoroethylene 

PVDF polyvinylidene fluoride 

PVC polyvinyl chloride 

RB rose bengal 

RhB rhodamine B 

RIR reference intensity ratio 

RO reverse osmosis 

ROS reactive oxygen species 

SAED selected area electron diffraction 

SEM scanning electron microscopy 
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SMX sulfamethoxazole 

TEM transmission electron microscopy 

TGA thermogravimetric analysis 

UV ultraviolet 

Vis visible 

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 

μPMR microstructured photocatalytic membrane reactor 

 

Symbols 

𝐴 m2 area 

𝐶 g m-3 concentration 

𝐷 m2 s-1 diffusivity 

𝑑 m diameter 

𝐸g eV bandgap energy 

H m height 

𝐼 mW cm-2 light intensity 

𝑖 μm distance between two droplets in x- or y-direction 

𝐾 m3 g-1 equilibrium constant 

𝑘 g g-1 s-1 reaction rate constant 

𝑘̅ g g-1 s-1 effective rate constant 

𝐿 m length 

𝑙 m length 

𝑔 g mass 

N - total number 

𝑃 m perimeter 

𝑅 g s-1 reaction rate 
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𝑆 % selectivity 

𝑇 - transmission 

𝑡 s time 

𝑢̅ m s-1 mean flow velocity 

𝑉 m3 volume 

𝑉̇ m3 s-1 volumetric flow rate 

𝑋 % conversion of reaction or degree of degradation 

𝑌 % yield 

   

𝛼noz μm nozzle diameter 

𝛼mem % membrane rejection 

𝑎 - absorption coefficient 

𝛽m m s-1 mass transfer coefficient 

𝜔 m-1 extinction coefficient 

𝜏 - tortuosity 

𝜀 - porosity 

𝛿 m thickness 

𝜂 kg m-1 s-1 dynamic viscosity 

ℎ J s-1 Planck’s constant 

𝜈 Hz or m2 s-1 light frequency or kinematic viscosity 

𝜌 g m-3 density 

𝛾 kg s-2 surface tension 

𝛹WP - Weisz modulus 

   

𝑍 - non-dimensional number for assessing printability  

𝑂ℎ - Ohnesorge number 

𝑊𝑒 - Weber Number 
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𝑅𝑒 - Reynolds number 

𝑆ℎ - Sherwood number 

𝑆𝑐 - Schmidt number 

 

Subscripts and superscripts 

eff effective 

ad adsorption 

x x direction 

y y direction 

cat catalyst 

L printed layer 

ink ink 

b bulk 

re removal 

obs observed 

ini initial 

eva evaporation 

act actual 

meas measured 

o oxidation 

Al alcohol 

AlD aldehyde 

batch batch reactor 

int intrinsic 

i time point i 

sim simulation 

exp experiment 
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WP Weisz-Prater 

ext. external 

n reaction order 

s surface 

h hydraulic 

C channel 
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Appendix 

A. Reactor and continuous-flow system 

 

Figure A 1 Structure of the µPMR: 1. optical fibers; 2. cylindrical lenses made of quartz; 3. 

upper microchannel; 4. ceramic NF membrane; 5. elastic buffer plate made of silicon (this plate 

is used to compensate the error of thickness of the membrane); 6. porous metal plate as a support 

for the membrane; 7. lower microchannel 
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Figure A 2 Spectrum of the LED light used in this work: (a) UV light with 365nm wavelength; 

(b) white light 
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B. Characterization techniques 

B1. Measuring the thickness of the coating using a 3D optical profiler 

 

Figure B 1 Illustration of the measurement of the coated TiO2 P25 layer thickness by 3D optical 

profiler: (a) 2D overview of the substrate and 9-layer coating, with the selected area used for 

thickness determination; (b) profile of the Z-value along the X axis, with Z-value being the 

mean along the Y axis in the selected area. 

The 3D optical profiler scanned the sample in confocal mode. In the 2D overview, a rectangular 

area covering both catalyst coating and uncoated substrate was selected, as shown in Figure B 

1 (a). Based on this selected area, the profiler generated a height profile (Z-value) along the X-

axis, as illustrated in Figure B1(b). At each X-position, the Z-value represents the average 

surface height calculated across the full width (Y-direction) of the selected rectangle. To 

determine the coating thickness, two distinct regions—one on the coated area and one on the 

uncoated substrate—were selected along the X-axis in the profile. The difference in their 

average Z-values corresponds to the average coating thickness. This procedure was repeated 

for three independently prepared samples to obtain the final mean thickness. This method 

allows to measure the mean thickness of the coating in a certain area, which is advantageous 

when the coating surface is rough.   

B2. Illustration of the layer transmission measurement  

To measure the transmission of the TiO2 coating of different layer numbers, an UV-Vis 

spectrometer was used to obtain the data at 365 nm wavelength, which equals the wavelength 
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used for the degradation test described in chapter 2.3. The sample was prepared by printing the 

TiO2 layer on quartz glass of 0.5 cm  2 cm in size. During the measurement the sample was 

immersed into the model pollutant (RhB) solution (15 mg L-1) contained in a quartz glass 

cuvette. The reason for not directly measuring the sample in air is that the actual environment 

in the degradation experiment is RhB aqueous solution. If the sample would be measured in air, 

the phase boundary (solid-liquid compared to solid-gas) is different, which can affect the light 

transmission as well as the absorbance because of the difference in refractive index. To prove 

this hypothesis, a comparative study was performed by measuring the transmission of the 

printed samples of 7 and 9 layers first in air and then in deionized water, respectively (Figure 

B 2). The transmission is normalized to the value obtained from the sample without any coating 

(transmission 100%). The result shows that if the measurement was done with the sample 

immersed in water, the transmission is higher, which means that more light can penetrate 

through the printed layers in water.  

Table B 1 Results of the transmission at 365 nm of the samples in 7 layers and 9 layers 

  7 layers  9 layers 

  Sample 1 Sample 2 Sample 3 Average  Sample 1 Sample 2 Sample 3 Average 

Transmission in 

water (%) 
2.77 2.98 3.61 3.12 

 
0.91 1.63 1.07 1.2 

Transmission in 

air (%) 
1.72 1.63 2.31 1.88 

 
0.67 1.19 0.95 0.94 

 

Figure B 2 Illustration of the transmission measurement in two cases 

Sample in the water Sample in the air

Water

Quartz cuvette

TiO2 layer printed on 
quartz glass
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C. Steady-state analysis during the μPMR experiment 

Mass flow and mass balance validation for degradation for the 4 flow modes 

 

Figure C 1 Mass flow for different flow modes during the experiment: (a) Mode 1; (b) Mode 2; 

(c) Mode 3; (d) Mode 4. 
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Table C 1 Mass flow and mass balance validation for RhB degradation in UV under 4 flow 

modes 

Mode 1 Mass flow (×10-3 mg min-1)  

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 2.97 1.28 0.84 2.12 0.85 

60 2.89 1.25 0.78 2.03 0.86 

90 3.00 1.31 0.81 2.12 0.88 

120 2.99 1.35 0.76 2.11 0.88 

150 3.00 1.30 0.80 2.10 0.90 

Mode 2 Mass flow (×10-3 mg min-1) 

Time (min) Inlet  Outlet  Degradation 

30 3.00  2.39  0.61 

60 3.02  2.44  0.58 

90 3.02  2.47  0.55 

120 3.01  2.46  0.55 

150 3.02  2.48  0.54 

Mode 3 Mass flow (×10-3 mg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
 

30 2.99 0.70 2.19 2.89  

60 3.00 0.72 2.22 2.94  

90 3.05 0.72 2.35 3.08  

120 2.99 0.71 2.34 3.05  

150 2.98 0.69 2.31 3.00  

Mode 4 Mass flow (×10-3 mg min-1) 

Time (min) Inlet  Outlet  Degradation 

30 3.01  2.61  0.40 

60 3.01  2.58  0.43 

90 2.99  2.60  0.39 

120 3.02  2.59  0.43 

150 3.01  2.60  0.41 
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Mass balance and mass flow for degradation of micropollutants 

 

Figure C 2 Mass flow for micropollutant degradation under Mode 1 during the experiment: (a) 

CBZ under UV light; (b) SMX under UV light; (c) BZF under UV light; (d) CBZ under visible 

light; (e) SMX under visible light; (f) BZF under visible light. 
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Table C 2 Mass flow and mass balance validation for micropollutant degradation in UV under 

Mode 1 

CBZ Mass flow (×10-3 μg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 2.54 0.91 0.31 1.22 1.31 

60 2.59 0.90 0.36 1.25 1.34 

90 2.57 0.90 0.39 1.29 1.28 

120 2.55 0.94 0.32 1.26 1.29 

150 2.58 0.88 0.40 1.28 1.30 

SMX Mass flow (×10-3 μg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 2.53 0.32 0.28 0.60 1.94 

60 2.54 0.33 0.26 0.59 1.95 

90 2.53 0.33 0.25 0.58 1.95 

120 2.51 0.35 0.24 0.59 1.93 

150 2.51 0.37 0.25 0.62 1.89 

BZF Mass flow (×10-3 μg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 2.25 0.14 0.40 0.54 1.71 

60 2.07 0.15 0.33 0.47 1.60 

90 2.03 0.12 0.30 0.41 1.62 

120 2.02 0.16 0.28 0.45 1.58 

150 2.23 0.18 0.34 0.51 1.72 
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Table C 3  Mass flow and mass balance validation for micropollutant degradation in visible 

light under Mode 1 

CBZ Mass flow (×10-3 μg min-1)  

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 3.38  1.62  1.26  2.89  0.50  

60 3.37  1.67  1.34  3.02  0.36  

90 3.42  1.54  1.67  3.21  0.21  

120 3.31  1.64  1.43  3.07  0.24  

150 3.36  1.54  1.53  3.06  0.30  

SMX Mass flow (×10-3 μg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 3.00  1.20  1.25  2.45  0.56  

60 2.96  1.14  1.32  2.46  0.50  

90 2.97  1.09  1.31  2.40  0.57  

120 2.97  1.16  1.26  2.42  0.55  

150 2.99  1.10  1.38  2.48  0.51  

BZF Mass flow (×10-3 μg min-1) 

Time (min) Inlet Permeate Retentate 
Permeate 

+Retentate 
Degradation 

30 3.12  0.56  1.55  2.10  1.01  

60 3.10  0.55  1.55  2.10  1.00  

90 3.15  0.57  1.63  2.20  0.95  

120 3.09  0.56  1.58  2.14  0.95  

150 3.10  0.57  1.61  2.18  0.92  
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D. Investigation of potential cracking in coated membranes 

As depicted in Figure 3-9, TiO2 coated membranes exhibited enhanced permeance of RhB water 

solution. This observation was consistently reproduced across multiple independently prepared 

membranes, suggesting it is not an isolated result. This raised questions regarding potential 

cracks on the membrane surface. This section analyzes the observation. 

Part I: SEM imaging 

Initial investigations employed SEM imaging to inspect the membrane surface pre- and post-

coating. As evidenced by Figure D 1, no obvious cracks were detected on the same membrane 

area before and after the coating process. This observation was consistent across 10 randomly 

selected sites on pristine membranes and those with the coating removed (images not shown 

for all 10 sites). Graphically, within the resolution limits of our equipment, no cracks were 

identified. 

 

Figure D 1 Surface SEM image of: (a) pristine membrane; (b) membrane with inkjet-printed 

TiO2 coating and calcination at 250 ℃; (c) membrane with coating removed. Note that all 

images came from the same piece of membrane. 

Part II: helium gas permeance test 

While SEM imaging provides valuable insights, it cannot detect minor cracks or pinholes 

resulting from the coating process due to resolution limits. Hence, helium gas permeance tests 

were conducted on membranes before and after coating, with results presented in Table D 1. 

For membranes 1-3, the procedure began with an initial gas permeance test on the pristine 

membranes. Subsequent to this, they were coated by inkjet-printing to achieve a 1 μm catalyst 

thickness, followed by 250 ℃ calcination. Afterwards, the coated membranes were re-tested 

for gas permeance. At last, the membrane’s coating was removed by dry tissue paper and re-
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tested for gas permeance. 

The procedure for membranes 4-6 followed the same procedure of that for membranes 1-3, with 

the exception of the coating process. Here, a 0.5 ml of 0.5 wt.% TiO2 water suspension 

(equivalent to ink concentration) was utilized. After a 12-hour natural drying period, proven to 

be sufficient for complete water evaporation (validated by gas permeance tests, data not 

presented), the membranes underwent a re-test. 

Table D 1 Helium (He) permeance for 3 individual membranes before and after coating TiO2, 

and with coating-removed (unit of the gas permeance Pe: 10-6 mol m-2 sec-1 Pa-1). 

Membrane No. 
Pristine  

membrane 

Membrane with 

TiO2 coating 

(250 °C 

calcination) 

Membrane with 

TiO2 coating (by 

TiO2 water 

suspension and 

natural drying) 

Membrane 

with coating 

removed 

1 6.97 1.50 / 6.82 

2 4.60 3.05 / 4.53 

3 2.67 0.49 / 2.61 

4 10.09 / 2.08 9.37 

5 5.31 / 2.10 5.20 

6 4.26 / 1.52 4.19 

Given helium's molecular diameter of just 0.28 nm, while the average pore size of the 

membrane is 0.9 nm, even minor cracks in the membrane would result in a significant increase 

in gas permeance. However, our observations indicate that the coatings did not lead to increased 

gas permeance. In fact, a reduction in gas permeance was noted for both sets of membranes 

after coating. Especially for membranes 4-6, even without calcination, a reduction in gas 

permeance was observed. This suggests that the reduction in permeance is due to the additional 

resistance posed by the TiO2 coating, as no reaction between the TiO2 and the membrane surface 

is expected at room temperature for membranes 4-6.  

Additionally, for the same membranes, once the coating was removed, the helium gas 

permeance reverted to the levels observed in the pristine membrane. Any minor decrease might 

be attributed to residual TiO2 coating on the membrane surface, which can be challenging to 
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completely remove with tissue paper. This further corroborates the idea that the TiO2 layer 

introduces resistance to gas permeance, and the absence of cracks is evident given the 

observation that the gas permeance can be restored. 

Part III: water permeance test 

To give a preliminary study on the influence of the TiO2 coating, pure water permeance tests 

were extended to both pristine and coated membranes. Similar to the test shown in Table D 1, 

we tested membranes that had inkjet-printed TiO2 layer followed by calcination, as well as 

membranes that had TiO2 layer from TiO2 water suspension and then naturally dried. Notably, 

even membranes with naturally dried TiO2 layers showed a considerable increase in water 

permeance as shown in Figure D 2. This underscores the TiO2 layer's pivotal role in altering 

permeance, possibly due to augmented wettability and hydrophilicity. Figure D 2 further 

highlights an enhanced water permeance under UV light, supporting the hypothesis of UV light 

fostering surface hydrophilicity via the generation of polar hydroxyl radicals, a phenomenon 

extensively documented in the literature [210].  

 

Figure D 2 Water permeance tested under dead-end flow mode for 3 membrane types: 

membrane 1: pristine membrane; membrane 2: with TiO2 coating (by inkjet-printing and 250 °C 

calcination); membrane 3: with TiO2 coating (by TiO2 water suspension and natural drying) 

Part IV: manufacturer's insights on possible crack of this ceramic membrane 

Additional details were provided by the membrane manufacturer Inopor (spinoff from 
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Fraunhofer IKTS, Germany) regarding the membrane performance at extreme conditions. 

The ceramic membrane can remain stable and exhibit no behavioral changes at temperatures up 

to 600℃. Moreover, its performance remains consistent across a pH range of 2-12. This is 

particularly relevant considering the ink has a pH value of 10. It is also noteworthy that the 

membrane's supporting layer is comprised of mesoporous Al2O3. Given that the surface NF 

layer is also made of ceramic TiO2, any potential cracks in the NF layer would manifest as 

extended fractures as per the manufacturer. Such cracks would be readily detectable through 

SEM or even through conventional microscopes. 


