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1.1 Overview 

Since Paul Anastas and John Warner highlighted the importance of 

utilizing renewable raw materials, eliminating waste, and avoiding the 

use of toxic and/or hazardous reagents in chemical processes in the 

1990s1, the 12 main principles of Green Chemistry (Figure 1.1) have 

spurred both the academic communities and the chemical industries to 

pursue environmental-friendly reactions and purifications.  

 

Figure 1.1 The 12 main principles of Green Chemistry.1-2 

Nowadays, when researchers and process engineers develop a new 

synthetic methodology or manufacturing process, those green principles 

serve as major guidelines, including taking into account various aspects 

such as atom economy, energy efficiency, use of renewable raw materials, 

and waste/accident prevention. In particular, photochemistry3 has 

rapidly emerged as a powerful and sustainable approach for the synthetic 

community to build up molecular complexity. The field of 

photochemistry and photocatalysis utilizes photons as green and 

traceless reagents, leading to environment-friendly, selective and 

efficient reactions under very mild reaction conditions (i.e., room 
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temperature and avoidance of toxic redox reagents).  

Despite the great interest in photochemistry as a synthetic method, the 

challenges with scaling photochemical reactions still hamper its 

widespread application in the chemical industry. Generally, longer 

reaction times and low selectivity are observed when scaling up 

photochemistry in batch. This is mainly due to the increasing size of the 

batch reactor, which leads to a non-uniform light irradiation profile 

across the reactor and a less efficient photon transfer. 4 

Owing to the characteristic dimension of submillimeter micro-flow 

reactors, this problem can be overcome.4b,5 Indeed, the large surface-to-

volume ratio of microreactors leads to an enhanced mass and heat 

transfer rate, and uniform light irradiation, resulting in improved 

reaction conditions and faster, more selective reaction output5b,6. 

A detailed description of the advantages of continuous-flow 

microreactors for photochemistry will be presented in the following 

paragraphs. 

1.2 Continuous-flow photochemistry 

In this section, the main advantages of continuous-flow photochemistry 

will be discussed in detail. 

1.2.1 Improved Irradiation 

It is well known that the kinetics of photochemical reactions are strongly 

dependent on the amount of photons reaching the reaction mixture7. 

Consequently, uniform light irradiation across the entire reaction 

solution is crucial to achieving high selectivity and yield. According to the 

Buguer-Lambert-Beer law (Eq. 1.1), the light penetration in he batch 

system will not be uniform because of the attenuation effect. 

𝐴 = −log(𝑇) = log(𝐼0 𝐼) = 𝜀 × 𝑙 × 𝑐⁄                           (Eq. 1.1) 
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Eq 1.1 clearly shows the correlation between the absorption of the 

photons (A) and the molar extinction coefficient (ε), the path length of 

light (l) and the concentration of the light absorbing molecules (c). By 

plotting this equation between absorption of light and the distance from 

the light source, the importance of reactor size can be convincingly 

presented8 (Figure 1.2).  

 

Figure 1.2 Transmittance of the light as a function of the distance in a reaction containing 

Ru(bpy)3Cl2. The profiles were calculated based on the Eq. 1.1 with different 

concentrations of Ru(bpy)3Cl2 (c = 0.5, 1 and 2 mM, ε = 13000 cm-1 M-1). 

1.2.2 Enhanced selectivity 

Within a typical batch reactor (diameter larger than 1 cm), the solution 

close to the wall receives a high intensity of light (and thus the highest 

reaction kinetics are observed at the reactor wall), while the center of the 

reactor almost none (leading to a reaction rate which is almost zero). This 

forces the researchers to prolong the reaction time to get a decent yield 

and thus rely on mass transfer to bring molecules from the center of the 

reactor to the walls. However, it may also lead to some side reactions or 

decomposition of product due to the over-irradiation. Instead, 

performing photochemical transformations in a microcapillary (I.D. < 1 

mm) provides a more homogeneous photon flux, reducing the reaction 

time and avoiding over-irradiation, thus resulting in a higher yield and 
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selectivity5a,9. 

Apart from the uniform light irradiation, the enhanced mass10 and heat11 

transfer in microreactor are also beneficial to the reaction. As depicted in 

Figure 1.3, microreactor technology offers superior mass and heat 

transfer performance compared to traditional larger-scale equipment 

(incl. batch vessels)12. Within a microflow system, a homogeneous and 

isothermal reaction mixture can be easily obtained resulting in superior 

selectivities13. 

 

Figure 1.3 Comparison of mass and heat transfer performance in microreactor and 

conventional reactors.12 

1.2.3 Reliable scale-up 

Due to the attenuation effect, the scaling of photochemical 

transformations has long been perceived as an insurmountable 

challenge, hampering photon-driven synthetic methods from being 

routinely used in the preparation of complex molecules, such as 

pharmaceuticals and agrochemicals4a,5a,7. Thanks to the key advantages 

of micro-flow photoreactor technology, shorter photon transfer 

distances and uniform light irradiation can be obtained. However, by 
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increasing channel dimensions during scale-up, these micro-channel 

features would fade rapidly. To produce small quantities, most lab-scale 

flow-based setups are efficient for on-demand preparation of the 

targeted molecules (gram-scale), but a production scale (kilogram- to 

ton-scale) requires a more robust and reliable scale-up process. 

Generally, the volume of a microreactor system can be expressed as 

𝑉 =
𝜋

4
× 𝑁 × 𝐿 × 𝐷2                                   (Eq. 1.2) 

where N is the number of the channels connected in parallel, L is the 

length of the channel and D is the hydrodynamic channel diameter. 

Consequently, the scale-up approaches of a microreactor can be 

categorized into two main classes, i.e. (i) numbering up (increasing the 

channel number) and (ii) sizing up (increasing the channel length and/or 

diameter), as shown in Figure 1.414.  

 

Figure 1.4 Scale-up approaches of micro/milli- reactors from lab scale (a single channel 

reactor) to production scale.15 

The numbering up can be divided into two conceptually different 

strategies: external and internal numbering up. External numbering up 

can achieve a desired overall setup productivity by multiplying a single 

reactor in parallel. A major disadvantage of this approach is the excessive 

installation and operation costs when large product quantities are 

needed, where for each microreactor individual equipment (e.g., pumps, 

mixing unit) is required. Internal numbering up can offer the same 
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principle of scaling up through parallelization, but a significant difference 

is that in this case a flow distributor is needed to achieve a uniform flow 

distribution in the system (Figure 1.5). In the internal numbering-up 

strategy, the reactor itself can be multiplied several times, while only 

requiring one feeding unit16. However, it is difficult to ensure equal flow 

distribution over the different microreactors, since small differences in 

pressure drop can result in flow maldistribution, which is particularly 

challenging in multiphase reactions, such as gas−liquid reactions17. 

 

Figure 1.5 Numbering up approaches for continuous flow photochemistry. (a) External 

distributor design17b; (b) Internal distributor design16. 

One of the major limitations of scaling flow photochemistry is the effect 

on the irradiated volume. Homogeneous and controlled light irradiation 

can be maintained for the irradiated volume of scales in the micro (to 

some extent the milli) range. Sizing up by increasing the channel length 

has the advantage that the constant surface-to-volume ratio remained 

but has the disadvantage of an increased pressure drop along the 

channel. Alternatively, sizing up photoreactor design by increasing the 

channel diameter can cause issues similar to the batch counterparts due 

to the Bouguer−Lambert−Beer law. For sizing up strategies, a re-

optimization of the process is also needed because of the change in flow 

profiles and, therefore, in the mass transfer behavior. 

The scale-up of photoreactor technology is, however, not limited to the 

use of tubular/capillary reactors. In the past decade, a diverse array of 
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process-intensified reactor designs18 (Figure 1.6) has been proposed for 

photocatalytic processes (e.g., falling film reactors19, Rotor-Stator 

Spinning Disk Reactor (pRS-SDR)20, oscillatory flow reactor21). Within 

those active reactors, an external energy is used to intensify the mass, 

heat and photon transport phenomena by several orders of magnitude, 

obtaining a significant reactor volume reduction and much lower 

pressure drop. Moreover, the use of active mixing principles enables the 

handling of solids without clogging22, which is usually a major problem 

for most passive microreactors. Despite these advantages, active reactors 

are often more complex and the required external energy – and its 

associated cost – needs to be considered.  

 

Figure 1.6 Intensified continuous-flow photoreactors. (A) Falling film reactor; (B) 

Oscillatory flow reactor (HANU reactor); (C) Schematic representation of the pRS-SDR; 

(D) top-view image of the operational pRS-SDR with photosensitizer MB. 

Additionally, some other methods to scale-up photochemistry were also 

investigated with high-intensity light source. For example, a 

photochemical CSTR equipped with a high-power fiber optic laser (25 W, 

450 nm) was developed by researchers from AbbVie23 (Figure 1.7A). 

Excellent productivity (1.16 kg·day-1) of an iridium-photocatalyzed C-N 

cross-coupling reaction was achieved. Recently, a commercial-scale (50 

kg/day throughput) of visible-light-induced trifluoromethylation24 was 
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performed within this laser CSTR flow reactor, further demonstrating the 

practicality of this technology (Figure 1.7B). 25 In addition, Bottecchia et 

al. presented a pilot-plant continuous-flow photoreactor with high-

intensity LED chips (6 x 300W 456 nm LEDs), delivering a 38 kg/day 

productivity for a benzylic bromination (Figure 1.7C).26 A numbering-up 

approach with several photoreactor units connected in series allows 

them to reach an even higher productivity (> 100 kg/day). In this scale-

up realm, a detailed example of intensified photoreactor (HANUTM HX-15 

will be discussed in Chapter 4. Furthermore, a continuous flow 

photoreactor equipped with high-intensity chip-on-board LEDs 

technology will be presented in Chapter 5. 

 

Figure 1.7 Scale-up of photochemistry in flow with high-intensity light source. (A) 

Schematic representation of the high-intensity laser CSTR; (B) Further scale-up case for 

the laser CSTR flow demonstration; (C) Reactor setup of visible-light-induced 

bromination in the pilot plant. 

1.2.3 Immobilized Catalysts 

Heterogeneous catalysts, such as semiconductors (e.g. TiO2 and carbon 
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nitride), have been increasingly used in photochemical applications due 

to their low cost, abundance and robustness27. Combining heterogeneous 

catalysis with flow chemistry is an interesting method to recuperate and 

recycle the catalyst and thus increase the economic viability and 

sustainability of the photochemical process28. There are three main types 

of reactors for implementing heterogeneous catalysis in flow: (A) fixed 

bed reactor, (B) wall-coated reactor (C) flowing suspension reactors. 

Further subdivisions in each category are presented in Figure 1.8. 

 

Figure 1.8 Types of reactors employed in heterogeneous photocatalysis in flow. A) Fixed 

bed reactors and the subcategories of (i) packed bed, (ii) fluidized bed, and (iii) 

hybrid/mixed bed. B) Coated reactors. C) Suspension reactors.28a 

Generally, packed-bed reactors are used for heterogeneous catalysis in 

flow. However, packed-bed reactors may suffer from a low surface-to-

volume ratio compared to the dimensions of a microreactor, shielding the 

inner layers in the catalyst bed from irradiation29. This can be partially 

solved by co-packing with transparent materials (For details, see chapter 

3), such as glass beads30.  

Coating heterogeneous catalysts as a thin film on the surface of the 

microchannels are also well investigated, which overcomes the 

drawbacks of fixed beds by permitting much more freedom of reactor 

design regarding the channel dimensions and the flow paths31. A 

microreactor with homogeneously coated carbon nitride thin film on the 

channel wall was developed to test the oxidation of benzyl alcohols, 
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forming benzaldehydes without any consecutive oxidation31a. 

Finally, heterogeneous photocatalysis in flow can also be introduced via 

a “slurry” approach32. Some intensified reactors were developed to 

perform the scale-up of heterogeneous photocatalysis in flow without 

clogging issues, such as CSTR33, oscillatory flow reactor21c,34 and 

ultrasonic photoreactor (also see Chapter 2)22 (Figure 1.9). Besides, a 

“slurry-slug” approach was also investigated by Gilmore et al., in which 

the heterogeneous catalyst was suspended in a viscous ionic liquid 

droplet and separated by a slug of carrier gas29. 

 

Figure 1.9 Examples of heterogeneous photocatalysis in flow. A) Fixed bed reactors30b; B) 

CN thin film coated reactors31a. C) Flowing suspension reactors32. D) CSTR cascade 

reactor33. E) Ultrasonic milli-reactor22. F) ‘slurry-slug’ type reactor29. 

1.2.4 Increased safety 

As preventing accidents is one of main principles of green chemistry, this 

is also one of driving forces for the chemical community to carry out the 

chemical process with flow chemistry. Considering the active reactor 

volume is very small, the safety risks are highly reduced even with the 

handling of hazardous materials. Due to the increased safety, reaction 

conditions that are impossible or risky to carry out in batch are accessible 
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in microreactors. Examples are reactions involving oxygen (also see 

Chapter 2 and 3) 35 or flammable gases36. Besides, some harsh process 

conditions6b, such as high pressure can also be safely applied in 

continuous-flow microreactor (see Chapter 6). 

1.2.5 Modularity  

In addition to enabling single transformations, flow chemistry offers 

advantages in multistep syntheses via the direct combination of multiple 

reaction modules for the streamlined synthesis of complex organic 

molecules37. With traditional multistep syntheses, intermediates are 

usually isolated prior to the next operation (Figure 1.10), prolonging 

overall process times and the generating unnecessary chemical waste. 

Certain inherent merits of flow chemistry allow for designing the 

processes where sequential reaction steps can be directly combined, 

providing an uninterrupted flow network (also see Chapter 5).  

 

Figure 1.10 Multistep reaction sequence in batch and flow4b. 

Furthermore, inline purification techniques can be used to telescope 

transformations where generated side products or previous reagents 

that may interfere with the downstream processes6a,38. Inline separation 

methods are also developed to recycle reagents or remove catalysts, 
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leading to greener and more sustainable process39. A detailed case of 

recycling and reusing photocatalyst via inline nanofiltration will be 

present in Chapter 6. 

Moreover, the quality of material can be determined at any stages of the 

streamlined sequence using in- or online process analytical techniques 

(PATs, e.g. FTIR, NMR, HPLC)40. On top of this technology, self-

optimization algorithm41 and automated system42 are applied in flow 

chemistry to further reduce human interaction, which will be expanded 

in next section.  

1.2.6 Automation 

Since micro-flow photoreactors can easily control reaction conditions 

(e.g. light intensity, temperature, residence time) and are able to facilely 

integrate with PAT and computational tools, flow technology provides an 

ideal platform amenable to automated reaction screening and 

optimization. Optimal reaction parameters like substrate, solvent, 

catalysts, additives, light intensity, loading and reaction time can be 

found using algorithms41b (e.g. Design of Experiment (DoE)43 and 

Machine Learning44). As illustrated in Figure 1.11C, automated hardware 

(liquid handler, pumps, reactor, analytical device) for experiment 

execution is combined with a decision-making algorithm, delivering a 

closed-loop experimentation cycle45. Experiments are executed 

automatically, and data collected from analytical device is interpreted by 

the control algorithm that will then recommend new experiment 

conditions towards optimizing an objective function defined by the user. 

This process performs iteratively until the function criteria are satisfied. 
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Figure 1.11 Outline of automated flow synthesis. (A) Closed-loop experimentation cycle. 

(B) High-level goals of automated synthesis and commonly cited advantages (green) and 

challenges (red) of continuous reactor designs. (C) General configuration of a continuous 

reactor platform for achieving closed-loop experimentation. Dot lines represent the flow 

of information in the form of commands and data feedback.45 

So far, there are some systems from many different fields of synthesis 

that have achieved impressive degrees of automation using continuous 

flow microreactor designs as an attractive technology (Figure 1.12). 

Jensen et al. developed a reconfigurable, benchtop flow platform with 

modular reactors, inline separator and inline analytics (Figure 1.12A)46. 

A SNOBFIT algorithm is integrated to achieve a closed-loop optimization 

of the reaction conditions for different organic transformations, such as 

visible-light Photoredox catalysis. Furthermore, a robotic arm with 

modular control hardware was integrated to automate the physical 

reconfiguration of flow processes between each experiment (Figure 

1.12B)47. Another impressive advance was the introduce of an AI-based 

computer-aided synthesis planning (CASP) software to generate the 

recommend synthesis pathway and reaction conditions to get to the 

target molecule.  
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Figure 1.12 Automated continuous-flow systems for universal synthesis.45 (A) A 

manually reconfigurable platform for automated optimization of diverse chemical 

reactions.46 (B) A robotically configured system for the automated execution of chemical 

recipe files informed by a CASP program.47 (C) A radial flow synthesis platform for 

automated multistep synthesis.42a (D) A continuous platform with valve-based 

reconfiguration for automated execution of synthesis protocols.48 

Moreover, Gilmore et al. presented a unique approach for multistep flow 

paradigm with a radial synthesis concept, utilizing a central hub that 

offers access to individual reactors and enables the storage of chemical 

intermediates (Figure 1.12C).42a In contrast to linear multistep flow 

sequences, wherein reactions occur simultaneously and the flow rate 
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imposed on the previous steps can introduce limitations on the 

downstream steps, this radial approach also exhibits its flexibility in 

multistep flow by storing intermediates centrally. Several analogs of 

rufinamide and a photoredox C-N coupling reaction were performed 

without physical reconfiguration to showcase the advantage of this 

system.  

More recently, Collins and coworkers reported an automated platform 

(called AutoSyn) for multistep flow synthesis, utilizing valve-based 

configuration to combine unit operations together (Figure 1.12D).48 

Impressively, with several flow selector valves and two liquid/liquid 

separators, the platform allows to reach >3800 unique flow paths and up 

to seven synthetic steps. A number of FDA-approved molecules were 

synthesized to demonstrate the utility of the system. 

 

Figure 1.13 Automated continuous-flow systems for photochemistry. (A) Automated 

setup for fluorescence quenching studies and Stern–Volmer analysis.49 (B) A photo-

chemical droplet microfluidics platform.50 (C) Automated platform for visible-light 

photoredox catalysis with oscillatory flow reactor.51 

Finally, there are some automated platforms developed for 

photochemistry in flow in the field of mechanism study and high-
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throughput screening (Figure 1.13). Noel and coworkers developed a 

Python-automated platform integrated with inline UV/Vis spectroscopy 

(Figure 1.13A) to identify the effective photocatalyst-quencher 

combinations and obtain reproducible Stern-Volmer analysis.49 Jensen et 

al have reported a droplet-based oscillatory flow reactor for closed-loop 

experimentation of photocatalytic decarboxylative arylation (Figure 

1.13C). 51 Multiple parameters, such as photocatalysts and Ni-cocatalysts 

were fully optimized. Similarly, Stephenson et al. built a droplet 

microfluidic platform (Figure 1.13B) with on-line ESI mass spectrometry, 

achieving rapid analysis of single, nanoliter-size droplet at acquisition 

rates of 0.3 samples/s and enabling a high-throughput screening to 

generate pharmaceutically relevant compound libraries50. 

1.3 Aim of the thesis 

As discussed above, photochemistry provides a milder and more 

sustainable method for the preparation of complex organic molecules 

compared to the traditional thermochemical and chemical activation 

modes. Photon activation enables chemical reactions by traceless 

photons, leading to atom economical, energy efficient, safer and 

environment-friendly transformations. Additionally, continuous-flow 

technology is the ideal platform for photochemical reactions as it is 

characterized by uniform irradiation, simple scale-up, modularity and 

automation.5a,45  

Thus, the aim of this thesis is to maximize the potential of micro-flow 

photochemistry, the sub-targets are listed as follows 

➢ Develop green synthetical methodologies and processes in 

micro-flow photoreactor 

➢ Contribute to the scale-up filed of micro-flow photochemistry 

➢ Build automated platforms for micro-flow photochemistry 
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1.4 Outline of the thesis 

A graphical outline of this dissertation is presented in Figure 1.14. 

 

Figure 1.14 Graphical outline of the thesis, presenting the relationship between chapters. 

After a concise introduction chapter (Chapter 1), an ultrasonic milli-

reactor which can handle challenging solid containing transformations in 

flow is described in Chapter 2. The efficacy of the reactor and positive 

effect of the ultrasound irradiation are demonstrated with photocatalytic 

aerobic oxidation of benzyl alcohol enabled by TiO2 particles under UV-A 

irradiation.  

After that, another example of heterogeneous photocatalysis in flow is 

presented in Chapter 3 with a practical photocatalytic transformation 

using a mesoporous carbon nitride (mpg-CNx) photocatalyst, which 

enables the efficient azolation of various arenes through direct oxidation. 

Broad scope including late-stage functionalization of APIs is 

demonstrated. The mpg-CNx can be easily recovered and reused leading 

to greener and more sustainable routes, using either batch or flow 

processing, to prepare these important compounds of interest in 

pharmaceutical and agrochemical research. 

Research concerning the scale-up of homogeneous light-induced direct 
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hydrogen atom transfer (HAT) process in flow are discussed in the 

following chapters. Specifically, Chapter 4 presents a scale-up process of 

tetrabutylammonium decatungstate (TBADT)-catalyzed C(sp3)-H 

alkylation with commercially available intensified photoreactor, HANU 

HX-15. And then, with the cooperation of Signify, a newly developed flow 

photoreactor equipped with high intensity chip-on-board LED 

technology (144 W optical power) is described in Chapter 5. The 

regioselective and scalable C(sp3)-H amination is achieved via 

decatungstate photocatalysis. This high-intensity reactor platform 

enables simultaneously fast results gathering and scalability in a single 

device, thus bridging the gap between academic discovery (mmol scale) 

and industrial production (>2 kg/day productivity). 

Furthermore, considering the high molecular weight of TBADT, even with 

only 1-2 mol% loading, a large amount of TBADT is still used during the 

experiments of scale-up. Chapter 6 details an in-line TBADT recovery 

protocol using organic solvent nanofiltration (OSN) as the answer to the 

concerns surrounding scale-up of TBADT-catalyzed photocatalytic HAT 

reactions, where catalyst consumption, cost, and removal are major 

concerns. Continuous photocatalytic C(sp3)-H alkylation reactions were 

carried out with in-line TBADT recovery via two OSN steps, proving that 

not only TBADT recovery (>99%, TON > 6500) is technically feasible, but 

it also does not compromise reaction performance. This protocol also 

increases the sustainability of the continuous-flow photocatalytic HAT 

transformation. 

Chapter 7 describes our efforts to develop a machine learning algorithm 

empowered automated platform for continuous-flow photochemistry. 

Bayesian optimization algorithms are implemented to interpret the data 

generated by the inline NMR and subsequently suggest the next reaction 

condition. In this way, a closed-loop experimentation is created to obtain 
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the optimized reaction conditions quickly and efficiently. 

Finally, a summary of the main results obtained in this thesis is provided 

as well as an outlook for future research for green, scalable and 

automated continuous-flow photochemistry.  
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