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List of abbreviations  
Abbreviation: Meaning: 

ABS Acrylonitrile Butadiene Styrene 
DPA 1,9-Diphenylanthracene 
FFF Fused Filament Fabrication 
LED Light Emitting Diode 
LSC Luminescent Solar Concentrator 
MB Methylene Blue 
PDMS Polydimethylsiloxane 
SET Single Electron Transfer 
TMEDA N,N,N’,N’-Tetramethylethylenediamine 
UV Ultraviolet 
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Symbols 
Symbol: Explanation: Unit: 
A Area (m2) 
a Absorbance (-) 
C Concentration in molarity (mol/liter) 

c Speed of light in a vacuum (m/s) 
F Molar flux (light or chemicals) (mol/s) 
h Planck’s constant  (m2kg/s) 
L Avergado’s constant (mol-1) 
n Refractive index (-) 
PTIR Luminescent loss (-) 
r Radius (m) 
R Reflected light fraction (-) 
T Transmission (-) 
W Light intensity at wavelength λ (W/nm) 
η Various efficiencies (-) 
θ Angle (degrees) 
λ Wavelength (nm) 
ϕ Radiant flux (J/s) 
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Abstract 
Visible light photoredox catalysis holds tremendous green potential. However in order to fulfil this 

potential solar light needs to be utilized for this chemistry. Unfortunately, there are currently no 

inexpensive ways to do this kind of chemistry on a large scale. The new type of photoreactors 

discussed in this thesis could change this.  

In this thesis a novel, fast, powerful and inexpensive method for the production of PDMS devices has 

been developed which utilizes Fused Filament Fabrication (FFF) rapid prototyping. This technique is 

applied to the manufacturing of a new type of photomicro-reactor which utilizes Luminescent Solar 

Concentrators (LSCs) for solar photochemistry. These new reactors are called LSC photoreactors. 

They could increase the applicability of photochemical reactions for industry by enabling the usage of 

solar light for photochemistry on a large scale. 

Evidence was found for several important effects that were predicted to occur within these systems. 

The down conversion of light into wavelengths better suited for the photocatalyst and enhanced 

light transport from the polymer matrix to the reaction channels. Good indications for light transport 

have been found, however further work is needed to validate these results. In contrast, the 

experimental evidence for the wavelength conversion effect is very strong. Both of these results 

confirm the LSC photoreactor concept. 

The new rapid prototyping method was also employed to produce structures specifically designed for 

the validation of ray tracing simulations with open source software called PVtrace. The performance 

of these structures have been measured in experiments and a large data set has been produced. 

Several interesting observations have been made from this data set. Furthermore, this data set 

generated should prove to be very useful for future model validation. 

Summarizing, this thesis provides production methods and proof of concept for LSC Photoreactors. 

Additionally, it provides a dataset for validating a Ray tracing model for these reactors.  
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1 Introduction 
The chemical industry is standing on the eve of a new era. With fossil fuels falling into disgrace and 
increasing environmental awareness, green chemical transformations are in increasing demand. 
Some of these transformations could be provided by photochemical reactions. Photochemistry can 
use light irradiation to replace the harsh conditions used in traditional chemistry. Particularly, within 
the emerging field of photoredox catalysis, harmless visible light is used [1], [2]. Photochemistry as a 
research field is already more than 100 years old [3]. However, its industrial applications have been 
hampered by the availability of scalable, inexpensive and energy efficient photochemical reactors [4]. 

 

Figure 1: An early render of the LSC photoreactor concept (courtesy of Timothy Noël) 

This scaling problem could potentially be solved by the concept outlined in this master thesis: 
Luminescent Solar Concentrators (LSCs) combined with flow photochemistry (see figure 1 for an 
illustration). The synergy of these technologies could enable simple and inexpensive reactors which 
permit the efficient use of sunlight for photochemical reactions, that could facilitate the usage of 
these green reaction pathways on a large scale. LSC based solar photochemistry offers two important 
potential advantages compared to other ways of doing solar powered photochemistry: enhanced 
light transport and wavelength conversion [5].  

Up until now, existing laboratory scale micro-reactor production methods were not capable of 
providing the structures that are needed for an efficient LSC photoreactor. In this thesis a novel 
method for the construction of polydimethylsiloxane (PDMS) micro-reactors is presented. Before the 
experimental section a comprehensive theoretical overview is given in chapter 2. In chapter 3 a new 
method is presented that uses 3D printing to create micro-reactors with appropriate dimensions. 
With this production method, experimental evidence for both the light transport and conversions 
effects were provided (see chapter 4).  To further validate the LSC photoreactor concept, a large data 
set aimed at model validation was generated with experiments. This data set will be very useful for 
future modelling efforts involving ray tracing software (see chapter 5). Finally, after the conclusion, 
recommendations for future work are given (see chapter 7). 
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2 Theory 
This chapter provides relevant background information. Central to the concept discussed in this 

thesis are both LSCs and photochemistry. Information regarding these topics is given in chapter 2.1 

and 2.2. Producing the experimental devices is also crucial to this thesis, this is why some material on 

PDMS microfluidics manufacturing is presented in chapter 2.2.2. The newly developed PDMS 

manufacturing method used in utilizes Fused Filament Fabrication (FFF); a common 3D printing 

technology. Which is explained in chapter 2.4. 
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2.1 Luminescent Solar Concentrators (LSCs) 
The concept of the luminescent solar concentrator was developed during the 1970s energy crisis. In 
that time, solar cells were very expensive and LSCs were supposed to reduce the number of solar 
cells needed per unit area. This was meant to be achieved by focusing light from a large area into a 
small area, thereby achieving a drastic reduction of the amount of solar cells needed for light 
collection. When the oil crisis subsided, interest in LSCs also decreased. However, in the last decade 
the interest increased again, due to the development of better lumiphores. This development was 
further stimulated by an increased environmental awareness.  

An LSC normally focuses light to the edges of a plate onto a solar cell. By concentrating the light to 
the edges, fewer solar cells are needed to collect it. A secondary effect of an LSC is the emittance of a 
well-defined spectrum. This spectrum is the same as the emission spectrum of the lumiphore loaded 
in the LSC. Higher concentrations of light of a specific wavelength means that the solar cells can 
operate very efficiently. LSCs are very inexpensive compared to the solar cells, which means that the 
complete system could be more cost-effective than using only solar panels. The LSC concept is 
schematically shown in Figure 1. 

 
Figure 2: A schematic overview of the LSC concept; solar light gets absorbed by the luminescent dye, a large fraction of 

the emitted light is caught by the waveguide and transported to the solar cell. 

One of the main advantages of LSCs compared to other solar collectors is that they can effectively 
use diffuse light. LSCs will concentrate light even in clouded conditions, where solar concentrators 
with mirrors fail due to the diffuse nature of the light penetrating clouds. This is possible due to a 
high acceptance angle for incident light. As long as light can enter the waveguide it can be utilized. 
However light emitted inside the wave guide needs to be emitted inside the acceptance cone in 
order for it to be wave guided (see chapter 2.1.1). Light emission in directions outside of this cone 
are one of the largest loss factors for LSCs [6]. Both these concepts are illustrated in Figure 3. 

 
Figure 3: An illustration of the usage of diffuse light; for example from cloud cover. There are also lost rays shown (A and 

B), if a photon is emitted outside of the acceptance angle it can leave the waveguide. 
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2.1.1 Light transport & loss factors 
Luminescent solar concentrators do not capture all light emitted by the lumiphores. The capture 
efficiency is determined by the difference in refractive index between the waveguide material and 
air. Light that passes through a boundary will be refracted by an angle that is determined by the 
difference in refractive index between the materials (also see Figure 4): 

 
 ( 1 ) 

The critical angle is the angle at which this refraction becomes greater than 90°, at this point there is 
no more refraction but complete reflection, which is illustrated in Figure 4. This phenomena is called 
total internal reflection. According to Snell’s law, the critical angle is defined by the different 
refractive indices between air and the material (  is the refractive index of the material): 

 

  ( 2 ) 

 
Figure 4: Refraction and total internal reflection of light. If light would be refracted in an angle of 90° or larger it will get 

totally internally reflected. 

The critical angle can be used to calculate the total loss from luminescence. This loss can be 
quantified by imagining a sphere around the emitting lumiphore. By comparing the surface area of 
the sphere where light is lost, to the surface area of the sphere where it gets captured, the capture 
efficiency (  can be calculated. The derivation makes two assumptions: the emitter is isotropic 
and there is no reabsorption of emitted light by the medium. See Figure 5 and the derivation that 
follows. 

 

Figure 5: Luminescent loss illustrated by a sphere. The red surface represents the surface through which emitted photons 
are lost. Photons emitted trough the green surface are captured.  

 
 ( 3 ) 

 
 ( 4 ) 

 
 ( 5 ) 
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The capture efficiency is one of the most important loss factors but it is not the only one. Debije et al. 
[5] proposed a formula, which acts as an overview of the loss factors that govern the total optical 
efficiency. Equation 6 shows the most relevant of these loss factors and defines the total optical 
efficiency:  
 

𝜂𝑜𝑝𝑡 = (1 − 𝑅)𝑃𝑇𝐼𝑅 ∗ 𝜂𝑎𝑏𝑠 ∗ 𝜂𝑃𝐿𝑄𝑌 ∗ 𝜂𝑆𝑡𝑜𝑘𝑒𝑠 ∗ 𝜂ℎ𝑜𝑠𝑡 ∗ 𝜂𝑇𝐼𝑅 ∗ 𝜂𝑠𝑒𝑙𝑓  ( 6 ) 

The main loss factors are: PTIR  is the loss due to imperfect luminescence capture described above, 
ηabs is light passing through the LSC unabsorbed, ηhost represent the losses due to the optical 
properties of the material,  ηstokes is heat production due to the stokes shift of the dye and ηself  is the 
loss due to reabsorption of emitted light by other fluorescent dye molecules. Other less significant 
loss factors include: ηPLQY non zero quantum yield of the dye (low with efficient dyes), R  reflection 
from the surface and ηTIR  which is the loss factor due surface imperfections. 
 

 
Figure 6: Loss mechanisms in luminescent solar concentrators: 1) Light emitted outside capture cone; 2) re-absorption of 

emitted light by another luminophore; 3a) input light is not absorbed by the luminophore; 3b) limited luminophore 
stability; 3c) internal quantum efficiency of the luminophore is not unity; 4) solar cell losses; 5a) reflection from the 
waveguide surface; 5b) absorption of emitted light by the waveguide; 5c) internal waveguide scattering; 5d) surface 

scattering.(figure and description obtained from reference [5]) 

These various losses mean that the system efficiency for an LSC/PV system obtained to date is 

relatively low. The highest reported conversion efficiency for light to electricity reported in Debije et 

al. is 7.1% [5]. This is the combined light transport and solar cell conversion effectiveness. The 

fraction of light reaching the edges can be far higher than 7.1% and systems with different uses for 

the light might show far better usage of the energy potential of the light. Shorter light transport 

distances might also increase the efficiency. Both of these effects are likely to occur in the LSC 

photochemistry combination discussed in this thesis.  
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2.1.2 Light conversion 

The emission spectrum of an LSC depends on the lumiphore used. By using different lumiphores the 

emission and absorption wavelengths can be fine-tuned to the bandgap of the solar cell used. The 

dye in a LSC effectively  down shifts incident light to a lower wavelength. 

 
Figure 7: Utilization of the solar spectrum for silicon solar cells. Including possible gains for up and down conversion of 

light (source: [7]). 

Figure 7 illustrates the maximum possible utilization of light by silicon solar cells. It also shows the 

possible gains through down/up-conversion. These gains are not applicable to current LSCs, because 

they assume two photon emission and two photon absorption processes which are not yet used for 

LSCs. As can be seen from Figure 7, silicon solar cells use light with a wavelength around 1100 nm the 

most efficiently. This is due to the bandgap of silicon solar cells of 1.1 EV. This allows for down 

conversion of light with a higher wavelength than 1100 nm in an LSC without losing efficiency due to 

the stokes shift in wavelength. 

The dyes used in an LSC can be selected depending on the solar cell used or the application of the 

LSC. This also changes the absorbed and emitted spectrum of the dye. Figure 8 illustrates a number 

of LSCs with different lumiphores. 

 
Figure 8: Photograph of LSCs with different lumiphores under UV light (source:[5]). 
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One of the most commonly used lumiphores in LSCs is a luminescent dye named BASF Lumogen 

Fluorescent Red 305 (Red 305 for the rest of this report). The dye absorbs light from a very broad 

spectrum and emits a better defined spectrum. Figure 9 shows the absorption spectra of Red 305 

compared to the solar spectrum. As can be seen the broad absorption covers most of the visible 

spectrum. 

 
Figure 9: The absorption and emission of Red 305 compared to the solar spectrum (source solar spectrum: [8]). 

In this thesis it is shown that that the wavelength conversion can be used in combination with 

photochemistry to convert light to more useful wavelengths (see chapter 4.2). 

2.1.3 Ray tracing simulations 

Ray tracing simulation is one of the two main methods used to predict the performance of LSC 

systems [6]. The other commonly used method is a detailed thermodynamic balance method. The 

usage of ray tracing simulations dates back to the beginning of LSC research [9]. Future simulations 

will be performed on open source ray tracing software, called PV-trace, which was developed as part 

of a PhD thesis [10]. An illustration of a simulation is shown in Figure 10. The modelling results are 

used to gain more insight in which designs are optimal for an LSC photoreactor combination. 

 
Figure 10: PV trace ray tracing software. The path of the photons can be visualized by the software. 
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2.2 Photochemistry 
Traditionally, photochemistry is performed with Ultraviolet (UV) light. Photons with shorter 

wavelengths have more energy, which allows them to interact with molecular bonds directly. The 

energy per photon can be described with the following equation, in which h is the Planck constant, c 

is the speed of light and λ is the wavelength: 

 
𝐸 =

ℎ𝑐

𝜆
 

 
( 7 ) 

However, these high energies can also cause undesired reactions, which means that the selectivity of 

the reaction suffers. Another problem with UV photochemistry is the expense of UV lamps. If UV 

photochemistry is used on an industrial scale, the expense of the UV lamps becomes one of the 

mayor cost factors. Visible light photocatalysis overcomes these issues.  

2.2.1 Photoredox catalysis 

The most common form of photochemistry that can be performed with visible light is photoredox-

catalysis. Photoredox-catalysis utilizes the ability of organic dyes or metal complexes to engage in 

Single Electron Transfer (SET) upon absorbing a photon [11]. This process generates highly reactive 

intermediates in situ.  Reagents with oxidizing or reducing potentials as high as these intermediates 

are very reactive, often toxic and difficult in handling. In contrast, photoredox catalysts are relatively 

inert and non-toxic.  

Examples of organic photoredox catalysts are Eosin Y and Methylene Blue, both are used in this 

thesis. The structures of these dyes are shown in Figure 11. Other examples are transition metal 

complexes like Ru(bpy)3
2+, which are commonly used photocatalysts. 

        

Figure 11: The chemical structures of Methylene Blue and Eosin Y. 

Photoredox chemistry gives access to a broad range chemical transformations; in a review of 

MacMillan et al. [11] ample examples of net oxidative, net reductive and redox neutral reactions are 

given. These examples all use transition metal complexes as a photocatalyst. Unfortunately, 

transition metal complexes typically absorb in the 350-450 nm wavelength range, which is a 

disadvantage if the light for the reaction is collected with an LSC. In addition to this, transition metals 

are very expensive and toxic which is a problem when they are used to produce active 

pharmaceutical ingredients (API). Metal free photocatalyst like Methylene Blue are a good 

alternative for some reactions, in which they even outperform the transition metal complexes [12]. 
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2.2.2 Singlet oxygen 

Singlet oxygen is an excited state of oxygen that is known to exist for more than 80 years [13]. The 

excited state of oxygen has many applications in chemistry and it can be generated with several 

methods: photosensitization, electrical charges (for example gaseous discharge),  and in certain 

exothermal reactions [14]. Photosensitization is the most common method to generate singlet 

oxygen. Good photosensitizers are organic dyes like Methylene Blue, which can be used to produce 

singlet oxygen in situ. This can be done in mild conditions at room temperature and without 

dangerous chemicals, which enables safe and efficient utilization of singlet oxygen reactions.  

Singlet oxygen reactions fall predominately into three categories: Schenck Ene reactions, 

Cycloadditions and oxidations of hetero atoms [14]. The DPA oxidation that is used in this thesis is a 

Cycloaddition.  

2.2.3 Photochemistry in micro-reactors 

Micro-reactors have unique advantages for photochemical reactions. The applicability of batch 

reactors for scale up is limited by the Lambert - Beer law (see equation 8). The equation states that 

the intensity of radiation decreases logarithmically as a function of the absorbance. The large 

dimension of batch reactors coupled with the high absorbance of photocatalysts create a very 

uneven illumination profiles. These uneven illumination profiles limit the scale up possibilities of 

batch reactors.  The illumination profile inside micro-reactors is considerably better due to the small 

dimensions of microchannels. In addition to this micro-reactors scale better due to the utilization of 

continuous flow and numbering up strategies.  

 
𝑇 = 

𝜙𝑒
𝑡

𝜙𝑒
𝑖
= 10−𝑎 ( 8 ) 

Apart from illumination enhancements, micro-reactors also offer safer operating conditions. For 

example the disulphide coupling used as a model reaction in chapter 4.3 uses a two phase system of 

pure oxygen and an ethanol solution. In large volumes this explosive mixture would be extremely 

dangerous. However in a micro-reactor setup this mixture poses almost no safety risk; the volume of 

the reactor is very small, which means that in the, very unlikely, event of ignition of the reaction 

mixture the combustion will not cause significant damage. Slug flow operation means that the gas 

volume in the reactor is heavily segregated, which means that the gas volumes are even smaller. 

Figure 12 shows a typical laboratory scale photomicro-reactor. 

 

Figure 12: A photo micro-reactor which is used in the Noël group. It consists of a light holder which positions commercial 
LEDs around an inner cylinder which is coiled with a chemical resistant microcapillary. The system is cooled with 

compressed air.  
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2.3 Polydimethylsiloxane (PDMS) and soft lithography 
In the last decennium PDMS has become a popular material for the production microfluidic devices 
[15]. PDMS is an elastomer with a silicon backbone that is inert, highly transparent and permeable to 
gasses. The polymer is used in a wide variety of applications which range from shampoos to contact 
lenses, it is even found as an additive of some frying oils. In research the most prominent use is in 
soft lithography and for the production of microfluidic devices [16]. The polymeric structure of PDMS 
is shown in Figure 13. 

 

Figure 13: The polymer structure of PDMS 

PDMS with a low molecular weight is a very viscous liquid, which can be crosslinked with an initiator. 
The crosslinking of PDMS results in an elastomeric structure that retains the shape of the container in 
which it is crosslinked up to the nanometre level. This means that, with the appropriate mould, all 
kinds of structures can be made. Microfluidic devices are just one possibility, other uses are for 
example Gecko feet mimicking structures [17]. The most common mould production method is soft 
lithography. 

2.3.1 Soft lithography and mould production 
Lithography is one of the main methods for micro and nanofabrication of structures. It is also used as 
a method for 3D printing. Reports for the production of micro structures with lithography date back 
to the 1990s [18]. Modern lithographic methods work by exposing a photon/electron sensitive 
material  to either light or an electron beam. The sensitive material can either be cured/prevented 
from curing by the exposure to light/electrons. Materials used with light are called photoresists. 
When a photoresist is cured by light exposure it is called a positive photoresist, and when curing is 
reversed by light exposure the material is called a negative photoresist.  

The mould for the production of PDMS microstructures is normally produced with a positive 
photoresist. A collimated UV light source evenly illuminates a photo mask, which makes sure that 
only the desired pattern is illuminated. The exposed photoresist hardens and the unexposed 
photoresist can be washed away after the hardening is completed. After washing the mould may 
need a surface treatment to prevent PDMS adhesion, it can then be used [19]. The whole process is 
illustrated in Figure 14. 

 

Figure 14: Production of a mould with photolithography: A an positive photo resist is spin coated onto a silicon substrate 
(silicon reflects UV), B a photomask is aligned with the substrate, C collimated UV light cures the areas that are exposed 

by the mask, D after washing the micro structures remain. 



21 
 

The maximum thickness of the microstructures is limited by both the curing process and the 
maximum thickness attainable by spin coating. This means that the method is limited to structures 
with a thickness lower than 500 micrometres. Thicker structures require repeated lithographic steps. 
However, alignment of the mask needs to be very precise or else the second layer is misaligned with 
the first, resulting in failure. This makes thicker structures hard to attain. Another limitation is that 
the structures that are created are strictly two dimensional, it is not possible to make anything else 
that an extrusion of the photoresist. 

2.3.2 Casting and binding 
Creating a mould is the first step in creating PDMS microstructures. The mould is subsequently filled 
with PDMS. Silicon wafers are fragile, it is common to place the mould in a Petri dish to protect it 
against fracturing and act as a PDMS container (see Figure 15 E). The casting process is 
straightforward: fill, degas, cure and remove the PDMS from the mould structure. Figure 15 
illustrates this process, it also shows a typical mould as well as the end product. 

After removing the PDMS from the mould, the reactor to be is still just a slab of PDMS with 
microstructures. These micro structures need to be closed to create a micro flow device. This can be 
accomplished by binding the PDMS to a substrate (Figure 15 D). Glass and PDMS are both suitable 
materials for binding. To bind PDMS to one of these materials, both the PDMS and the substrate 
have to be treated with oxygen plasma. This plasma creates hydroxyl groups on the surfaces, which 
form covalent bonds when they come into contact with each other. There is an optimum treatment 
intensity and time where the plasma treatment helps to create the strongest possible bond. The 
more hydrophilic the surface becomes the stronger the bonding. If the plasma treatment lasts to 
long the surface will completely oxidized and bonding will not be possible anymore. Several studies 
have been conducted to find the best bonding conditions [20]–[22]. However, each plasma 
generating machine has different properties, which means that the process should be optimized for 
the specific machine in use. 

 

 

Figure 15: The micro-reactor production process: A the starting mould, B the cast PDMS, C PDMS with micro structures, D 
resulting reactor, E a typical mould produced with photolithography, F the resulting reactor.   
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2.4 Fused Filament Fabrication (FFF) 3D printing 
In the last five years 3D printing has become very popular. Especially FFF 3D printing which is the 

most used 3D printing method for enthusiast. As can be seen from the trends provided by the home 

printing service provider 3D hubs [23]. Of the top 10 most used designs in March 2016, 9 were FFF 3D 

printers. This is mainly due to success of the RepRap (replicating rapidprototyper) movement. The 

goal of this movement is to produce a self-replicating 3D printer. The open source nature of the 

designs and the collaboration of many enthusiasts allowed rapid improvements in both the quality 

and affordability of the technology. It also allowed extreme diversification in the number of 

companies producing 3D printers. 

2.4.1 The Fused Filament Fabrication Process 

The FFF 3D printing process is a complex process, in which mechanical motion is combined with flow 

processes of thermoplastics, and where material interactions are very important. A FFF printer 

consists of a XYZ positioning system which positions a extrusion head very precisely. The extrusion 

head combines strings of plastic into a 3D object. Figure 16 illustrates this procces. To accomplish this 

a 3D model is cut into thin slices by slicing software. The slicer then calculates toolpaths and 

extrusion amount needed. This is translated into a machine toolpath coding language called “G-

code”. The code controlles the movements of both the extruder head and the positioning system. 

A:      B:    
Figure 16: A  shows a schematic overview of the concept while figure B shows the actual printing process on a FFF 3D 

printer (source A:[24]). 

There are many variations of the software used to transform 3D models into machine toolpaths. One 

of the most common is Slic3r; which is also used for this master thesis [25]. This software is open-

source and allows the tweaking of a wide variety of parameters. Standard settings like layer height, 

speed, fill density and much more can all be varied within the same model. Figure 17 shows a 

toolpath preview made within Slic3r of a structure used in this thesis. 

 
Figure 17: Toolpath preview of a 3D model used in this thesis within Slic3r. 

In this thesis FFF 3D printing is used to deposit structures on a smooth Acrylonitrile Butadiene 

Styrene (ABS) plate (like the structure in Figure 17). The plates with these structures then form 

moulds for PDMS reactors (see chapter 3). 
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2.4.2 FFF and methods for micro-reactor production 

Various research groups are exploring the possibilities 3D printing for the production of micro fluidic 

devices. However, FFF 3D printing has been less frequently applied to the production of micro-

reactors. The process is  not that well suited for the direct production of micro channels [26]. The 

production of fluid tight channels is not easy as the layers might not always bond well enough. 

Despite this, some research groups have used the method for direct fabrication of milli reactors (see 

Figure 18). 

 

Figure 18: FFF of a millifluidic device. On the left the CAD drawing is shown. The middle image depicts the 3D printer 
which was used for the fabrication. The resulting reactor is shown on the right (source: [27]). 

The disadvantages of FFF 3D printing can be overcome by creating a negative of the reactor 

structures and casting it in a different substrate. The original 3D printed structure can then be 

dissolved yielding the micro-reactor structure. An example of the results of such a method can be 

seen in Figure 19.  

 
Figure 19: An example of dissolved ABS scaffolds from a PDMS matrix (source: [28]). 

However, the leaching method proved to be unusable. The leaching of the sacrificial structures also 

leaches LSC dyes from the reactor. This makes these sacrificial mould methods unsuitable for 

combining LSCs and micro-reactors, which is the central concept of this master thesis. The mould 

production method for microfluidic devices used in this thesis circumvents this leaching problem. 
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2.5 Problem statement 
As already stated in chapter 2.2.1, photoredox catalysis is a class of photochemistry that uses visible 

light. This means that this chemistry can be performed with sunlight. However there are only few 

examples of solar light being used for photochemistry in research and almost none in industry (a 

notable exception to this is waste water treatment [29]). In one of these examples [30] a 

photochemical transformation is done in a parabolic trough solar tracker (see Figure 20). However, 

there are several disadvantages to this approach:  

 Diffuse light cannot be used: Parabolic mirror arrangements like the one in Figure 20 can 

only use direct light; this means that they do not work with cloud cover. 

 The solar tracking equipment is very expensive: One or two axis solar tracking is a 

mechanical complicated process and subsequently expensive. 

 Limited spectral usage: Sunlight consist of a wide spectrum of light of which only a fraction 

can be used (see Figure 21). 

 

Figure 20: Solar tracking solar concentrator arrangement for solar photochemistry (source: [30]). 

The disadvantages given above result in expensive and often inefficient installations for solar 

photochemistry. This makes using solar photochemistry on a large scale unfeasible. Solving these 

problems would be a large step towards more sustainable chemical transformations. 
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Figure 21: The spectrum of Methylene Blue compared to the solar spectrum (source solar spectrum: [8]). 

The problem of limited spectral usage is illustrated in Figure 21, it shows the solar light spectrum and 
the absorption spectrum of the photoredox catalyst Methylene Blue. As can be seen from Figure 21 
the absorption spectrum of Methylene Blue is comparatively narrow compared to the solar 
spectrum. Less than 40% of the visible light is effectively absorbed by the Methylene Blue. This 
means that 60% of the usable spectrum is wasted. This is a perfect example of the limited spectral 
usage by conventional reactors. An effective solar photoreactor should overcome this problem. 

Luminescent Solar Concentrators (LSCs), introduced in chapter 2.1, could solve these problems. They 
not only concentrate light, but also convert it to a more usable spectrum. Furthermore LSCs also 
work well with diffuse light and they do not need solar tracking. Combining LSCs with photochemistry 
can be done by replacing the solar cell with a reaction channel (see Figure 22). 

 

Figure 22: Using a LSC for photochemistry: The solar cell normally used in an LSC (A) is replaced with a reaction channel 
(B). In contrast to the solar cell the reaction channel can be illuminated from both sides (B). 
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Figure 23: Increased usability of sun light through the usage of LSC dyes. The emission spectra given for Red 305 is the 
measured edge emission from a sample (source solar spectrum: [8]). 

Figure 23 shows the same data as Figure 21 with the absorption and emission spectra of Red 305 
added. Red 305 is a dye that works very well in LSC applications. The main advantage of this dye is its 
broad absorption spectrum. It can absorb and re-emit most of the visible spectrum; even the regions 
where it absorbs less effectively (around 470nm). As can be seen from Figure 23, the emission 
spectrum also matches the absorption of Methylene Blue. The broad absorption and well-tuned 
emission mean that almost the complete visible light spectrum becomes useful. This and the fact that 
LSC work well with diffuse light and don’t need solar tracking, means that they could be a game 
changer combination with photochemistry. 

However, before the combination of LSCs and photochemistry can be tested, a suitable laboratory 
scale production method has to be developed. One possibility is PDMS microfluidics manufacturing 
(see chapter 2.2.2). PDMS can be coloured with dyes and used as an LSC, furthermore it is commonly 
used for microfluidic devices [31], [32], [15], [33]. An ideal method would create reaction channels 
like the structure B in Figure 22, which are able to absorb all the light traveling through the LSC. This 
is further illustrated in Figure 24. Unfortunately traditional methods using photolithography cannot 
create structures that have a large enough aspect ratio. This is why a new production method has 
been developed that utilizes 3D printing to create high aspect ratio moulds (see chapter 3). 

 

Figure 24: Comparison between different channel aspect ratios for LSC photoreactors. The blue blocks represent reaction 
channels. Higher aspect ratio channels collect light traveling through the LSC better. 
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3 Reactor production 
As was described in the problem statement, current PDMS production methods do not meet the 

requirements for producing suitable LSC photoreactors. Therefore, this chapter describes the new 

method that was developed for PDMS micro-reactor production.   

The method that was used with success is based on Fused Filament Fabrication (FFF) with a 

RepRapPro tricolour Mendel.  This process is explained in detail in chapter 2.4. By using FFF to 

deposit structures on a smooth ABS plate moulds can be made. These moulds produce open 

structures similar to the structures created by existing soft lithography methods. However, the 

aspect ratio of these structures is not limited, which enables high aspect ratio reactor structures. This 

is very desirable as was explained in the problem statement (see Figure 24). Chapter 3.1 describes 

the new method in detail, while chapter 3.2 gives an overview of the results that were obtained, it 

also discusses the  limitations of the new reactor production method. 

Initially a recently published method for the production of PDMS devices called ESCARGOT was 

explored [28]. However, the results from this production method were not satisfying, the failure rate 

was high and it was not possible to produce reactors loaded with luminescent dyes. However, there 

were some interesting successes with the production of titanium oxide coated reaction channels. 

Nevertheless, these results are outside the scope of this thesis and they will not be discussed in the 

main report. For completeness they are presented in appendix I. 
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3.1 Method:  PDMS microfluidic devices with 3D printed masters 
Here a flexible method for the creation of PDMS devices is introduced. The new method for creating 
PDMS devices is similar to the traditional photolithography method discussed in chapter 2.3.1, the 
only difference is how the master mould is created. By 3D printing structures on a smooth ABS plate, 
masters with any layout can be created. The main advantage is the flexibility in structure height. This 
can for example, be used to create walls around the mould for structures of the exact desired size, 
without PDMS waste. 

 

Figure 25: Side view of the reactor production process.  Conventional PDMS moulds (A) compared to 3D printed PDMS 
moulds (B). 

The FFF 3D printing technology deposits a continuous stream of material in a thin layer. This 
continuous deposition follows the path of the reaction channel. Smooth and continues flow enables 
very consistent structures. The printer deposits a single level at a time, the height of which can be 
determined in the settings of the slicing program. If the level height is equal to the channel height the 
resulting structure will be nearly round. With lower layers heights, a layered structure is created. The 
structure of these layers is closer examined in chapter 3.2.  There is no limit to the amount of levels 
that can be deposited on top of each other. This enables unlimited aspect ratios furthermore, simple 
3D structures are also possible. 

This new method is very similar to a method recently reported in literature [34]. The difference is the 
3D printing technology that was used (stereo lithography 3D printing). While this technology enables 
higher precision compared to FFF 3D printing, it is also more expensive, slower, less accessible and 
the moulds are limited in size.  

 

Figure 26: (a) schematic overview of a different 3D printed mould making process: a depicts the process from design to 
reactor assembly, (b) shows the CAD drawing and (C) the resulting print. With this print reactor (d) was created and an 
electron microscopy photo of the 3D print is shown in (e) (source: [34]). 
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3.1.1 Master design and printing preparations 
Before a reactor mould can be produced it has to be designed. In this thesis all 3D designs have been 
made with design spark mechanical, which is free 3D modelling software [33]. There are several 
considerations that need be taken into account when designing a reactor, these are: channel 
dimensions, channel aspect ratios, desired reactor thickness, reactor entrances, T mixers and the 
limitations of the 3D printer. 

 

Figure 27: Example of a simple reactor design used in this thesis. A is the reactor entrance which is shaped in such a way 
that a tube can be inserted in the final reactor. B is the reaction channel, the channel needs to be an N multiple of the 
nozzle diameter. C is the mould border, it needs to be the same height as the desired thickness of the top layer of the 

reactor. 

3.1.2 3D printing moulds on an ABS plate 
Printing on ABS is different from 3D printing on surfaces that will not be part of the final product. 
Normal 3D printing surfaces should bind with the substrate during the printing process, and release 
when the surface cools. However, when printing a mould on an ABS plate the binding should be 
irreversible. This is achieved by using the same printing material for the mould and the filament, 
which ensures that the plastic types are compatible and irreversible bonds can be formed. Because 
the build surface becomes an integral part of the final print, it should be easy to remove from the 
printer. One complication is that the attached plate should resist deformation from thermal stresses. 
When ABS structures are 3D printed on an ABS plate, they exert force on the plate. This force is 
caused by shrinkage of the cooling ABS. While the deformation of the build surface can be resisted by 
simply using thicker ABS plates, it complicates the post processing and worsens deformation due to 
uneven heating.  

For this project the ABS plate was attached to the glass build plate with double-sided tape. Forces 
generated due to shrinkage of the 3D printed structures turned out to be large enough to deform the 
ABS plate despite the tape. This problem was solved by heating the build surface and the ABS, which 
decreases shrinkage of the printed structures, it also improves bonding of the 3D printed structures 
to the ABS plate. Care has to be taken to not overheat the build surface because it leads to a 
degradation of the bond strength of the double sided tape. Overheating can cause thermal 
deformation of the ABS, which is strong enough to warp the surface. In this thesis a printing bed 
temperature of 50 °C produced good results. 
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The 3D printer used in this thesis is the Mendel RepRapPro Tricolour (see Figure 28). It has a 
removable glass build surface to which the ABS plates could be attached. The ABS plates used in this 
thesis were ordered from s-polytec [35] (smooth surface, white, 1mm thickness and 20cm square). 
Clear ABS filament with a diameter of 1.75 mm was obtained from Maker Point [36] and used for all 
moulds. The total material cost for a 20 cm square mould is less than 5 € as a square ABS plate costs 
less than 2 € and the ABS costs 3 cents per gram and not more than 50 gram of ABS is used in a print. 

  

Figure 28: RepRapPro Mendel Tricolour and FELIX Pro 1 3D printers, the printers used in this thesis (source: [37], [38]). 
The Felix printer is the replacement for the Mendel Tricolour. All moulds for this work have been made on the Mendel 

Tricolour. 

The following slicing settings were used for the production of most devices: 

First layer height: 0.20 mm 
Layer height: 0.10 mm 
Printing speed: 30-45 mm/s 
Heated bed temperature: 50 °C 
Frist layer temperature: 230 °C 
Other layers: 220 °C 

The general work flow is illustrated below in Figure 29: 

 

Figure 29: An overview of the process: A depicts the 3D design, B is a visualisation from slicer and C is the final mould. A 
grind of 9 of these moulds takes around 45 minutes to print. 
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3.1.3 Loading PDMS with dyes 

PDMS can be used for the production of LSCs [31]. For this a luminescent dye has to be dissolved 

within the PDMS. Two different dyes were used for the production of LSC photoreactors: Red 305 

and K160 a cumarin dye. The method for dispersing the dye in the PDMS matrix is similar to the 

method used in Hoffman et al. [32]. 

To obtain a homogenous dye dispersion in PDMS the luminescent dyes where first dissolved in a 

suitable solvent. K160 dissolved well in acetone, while Red 305 dissolved well in diethyl ether. To 

create a dye solution a few milligrams were weighed on a balance in a test tube. The dye was then 

dissolved with the appropriate amount of solvent, which was dispensed using a plastic syringe. For an 

optimal dispersion inside the PDMS a mixture of 1 ml solvent to 10 gram PDMS is desired. The target 

concentration of the dye solution, (in mg/ml) is ten times the target concentration in the PDMS (in 

mg/g PDMS). The dye solution is then added to a beaker, containing a known amount of 10 to 1 

mixture of initiator and PDMS polymer (Sylgard 184 from DOW corning). After several minutes of 

vigorous mixing the resulting mixture is degassed. This removes most of the solvent from the 

mixture. When all bubbles are removed, the mixture is ready for casting. 

 

Figure 30: different concentrations of Red 305 in cast PDMS slabs. Outer ring from left to right: no dye, 0.01, 0.05, 0.10 
and 0.15 mg/g dye. The centrepiece has a concentration of 0.2mg/g. 

Using this method a concentration of 0.25 mg/g of Red 305 could be achieved. K160 does not 

preform that well, it has a maximum concentration of 0.04 mg/g. If these concentrations are 

exceeded crystals will form in the PDMS matrix, which will negatively influence the optical 

performance of the PDMS. Figure 30 shows samples with different concentrations of Red 305.  

3.1.4 Casting reactors 

Casting the reactors is a simple process. First the amount of PDMS that is required needs to be 

calculated. A quick way to do this is to create a 3D model of the empty volume in the mould and 

using slic3r to calculate its volume. The 3D model can be made by simply subtracting the reactor 

model from an appropriate sized bar. When this model is exported in SLT format and loaded into 

Slic3r the program will calculate its volume in microliters. PDMS has a density of approximately 1 

(g/ml) this means that the volume in millilitres is equal to the amount of PDMS in grams. 
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The PDMS can be prepared with the method discussed above. The mould can now be filled with the 

required amount of PDMS. It is unavoidable that the cast PDMS includes some air bubbles; small 

nooks and crannies in the mould will always capture some air during casting. This air can be removed 

by a second degassing step. When all the bubbles are removed the filled mould is ready to be cured. 

The mould can either be cured at room temperature or at elevated temperatures. At room 

temperature curing takes two days or longer. While, at elevated temperatures, it can be as quick as 

10 minutes. ABS deforms when unevenly heated and it also deforms when heated above 100 °C. To 

avoid uneven heating it is best to cure the moulds in an oven. Curing for two hours at 65 °C worked 

well. After curing the PDMS structure can be carefully removed with a spatula. The structure is now 

ready for binding. 

3.1.5 Bottom manufacturing and binding 

Before a moulded PDMS structure is usable as a reactor it has to be bound to a bottom substrate, for 

which flat slabs of PDMS where used. These slabs were produced by casting PDMS in Petri dishes of 

the appropriate size. The required thickness can be obtained by varying the amount of PDMS cast in 

the Petri dish, for which the necessary amount can be calculated with the diameter of the Petri dish. 

After this the casting and curing procedure is the same as the procedure outlined in the previous 

section. 

With both the reactor structure and the bottom substrate ready, binding can proceed. Binding is a 

process that uses an oxygen plasma to create OH groups on the PDMS surface (see chapter 2.3.2). To 

create this plasma a Plasma Asher was used (type: EMITECH K1050X). A power to the coil of 30 W 

and a treatment time of 30 seconds produced persistent good results. For smaller samples both the 

top and bottom could be treated simultaneously. When larger samples were treated, the top and 

bottom had to be treated separately. After treatment the reactor structure and the bottom substrate 

formed bonds on contact. These bonds need 24 hours to reach their full strength, and the final bond 

strength can be improved by post curing the resulting reactor. This method produces very strong 

bonding, which makes entrances on the side of the reactor possible. The reactor is now ready for 

use. 
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3.2 Results and discussion: reactor production 
The reactor production method from chapter 3.1 proves to be very flexible. Any 2D configuration is 
possible and simple 3D configurations can also be made. Furthermore, the maximum size is only 
limited by the plasma binding and the bottom plate manufacturing. Another limitation is the bed size 
of the 3D printer. However, the RepRapPro Mendel has a printing bed size of 218 mm squared, which 
is larger than the maximum size attainable with soft lithography. 

3.2.1 Design freedom 
A wide variety of designs have been produced with the new production method. The largest designs 
that have been printed are 190 mm squared. The largest reactor created was a spiral design which 
used a larger glass Petri dishes to cast the binding surface. With this Petri dish it was possible to 
create the bottom substrate, for the reactor with a 12 cm diameter. Figure 31 shows the design, 
mould and resulting reactor for this larger design. This reactor was used for the thiophenol test 
reaction (see chapter 4.3.1), which used the K160 dye as LSC dye. 

 

Figure 31: The largest reactor design that was used to create a reactor; A is the top view of the 3D model, B shows the 
mould that was created with this model and C is the reactor that was produced with this design. Note the thicker parts at 
the entrances. These are 3D structures made to accommodate tubing for side entrances, which enables thinner devices. 

While all 2D designs are possible, the freedom for 3D designs is limited. There are several limitations 
for producing 3D designs:  

The PDMS has to be removable: it is not possible to create structures like bridges, these 
structures would enclose the PDMS which would either damage the PDMS or the mould 
during removal. 
There is a maximum overhang threshold: each layer rests on the previous layer and 
overhangs above approximately 45° cause the printing to fail. 
Minimum extrusion amount: Pillars and other free standing structures cannot reliably 
printed with a diameter smaller than approximately two times the nozzle diameter. 

These limitations however matter little for the production of LSC photoreactors, which are primarily 
planar structures with no need for complex 3D geometry. Future research could explore the 
possibility of multi-layered structures similar to the ones found for conventional PDMS reactors [39]. 
Another possibility for future research is the exploration of mixing wall structures. These possibilities 
are further discussed in chapter 3.2.3. Additionally, an overview of all reactor shapes produced is 
given in appendix II. 
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3.2.2 Dye dispersion 

LSC performance depends strongly on the dye concertation. Higher concentrations mean more light 

absorption, but if the saturation concentration is reached crystals form which promote scattering.  

A concentration series was made to investigate the maximum obtainable dye concentration at which 

crystal formation is not an issue. This was done for three luminescent dyes: Red 305, K160, and BASF 

Lumogen F GELB 086. Lumogen GELB was not dissolvable in any significant concentration. However, 

Red 305 and K160 are both dissolvable in useful concentrations. Figure 32 displays the absorption 

spectra of both luminescent dyes at different concentrations. As can be seen from these figures the 

baselines increase when the concentrations become too high. This indicates scattering caused by the 

formation of crystals. The maximum useful concertation of K160 is 0.04 mg/g while Red 305 can be 

used with concentrations up to 0.25 mg/g. 

 

 

Figure 32: Absorption spectra of Red 305 (A) and K160 (B). As can be seen from graph B the baseline of K160 rises with 
increasing concentrations. This indicates scattering by crystals. The  effect can also be seen at the highest concentration 
in Red 305 (see graph A). The spectrometer becomes unreliable if the absorbance surpasses 3, which is why the top of 

the absorbance peaks at 550 nm flattens in A. 
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3.2.3 Advantages and Limitations of the reactor production method 

The primary limitation of the reactor production method is the 3D printing process itself. There are 

several technical factors that limit the resolution of the 3D printed structures. One of the most 

important factors is the layer height. When the layer height, designed channel diameter and width 

are all equal to the nozzle diameter, the resulting channel is nearly round. If the layer height is lower 

or the height of the channel is larger than the diameter the resulting structure is layered. While 

reducing the layer drastically height creates a smoother structure, the layering effect will still be 

there (see Figure 33).  

 
Figure 33: Microscopy photos of test channels printed with different layer heights, it shows two different total heights 

500 and 1000 microns (top and bottom) and 4 different layer heights 500, 200, 100 and 50 micron (left to right). 

Interestingly, this layered structure can also be functional. There were two potential applications 

observed during this thesis: increased film thickness during slug flow and directional light scattering. 

These both have potential applications for photochemistry. The increased film thickness could be 

useful for substrates with high absorption that are hard to illuminate. Thin films can be better 

illuminated than larger volumes of liquid. This is due to the Lamber-Beert law, which is explained in 

chapter 2.2.3. Observations provided several clues that this effect exists. However none of these 

observations were suitable to include in this thesis. They are however visible in the videos made 

during this project. The light scattering effect has been observed in clear test pieces for model 

validation, a detailed discussion of this scattering effect is available in chapter 5.3.2 and 5.4.2. This 

scattering effect could  be utilized to transport more light to conventional photoreactors. 

The LSC photoreactor provided an additional challenge that is not observed in conventional PDMS 

reactors. Luminescent dyes inside PDMS can be leached from the material by the solvents of the 

reaction mixture. This leaching will degrade the performance of the reactor as an LSC. It might be 

possible to prevent the leaching by applying a chemical resistant coating to the channel. Fortunately, 

the new production method works with existing coating approaches that were developed for soft 

lithographic production methods. One of these methods was tested and a dye swelling test clearly 

illustrates that the coating had an effect and it reduced both swelling  and dye infiltration (see Figure 

1). Testing different methods to obtain a chemical resistant coating could be very useful for future 

work. 

 
Figure 34: Swelling test with two sample reactors: left untreated, right treated (method reported by Li et al. [40]). The 

samples were simultaneously infiltrated with a toluene Red 305 solution.   
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4 LSC photoreactor proof of concept 
Producing reactors is the first step, after which a proof of concept is needed to test if the LSC 

photoreactor concept works. A good test for this type of reactor is chemistry were light is the 

kinetically limiting factor. Reactions which are limited by the amount of light can be used as 

actinometers. Unfortunately, most of these reactions do not have known quantum yields. However, 

reactions of which the quantum yield is known can be used to measure the amount of light reaching 

the reaction channels. Additionally, there is only one calibrated actinometer know for the red light 

emitted by Red 305 [41], [42]. The substrate for this Actinometer proved too hard to synthesize. 

Without a calibrated actinometer the light flux reaching a reactor cannot be quantified and only 

comparisons with the same reaction system can be made. This was done with two different reaction 

systems which utilized the same light source (chapter 4.1).  

There are two predicted performance enhancing effects from the LSC photoreactors. These are light 

conversion and light transport. Experimental evidence for these effects is provided with two distinct 

LSC reaction systems. The experimental evidence for light conversion, which is described in chapter 

4.2, utilizes Red 305 and Methylene blue as a LSC photoreactor system. This system photosensitizes a 

singlet oxygen reaction. The experimental evidence for light transport, described in chapter 4.3, 

utilizes K160 and Eosin Y as a LSC photoreactor combination, which catalyses a disulphide coupling. 
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4.1 Light source 
The tests of the wavelength conversion and light transport were performed with commercially 

available blue Light Emitting Diode (LED) strips (Paulman basic Blue LEDs). Literature states that the 

brightness of LEDs depends the voltage difference over the light emitting junction. Starting from a 

threshold voltage the light flux increases linearly with voltage until a second threshold voltage after 

which it levels of [43]. The voltage can be regulated with a suitable power supply. This enables the 

variation of the light intensity of the LED strip. 

The light intensity and the light spectrum of the LED strip were measured with an integrating sphere 

(SLMS 1050 integrating sphere (Labsphere)). As can be seen from Figure 35 the light output of the 

LED strip is indeed linear above a voltage of 8.5 volt and thus the data complies with the theory. The 

LED strip is rated with a maximum voltage of 12 volt at which the light output does not yet level off. 

 

Figure 35: Light intensity of the blue LEDs with different voltages. 

During the experiments, the same voltages of the measurements were used. The values for the light 

flux are shown in Table 1. In this table the molar light flux was obtained by calculating the molar flux 

with equation 8 at every data point (W/nm) and integrating these values over the entire spectrum. 
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In equation 9: c stands for the speed of light in vacuum (m/s), λ is the wavelength (m), h is planck’s 

constant (J*s), L is Avogadro’s constant (mol) and W is the light flux at wavelength λ  (J/s nm). The 

end result is the molar flux for the data point at wavelength λ (mol/s nm). 

Table 1: Light flux blue LED strip at different voltages. 

Voltage 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 

Total FLUX (W) 2E-4 0.004 0.025 0.062 0.103 0.143 0.188 0.231 0.271 0.316 

Total FLUX (μmol/s) 9E-4 0.021 0.115 0.287 0.473 0.644 0.853 1.046 1.229 1.447 
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4.2 Light Conversion 
The best test for light conversion in an LSC photoreactor, is a setup where there is a complete 

mismatch between the absorption spectrum of the photocatalyst and the light source. The blue LED 

light source discussed previously has a complete mismatch with the absorption spectrum of 

Methylene Blue. Methylene blue is an excellent photosensitizer for the production of singlet oxygen 

and a singlet oxygen test reaction has been found which is light limited in the conditions that were 

applied.   

4.2.1 Singlet oxygen reaction 

In literature, the singlet oxygen photo oxidation of 1,9-diphenylanthracene (DPA) with tris(2,2′-

bipyridyl)ruthenium(II) (Ru(bpy)3) is used as a calibrated actinometer [44]. The original reaction is 

catalysed by Ru(bpy)3. However, this catalyst does not absorb the red part of visible light, which 

means that this calibrated actinometer reaction is useless for investigating the performance of Red 

305 LSC photoreactors. Fortunately, the reaction could be performed with a whole series of 

photosensitizers, including Methylene Blue, which matches the emission spectrum of Red 305.  

Unfortunately, when catalysed by Methylene Blue, the reaction has an unknown quantum yield and 

as such is not a calibrated actinometer. However, the mechanism of the reaction is the same for both 

catalysts, as such the Methylene Blue reaction is expected to be highly light limited in the reaction 

condition that were used. And it proved to be very useful in assessing the performance of LSC 

photoreactors. 

The reaction conditions for this reaction are the same as the ones reported by Spencer et al. [44], the 

only difference is the photocatalyst used.  

 
Reaction 1: Singlet oxygen oxidation of DPA with Methylene Blue as a photosensitizer. Concentrations of the substrate 

are so low that the reaction can be completed with dissolved oxygen. 
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4.2.2 LSC configuration 
The Methylene Blue mediated singlet oxygen reaction is a good candidate to test if the light 
conversion effect exists in LSC photoreactors. Only a small amount of the light from the blue LED 
should be absorbed by Methylene Blue. This is illustrated by Figure 36. The absorption of Methylene 
Blue is a complete mismatch with the light emission from the Blue LEDs. However, if Red 305 is used 
as an LSC dye, then the blue light can be down converted into usable red light. 

 
Figure 36: Absorption and emission spectrum of the lumogen Red 305 dye compared to the emission spectrum of the 

blue LEDs and the absorption spectrum of Methylene Blue. 

4.2.3 Experimental setup 
The setup utilizes a 3D printed light/reactor holder for reproducible reactor placement (see Figure 
37). In Figure 37, A is the holder for the LED strip, B is the lid with a clear reactor mounted and C is a 
LSC reactor that is mounted to the lid. During experiments, the reactor was connected to a syringe 
pump. The T mixer integrated into the reactor design was used to mix the photocatalyst and  
substrate solutions. All experiments used a constant liquid flow of 300 μl/min and the reactor volume 
for both reactors was approximately 320 μl. Light intensity was the only changing variable, which was 
controlled with the voltage to the LED strip. The reactor holder blocked outside light and all tubing 
outside the holder was covered with aluminium foil. For each data point, a sample volume of 1.5 ml 
was collected in a container shielded from light. Before sample collection, an equilibration time of at 
least 3 residence times was used. The samples were then measured using a photospectrometer 
(Shimadzu UV-2901PL UV-VIS). After data collection the conversion of the samples was determined 
by comparing the absorption peak of DPA at 372 nm with an unreacted reaction mixture and a fully 
converted sample. 

 
Figure 37: the separate parts of the reaction setup: A is the LED holder and B & C are the reactors integrated in the lid. 
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4.2.4 Results & discussion 

The results for the DPA oxidation with singlet oxygen were very convincing. Blue light did create 

almost no conversion in the reaction mixture in a clear reactor while the reaction ran to full 

conversion with the reactor loaded with LSC dye. The results are shown in Figure 38. 

 
Figure 38: Conversion of the DPA singlet oxygen conversion as a function of the light flux for a clear and a Red 305 

reactor under a blue light source. The two regression lines are fitted through zero and they are added to compare the 
initial rate at low light fluxes. The line through the Red 305 data is just fitted through zero and two data points. This 

makes the uncertainty in the slope high. 

As can be seen from Figure 38 the reaction rate in the Red 305 reactor is a lot higher. A comparison 

of the slopes at low conversions (less than 35%) shows an order of magnitude difference between 

the initial reaction rates.  If the reaction speed is assumed to be first order in respect to the amount 

of absorbed light, the LSC photoreactor delivers approximately 10 times more useful light to the 

mixture. 

The improvement in conversion has also been calculated in percentages. These results are shown in 

Table 2. These results show a far larger difference in performance at lower light intensities, as the 

conversion in the LSC reactor increases the difference between the two reactors decreases. A falloff 

like this can be expected as the high conversion most likely means that the substrate concentration 

becomes kinetically limiting and not the light amount. Overall, these results provide strong evidence 

that light conversion can be a beneficial aspect of an LSC photoreactor. 

Table 2: Percentage improvement in conversion with an LSC reactor. Formula: (Xclear/ XRed 305 -1)*100% X in which X is the 
conversion. 

Light flux: μmol/s 0.115 0.287 0.473 0.644 0.853 1.046 1.229 1.447 

Improvement: % 836% 645% 547% 480% 340% 292% 279% 301% 
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4.3 Light Transport 
In an ideal test for light transport, only luminescent photons can reach the reaction channels. 

Unfortunately, ideal setups do not exist.  In a viable setup luminescent light has a better chance to 

reach the reaction channel than direct light. Such conditions can be provided by blocking direct 

radiation to the reaction mixture. However, before such a system can be tested, improved 

performance by light conversion need to be ruled out. Such improvements could otherwise obscure 

the performance boost seen from enhanced light transport. A lower performance boost from light 

conversion can be obtained by utilizing a low red shift and a low mismatch in the absorption 

spectrum between the light source and the photocatalyst. Such a system has been found with the 

disulphide coupling of thiophenol catalysed by Eosin Y and an LSC system doped with K160 dye. 

4.3.1 Thiophenol disulphide coupling 

The thiophenol disulphide coupling has frequently been used as a model system in the Noël group [4] 

and there is proof that the reaction is light limited under the reaction conditions used in this study. 

The reaction has several advantages: it is highly selective if full conversion is not reached. In addition 

to this, the reaction reaches full conversion with a residence time of two minutes. Unfortunately, 

there are also some downsides: thiophenol is very toxic and has an unpleasant smell. The reaction 

also needs to be performed with a two phase slug flow regime, in which flow instabilities can occur.  

The reaction conditions used are shown in Reaction 2. One molar equivalent of 

Tetramethylethylenediamine (TMEDA) is added to the reaction mixture because the reaction needs 

alkaline conditions to proceed. These reaction conditions are the standard reported by Talla et al. [4] 

for disulphide couplings. 

 
Reaction 2: Thiophenol disulphide coupling. TMEDA needs to be added because the reaction needs alkaline conditions to 

proceed. The reaction requires oxygen slug flow to run to completion.   
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4.3.2 LSC configuration 
Eosin Y reactions are frequently preformed using blue LEDs in the Noël group. As can be seen from 
Figure 39 the spectral overlap of Eosin Y and the blue LEDs is not perfect. The emission of the K160 
dye creates an LSC system with improved light utilization due to light conversion. However the 
difference between the absorption is not as high as the one seen in Figure 36. Methylene blue is not 
able to use blue light effectively, while Eosin Y is. The relative difference in performance due to 
wavelength conversion should be far less with the K160 LSC and Eosin Y in respect to the Methylene 
Blue Red 305 system. This is exactly what is needed for testing light transport. 

 
Figure 39: Absorption and emission spectrum of the K160 Cumanrin dye compared to the emission spectrum of the blue 

LEDs and the absorption spectrum of Eosin Y. 

4.3.3 Experimental setup 
Demonstrating light transport can be done by comparing the performance of LSC and non LSC setups 
where the light cannot reach the reaction mixture directly. The performance of the LSC system needs 
to be tested beforehand to ensure that the performance difference is due to light transport and not 
light conversion. 

The difference in light utilization due to wavelength conversion was tested with almost the same 
type of setup as the one described in chapter 4.2.3.. The design was completely covered with 
channels (see Figure 41 B). The results of these test are then compared with a setup where light 
cannot reach the channels directly. The flow rate of gas and liquid is constant in both setups (see 
Table 3). The light intensity was the only changing variable. Figure 40 displays the concept of the half 
covered reactor; most of the direct light cannot reach the channel. However not all light is blocked 
and the light from the LEDs is diffuse light from all directions. This means that the clear reactor will 
still show significant conversion despite the covering. 

 
Figure 40: Cross section of the covered reactor design. Only a fraction of the light can reach the channels directly. 

Luminescent photons are expected to have a higher chance to reach the reaction channels.  
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The design and the setup for both reactors are further illustrated in Figure 41. A depicts the different 
reactor designs, B shows the PDMS part of the reactors with access to direct light. C is a picture of 
both half covered designs with no access to direct light. They are attached to the lid of the light 
holder. D is a picture of the reactor system in operation (note the green luminescent shine).  

 
Figure 41 A: the two reactor designs, B: Clear and green dyed PDMS reactor open to light and covered with channels, C: 
reactors only half covered with channels which are covered with black paper and reflective tape on the outside. D is a 

picture of the reactor system in operation. 

The experiments were performed in a two phase system, which was operated in slug flow regime 
(liquid and oxygen). Oxygen and the reaction mixture were mixed in the T mixer at the entrance of 
the reactor. The liquid flow is controlled with a syringe pump, while the gas flow is controlled with a 
mass flow controller. The syringe pump contained two syringes, one with a photocatalyst solution 
and one with the substrate, these were mixed with a T mixer before entering the reactor. Internal 
volumes, flowrates and residence times are all displayed in Table 3. The residence times of the two 
reactors are not equal because the slug flow regime is not stable at low flowrates. 

Table 3: Reactor volumes and flow rates. Note that the residence time assumes that no gas is consumed. This is incorrect 
at high conversions, At  high conversion the residence time will increase. 

Reactor type Volume 
(μl) 

Liquid flow 
(μl/min) 

Gas flow 
(μl/min) 

Total flow 
(μl/min) 

Residence time 
(sec) 

Full coverage 320 150 300 450 43 
Half coverage 155 100 200 300 31 

Samples of 200 μl were collected for each data point. After changing the light intensity, a stabilization 
time of 3 minutes was used before collecting the next sample. The collection vessel contained 1 ml of 
saturated ammonium chloride solution as a quencher for the reaction. In order to prepare the 
samples for the GC Eosin Y had to be removed. This was achieved by extracting thiophenol, the 
internal standard and the product, from the reaction mixture with ethyl acetate. The ethyl acetate 
solution was then flushed over a micro column to remove the Eosin Y. The resulting liquid was 
analysed on a GC FID (Varian 430-GC). 

4.3.4 Results & discussion 
Figure 42 shows the results from both the full and half designs. The half covered design which is 
loaded with K160 design preforms consistently better than the clear reactor over the full range of 
light intensities. Nevertheless, there is almost no difference in performance for the direct light 
designs. This means that the observed performance boost in the indirect light design can be 
attributed to light transport and not light conversion. The conversion within the clear reactor is still 
very significant, this is due to the diffuse nature of the light source. A diffuse light source, means that 
a lot of light has an  angle at which it is able to reach the channels in the clear reactor. A larger 
difference between an LSC and a clear reactor would, most likely, be observed in a setup utilizing 
collimated light. 
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Figure 42: Conversion as function of the light intensity. The top lines represent the reactors with access to direct light, 
the two lower lines represent the designs where light could not reach channels directly. Gas flow; indirect light setup = 
200 μl/min, direct light setup = 300 μl/min. Liquid flow; indirect light setup =100 μl/min, direct light setup =150 μl/min 

As an additional analysis the system photoefficiency was calculated from the results. This efficiency 
differs from the quantum yield as it is the complete system efficiency including losses from the light 
source to the reaction mixture. The system photoefficiency is defined according to equation 10: 

 
 ( 10 ) 

In this equation, F is the molar flow of the of photons from the light source or the flow of converted 
product (mol/s). The flow of photons is known and the flow of product depends on: the conversion, 
the concentration of starting material, the stoichiometry of the reaction and the flow rate of liquid 
trough the reactor:  
 

 ( 11 ) 

In which is the volumetric liquid flowrate,   is the concentration of the starting material (0.25 
molar),  is the measured conversion and  is the stoichiometric factor for the 
reaction (which is 2).  

By using equations 10 and 11 the photoefficiency of the reaction can be calculated for all data points. 
The result of these calculations is displayed in Figure 43. Here it can be seen that the photoefficiency 
for reactors with access to direct light is approaching 70%. This is very high for photoreactors. 
Typically, only 20% of the light emitted by a light source is absorbed by the reaction mixtures in the 
channels  (the external photon efficiency) [45]. If the assumption is made that no more than 20% of 
the light reaches the channels, then the quantum yield of the reaction is higher than one for most of 
the data points. This indicates that there could be a chain pathway at work in the reaction mixture, 
which leads to multiple turnovers per photon. Another observation that can be made from Figure 43 
is that the cover for the half reactor is effective at stopping direct light. The light efficiency of the half 
covered designs is less than a third compared to the fully covered designs.  
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Figure 43: The system photoefficiency  for both systems. It can be seen that the efficiency for the half covered reactor is 

much lower. This is logical as the light cannot reach the reaction mixture directly. Gas flow; indirect light setup = 200 
μl/min, direct light setup = 300 μl/min. Liquid flow; indirect light setup =100 μl/min, direct light setup =150 μl/min 

In Figure 44 the efficiency boost of the half covered LSC reactor is shown. The increase in conversion 
is very consistent over the full intensity range. This is different from the improvements seen in Table 
2, where the gains are higher at lower intensities of light. The lower conversions of the half covered 
system could explain this difference. 

The total increase in conversion and light efficiency is evidence of enhanced light transport. 
Nevertheless, a larger effect could most likely be observed by a setup utilizing collimated light.    
Appendix III describes such a setup. 

 
Figure 44: Percentage improvement in conversion with the half covered LSC reactor compared to the half covered clear 

reactor. Formula: (Xclear/ XK160 -1)*100% X in which X is the conversion or the light efficiency. 
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5 Performance measurements of PDMS LSCs & LSC photoreactors 
With an initial proof of concept established for the LSC photoreactor, it is important to gain further 

insight into the performance of these reactors. Performance tests of LSCs are typically done by 

measuring the edge light output compared to the input. The equipment that is needed for these 

tests is described in chapter 5.1. In order to assess the performance of PDMS LSC, and to gain more 

insight into loss factors, some PDMS LSC were produced and tested (see chapter 5.2). In order to test 

the effect of channels in a LSC, LSCs with a varying number of channels were made and tested. These 

tests are described in chapter 5.3. Finally real reactor structures filled with a simulation liquid were 

tested (see chapter 5.4). All these experiments give insight in the minimum performance which is to 

be expected from this technology. 
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5.1 Light source and light measuring equipment 
The light source used for the validation is a solar simulator light source of the type (LOG LS0110-10C). 
It is mounted in a precise position in relation to an integrating sphere (SLMS 1050 (Labsphere)) that is 
used for light measurements. The integrating sphere has a mount on which the edge emission of 
LSCs, with a dimensions of five by five by 0.3 centimetres, can be measured. The mount is positioned 
in such a way that the light of the solar simulator illuminates this surface perfectly. According to the 
documentation of the solar light source, the deviation in light intensity is less than 10 % in this area. 
Figure 45 shows this setup. Before each series of measurements, the light intensity of the light 
source was measured by directing a beam of light through a port into the integrating sphere. The 
transmission measurements in chapter 5.2, were conducted by placing the LSC blocks in the path of 
this beam directly at the port into the integrating sphere. 

 
Figure 45: A is the integrating sphere and B is the solar light source. The extra picture shows one of the test reactors filled 
with Methylene Blue solution while the edge emission is being measured (see chapter 5.4). The colours are distorted due 

to the high light intensity of the solar light source. 

While the solar simulator emulates sun light its spectrum does not match the spectrum of sunlight 
perfectly. Especially in the UV range the output of the lamp is lower. Another mismatch that can be  
seen from Figure 46 is a sharp peak at 475 nm which is not present in the solar spectrum. All light 
fractions that are reported in this chapter are the energetic fractions of light from 350 nm to 700 nm 
reaching the edge of the LSC unless noted otherwise. 

 
Figure 46: The solar spectrum and the spectrum of the solar simulator. Both show relative intensities.  
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5.2 Characterisation of PDMS LSCs 
As an initial test of the effectiveness of PDMS LSCs simple PDMS LSCs with different dye loadings 
were created and the edge emissions were measured with the integrating sphere. By measuring the 
light penetrating through these LSC a rough estimation of luminescent surface losses could be made.   

5.2.1 Square slabs of PDMS. 
The PDMS LSCs were flat blocks with five different Red 305 concentrations. The PDMS for these LSCs 
was created according to the method described in chapter 3.2.2. After this the PDMS was cast into 
Petri dishes up to a thickness of 3mm. The pieces were then cut to five by five centimetre squares. To 
measure the of the effectiveness of the LSCs, the pieces were illuminated with the solar simulator 
light source and the edge emissions were measured with the integrating sphere (see Figure 47 and 
Figure 45 from the previous chapter). All the samples were measured with a white scattering 
background. 

In another experimental analysis the amount of light that could penetrate through the material was 
measured (see Figure 47). With this data a crude estimation of the bottom losses of luminescent light 
could be made. The measurements were conducted by deflecting a ray of light, from the solar light 
source, through the material and measure the transmitted. This test was conducted with a range of 
dye loadings for the LSCs. In this analysis the integrating sphere also captured luminescent losses. 
This simple analysis allows for an estimation of the luminescent loss in the system. 

 

Figure 47: The two types of measurement setups. A photo of the edge emission measurement is shown as an inset of 
Figure 45 in the previous chapter. 
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5.2.2 Results & discussion 

The edge emissions of the PDMS LSCs improved, as expected, with an increased dye loading (see 

Figure 48). However, the improvements were reduced with increasing dye loading. This is caused by 

two factors: decrease in easily absorbable wave lengths and reabsorption of the emitted light. Red 

305 does not absorb all wavelengths equally well, low concentrations of Red 305 will already absorb 

most of the light in the 550 nm range. Shorter wavelengths (around the 470 nm range) are however 

absorbed more poorly even by higher concentrations of Red 305. This means that the extra absorbed 

fraction of the light is relatively low. 

 

Figure 48: Percentage of the light flux to the edge (energy fraction) for several levels of dye doping. 

Higher concentrations of the dye do also increase the chance that emitted light gets reabsorbed by 

the dye and reemitted in an angle at which it is lost. The reemission and reabsorption cause a 

redshift in the emission spectrum. This red shift can be observed in Figure 49. As can be seen here 

the emission spectrum gets narrower and it is red shifted with increasing dye loading. For LSC photo 

reactors utilizing Methylene Blue, this redshift can be an advantage. The redshifted emission 

spectrum matches even better with the absorption spectrum of Methylene Blue. 

 
Figure 49: The emission spectra of LSCs with varying dye loadings. 
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The results of the transmission measurements are shown in Figure 50. In this figure an interesting 

pattern can be seen. The amount of light penetrating through the dye loaded LSCs becomes higher 

than the amount of light penetrating through the clear PDMS slab around a wavelength of 580 nm. 

This can be explained by the luminescent losses discussed in chapter 2.1.1. The light not captured by 

the wave-guide, will escape through the surface of the device. This extra loss is measured by the 

integrating sphere and it can be used to make a crude estimation of the luminescent losses. 

 
Figure 50: Light penetration through LSCs with different concentrations of dye loading. The concentrations are in mg/g. 

Such an estimation requires measuring the total absorbed light and the total emitted light. This can 

be done by using the clear LSC as a standard, which has no dye in its matrix and as such it gives an 

indication of the amount of light that is available for absorption by the dye. Any extra absorption of 

light is absorbed by the dye. The amount of the emitted light can be found by looking at the regions 

where more light is measured for the samples compared to the clear standard. By integrating the 

differences in both regions separately, the absorbed flux can be compared to the emitted flux and 

the fraction of bottom losses can be calculated. The losses should be expressed in the fractions of the 

number of photons. This makes it important to use the molar light flux instead of the energetic flux.   

However, the method above gives just a crude estimation, as there is overlap between the 

absorption and emission spectrum of the dye. This means that light which should count as emitted 

gets absorbed in this region. This leads to an underestimation of the top/bottom losses. The error 

gets higher with higher dye concentrations as the overlap becomes more important. This can be seen 

from both Figure 51 and Table 4. 
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Figure 51: The difference in the transmitted spectra compared to a clear sheet of PDMS. Integrating the area of the graph 
below zero gives an estimation of Flux absorbed by the dye (Fa ) and integrating the area above zero gives an estimation 
of the escaped light flux (Fe ). Note that for the highest dye concentration (0.20 mg/g) there is barely more light escaping 

than for one concentration lower (0.15mg/g). 

By numerical integration the absorbed (Fe ) and escaped (Fa ) light fluxes can be found. Fe represents 

the bottom loss; if the assumption is made that the emitted light is not reabsorbed in the short 

distances involved the bottom loss is equal to the top surface loss. The fraction of escaped light 

compared to the fraction of absorbed light times the quantum efficiency is an estimation of the total 

luminescent loss PTIR: 

0.5(1 − 𝑃𝑇𝐼𝑅) ≈
𝐹𝑒

𝜂𝑃𝐿𝑄𝑌𝐹𝑎
 ( 12 ) 

Table 4 shows the results from this equation. For comparison the ideal case is also calculated with 

equations 2 and 5 from chapter 2.1.1 (the refractive index of PDMS is 1.41). For the lowest dye 

concentration this single sided luminescent loss is in relatively good agreement with the ideal case. It 

is however slightly higher than the ideal case. This might be due to measurement inaccuracies or 

surface imperfections. Overall, this method gives a good indication of the surface losses in the LSC. 

Table 4: Measured luminescent losses assuming no reabsorption (single side). The ideal case has been calculated with 
equation 2 and 5 from chapter 2.1.1, with the refractive index of PDMS being 1.41 [46].  

𝜼𝑷𝑳𝑸𝒀 Red 305 Concentration: 0.01 0.05 0.1 0.15 0.2 Ideal case 

1 0.5(1 − 𝑃𝑇𝐼𝑅): 16.8% 10.8% 10.0% 11.0% 9.8% 14.8% 

0.95 0.5(1 − 𝑃𝑇𝐼𝑅): 17.7% 11.4% 10.5% 11.5% 10.3% 14.8% 

 

The PDMS LSCs seems to have a satisfactory performance. Around 30 % of the energetic potential of 

the visible light spectrum reaches the edge of the device. With edge reflectors and shorter light 

transport distances, due to reaction channels, it seems likely that at least this fraction of light will be 

available for photochemistry. Considering that other photochemical reactors working with artificial 

light typically have light efficiencies around 20 % [45] these are encouraging results. 
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5.3 Test pieces with empty channels 
In order to gain insight into more factors that govern the performance of LSC photo reactors, test 

LSCs with different numbers of channels were created. The purpose was to gain insight into the 

effect of channels on light transport and assess the importance of different types of bottom layers on 

edge emission of the channels. 

5.3.1 Experimental design 

Four different designs of test pieces were manufactured with three different dye concentrations, all 

according to the method described in chapter 3. These four designs and the resulting test pieces are 

shown in Figure 52. The dye concentrations were 0 ; 0.05 and 0.15 mg/g Red 305.  

 
Figure 52: A shows the designs with varying amounts of channels and B displays the resulting test pieces with varying dye 

concentrations. The perpendicular and parallel sides are the names of the measuring sides in graphs of the results and 
discussion section. 

The solar simulator and integrating sphere combination from chapter 5.1 were used to measure the 

edge emission of these test pieces (see also Figure 47 from chapter 5.2). The light output of all four 

sides was measured with three different backgrounds: black light absorbing paper, reflective mirror 

like tape and a white scattering background. 

5.3.2 Results & discussion 

The effect of different bottom layers is shown in Figure 53. This figure averages all effects in different 

orientations and the number of reaction channels. As can be seen in this figure, a white scattering 

surface is the most effective surface for a LSC. This is in agreement with the theory as postulated by 

Debije et al. [47]. Another observation is that the effect of the bottom layer is more pronounced at 

lower dye loadings, which is expected as there is less light to be reflected at these concentrations. 

 
Figure 53: The figure displays the average light fraction to the edge (for a single edge). These numbers are averaged over 

all test samples. 
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Air-filled channels had the most profound effect on the clear PDMS pieces (see Figure 54). In a 

perpendicular orientation, the number of channels had almost no effect on the amount of light 

transported to the edges. However, when the edges were parallel to the channel wall, the effect 

became very profound. The amount of light transported to the edge was doubled with 8 channels 

compared to 1 channel. It is likely that this effect can be attributed to the structured wall that are 

inherent to the rapid prototyping process (see chapter 3.2.3). It might be possible to utilize similar 

structures to improve the photoefficiency of conventional photochemical reactors. 

 
Figure 54: The effect of air filled channels on the edge emission (single edges) of clear PDMS pieces. 

In PDMS LSCs this effect seem to be reversed (see Figure 55). The amount of light that reaches the 

sides decreases slightly with more channels in the parallel orientation. This indicates that the 

structure of the channel walls also refracts light out of the wave guide. For fluid filled channels the 

refraction and thus the light loss should be substantially lower, due to the as the lower difference in 

refractive index between of PDMS and the fluid. This means that adverse effects on the performance 

LSC photoreactors are unlikely. 

 
Figure 55: The effect of air filled channels on edge emissions (single edges) on PDMS LSCs.  
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5.4 Characterisation with Methylene Blue filled reactor structures 
In order to test the effect of actual filled channels on edge emission of LSC photoreactors, three 

different reactor structures were designed and tested with Methylene Blue solutions in the channels. 

The Methylene blue solutions are supposed to simulate a Methylene Blue catalysed reaction mixture. 

For future usage in model validation the designs in this test have been designed in such a way that 

they can be easily simulated in the raytracing software PV trace (see chapter 2.1.3). The data set 

generated should prove to be very useful for these future model validation efforts.  

5.4.1 The three reactor designs. 

Three kinds of reactors were designed for these tests. In these designs curves were replaced by 90° 

edges to simplify the future modelling of these reactors. The design of these three reactors designs is 

shown in Figure 56. The rapid prototyping method, developed in this thesis, was used to create these 

reactors according to the methods described in chapter 3.   

For the six channel reactor design, the light emissions from edges A and C is expected to be lower 

than the light emissions from edges B and D. The two channel design is asymmetrical and has just 2 

channels, the light output of edges A and C is expected to be significantly different, while the 

difference between B and C is expected to be minimal. The square reactor design is expected to have 

roughly equal emission strengths for all edges. 

  
Figure 56: The three reactor structures that were used to create reactors. The letter are used as reference for the specific 

sides of the reactors.  

The experimental design for the different measurements is shown in Table 5. During the 

experiments, the reaction channels were filled with solutions of Methylene blue in acetonitrile with 

the required concentrations. This was achieved by carefully filling the reaction channels with a 

needle on a syringe. The microchannels were emptied with a vacuum between solvent changes. After 

this the empty channels were refilled and flushed with liquid with the next concentration of 

Methylene Blue. Surface tension kept the solvent in the channels. Because of this, it was possible to 

measure all four sides of the reactors. 

Table 5: Experimental design for the measurements with solution filled channels. In total 240 + 40* measurements have 
been conducted. The bottom layer was a black non-reflecting surface. *two additional dye loadings were measured for 
the six channel design (0.15 and 0.25). 

Reactor Designs 
(-) 

Red 305 concentrations 
(mg/g) 

MB dye concentrations 
(mM) 

Sides measured 
(-) 

3 4 5 4 
6 & 2 channel & square 0, 0.05, 0.10, 0.20* 0.01, 0.05, 0.10, 0.50, 1.0 A, B, C & D 
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5.4.2 Results & discussion 

A respectable amount of data has been gathered with the filled channel test. The most important 

results from these tests are shown in Figure 57 A to F. Figures A, C and E depict the edge emissions of 

specific sides of the reactors at the highest Methylene Blue concentrations. As expected for the sic 

channel design, the edge emissions of sides A and C are lower than the emissions from sides B and D. 

The square design also behaves as expected showing roughly equal emission for all sides. 

Surprisingly, the two channel design does only show a different emission for edge A and C. Figures 

B,C&D depict the total edge emissions from the samples. With the most channels the 6 channel 

design absorbed the most light from the reaction mixtures, more than 10% of the light is absorbed. 

This means that the six channel design would utilize at least 10% of the light at a Methylene Blue 

concentration of 1 mM. 

A, C & D: Edge emissions at 1 mM Methylene Blue  B, D and F: Total edge emissions 

 

 

 
Figure 57: Results from the tests with Methylene Blue filled channels tests. Codes of the sides matches with the codes in 
Figure 56. A and B show the results for the six channel design, B and C show the results for the two channel design and E 
and F show the results of the square design. The bar charts give the percentage of total visible light energy emitted from 

a single side while the graphs show the emittance from all sides. 
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Further analysis of the data shows that the amount of absorbed light decreases logarithmically with 

the concentration of Methylene Blue. This can be seen from Figure 58 and Table 6. On a logarithmic 

plot the light emissions seem to decrease linearly with the concentration of Methylene Blue. This is 

confirmed by the R2 of the trend lines which are all 0.98 or higher for the LSC reactors. This result is 

very interesting for the practical application of LSC photoreactors, it means that increased 

photocatalyst concentrations have only a limited effect on the amount of light absorbed. 

 
Figure 58: The averaged emission per edge of the A and C sides for the six channel design. The black lines depict trend 

lines of logarithmic functions. The function for reactor with a Red 305 concertation of 0.25 mg/g is not shown as it would 
overlap with trend line of the reactor with a Red 305 concentration of 0.20 mg/g. The R squared and the A and B 

parameters of these trend lines are shown in Table 6. 

Table 6: The statistical parameters of the different trend lines from Figure 58.  

𝒀 = 𝑨𝒍𝒏(𝑿) + 𝑩 0 0.05 0.1 0.15 0.2 0.25 

R² 0.969 0.987 0.988 0.992 0.991 0.988 

A -0.0003 -0.0037 -0.0048 -0.0048 -0.0057 -0.0053 

B 0.0014 0.0118 0.0155 0.0180 0.0192 0.0205 

 

The edge emission spectrum also changes with the concentration of Methylene Blue. This is shown in 

Figure 59. The intensity decreases with increasing Methylene Blue concentration. Interestingly the 

shape of the spectrum does not change dramatically. This indicates that the spectrum get evenly 

absorbed. However a small dip can be seen at 680 nm that is not there for lower Methylene Blue 

concentrations. This indicates that longer wavelengths than 690 nm cannot be properly utilized.  

 
Figure 59: The spectrum and intensity of the average edge emission from edges A and C of the LSC photoreactor with a 

dye loading of 0.25 mg/g. 
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The test with Methylene Blue filled channels also confirmed the theory from chapter 5.3 that 

channels that are filled with liquid scatter less light to the sides. As can be seen from Figure 60 the 

amount of light scatted to the side is severely reduced in the clear reactor by filling the channels of 

the reactor. The opposite trend is observed in the LSC photo reactors, which means that the 

scattering effect of the channel wall is substantially reduced by filling the reactors with solvent. This 

confirms that the wall structures inherent to the rapid prototyping method are not detrimental to 

the performance of the LSC photoreactors.  

 
Figure 60: The average edge emission of edge A and C while the reactor is filled with air or clean solvent.  

The results in this chapter provide important insights that will be very useful for the design of LSC 

photoreactors. The total reduction in edge emission for the six channel design indicates that it can at 

least utilize 10% of the incoming light. Although, this does not seem much it is achieved without edge 

reflectors and with a black surface under the LSC reactor. By using optimized bottom layers and edge 

reflectors the total achievable light harvest could be much higher. Another finding is that increasing 

the photocatalyst concentration has diminishing returns. The amount of extra light harvested 

decreases in a logarithmic fashion with the photocatalyst concentration. This means that there is not 

much difference between a concentration of 0.5 mM and 1.0 mM of Methylene Blue. This would be 

an interesting result to validate with the singlet oxygen reaction from chapter 4.2.1.  

These results will be very useful for future model validation efforts. The designs used in this chapter 

are easy to model with ray tracing software and the results provide a wealth of data against which a 

model can be compared.  
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6 Conclusion 
The novel rapid prototyping method for the production of PMDS moulds developed in this thesis, 

proved to be a fast, inexpensive and flexible method for the production of LSC photoreactors. The 

material costs for a 20 by 20 cm mould amount to less than 5€ and typical printing times are under 

one hour and a wide variety of 2D shapes have been produced and used. The method is not limited 

to 2D; it is possible to create simple 3D structures, for example side entrances for tubing. Another 

advantage of this method is that chemical resistance treatments developed for soft lithography are 

also compatible with the new method. Unfortunately, there are also drawbacks to this production 

method: all structures are constructed from discrete layers which transfer into the final mould. In 

addition to this, the PDMS structures have to be removable, which limits the creation of true 3D 

structures. Future work should look into the production of multi-layered PDMS devices, the effects of 

the layered reactor walls and the chemical proofing of reaction channels. 

The LSC photoreactors that were produced could be used to obtain experimental evidence for both 

the wavelength conversion and the light transport effects in LSCs, which were postulated in the 

theory section. Strong evidence has been found for both effects.  

In the Methylene Blue/Red 305 LSC photoreactor, wavelength conversion of blue light into red light 

was demonstrated. The initial rate in the LSC photo reactor was ten times higher than the initial rate 

observed in the clear reactor. This indicates that light is indeed converted to more useful 

wavelengths. The singlet oxygen reaction that was utilized in this thesis is not a calibrated 

actinometer. Future efforts should focus on calibrating this system.   

In the same setup no significant performance boost due to wavelength conversion  was found for the 

Eosin Y/-K160 system. As such the system it is perfectly suited to test improvements in light 

transport. This test proved to be successful; in a system where light could reach the reactor only 

indirectly the conversion was on average 44% higher than in the clear reactor. 

PDMS LSCs and LSC photo reactors both showed promising results in the performance tests. PDMS 

LSCs without any structures in them, were able to guide up to 28% of the energy content of the light 

to the sides while using a scattering bottom surface. In addition to this, crude measurements of light 

lost from the bottom surface matched well with theoretical predictions.  

Tests with air filled channels indicate that the layered wall structure which is created by the rapid 

prototyping process scatters light directionally. Fortunately it does not interfere with the LSC 

photoreactors, as the effect disappeared if the channels were filled with liquid.   

Experiments with a simulation liquid reveal that at least 10% of the light can be captured by the 

photocatalyst containing liquid. Increasing concentrations of photocatalyst had only a limited effect 

on the amount of light which was captured. The data gathered in these tests should prove very 

useful for the future validation of the PVtrace raytracing model. 

Overall the results of this work show that LSC photoreactors are easy to produce and that they have 

great performance potential. With further improvements in light utilization they show great potential 

for solar photochemistry. This potential is further illustrated by the comparison between LSC solar 

photo reactors and artificial light photoreactors powered by the sun shown in Figure 61.  
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Figure 61: an comparison between artificial light photoreactors which are powered by solar and LSC photoreactors which 
use solar light directly. The numbers are just rough estimations of the efficiency of the various systems. However, they 

indicate an order of magnitude in difference between the energy efficiency of the two systems. 
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7 Recommendations for future work 
The concept of LSC photoreactors is new and there are many aspects that still need further 
investigation. The two main areas which require future attention are the calibration of DPA oxidation 
as an actinometer and model validation with the data set provided by this thesis. The reactor 
production method can be further improved; areas of interest are: multilayer reactor structures, 
investigation into the effects of wall structures on reactor performance and better chemical proofing. 

Actinometer calibration: 
The biggest flaw of this thesis is the lack of a calibrated actinometer system for the measurement of 
photon fluxes. This flaw could be resolved if the DPA singlet oxygen reaction can be calibrated. An 
added advantage would be that the same calibration method could also be applied with the same 
reaction catalysed by different  photosensitizers. This would create a very powerful toolset for visible 
light chemical actinometry. 

The proposed calibration method utilizes flow chemistry, light measurement with the integrating 
sphere and inline spectroscopic measurements. Figure 62 depicts the proposed setup. The 
integrating sphere measures the light absorption of the reaction liquid compared to solvent and the 
inline spectrometer measures the conversion of the reaction liquid. From these, the photon 
efficiency can be calculated with equation 10 from chapter 4.3.4. The photo flux would be defined as  
reference flux with solvent in the channels minus the flux with the reaction mixture in the channels. 

 
Figure 62: Setup for actinometer calibration. The light measurement is the only custom equipment. It will need a light 

source with a well-defined spectrum such as a laser or lamp with spectral filter. The flow cell should not scatter, for that 
reason it should be made with conventional soft lithography. Correct measurement of both the total light flux and the 

absorbed light flux is key to a correct calibration. 

Model validation: 
The PVtrace raytracing model described in chapter 2.1.3 should be very useful for predicting the 
fractions of light that go to different parts of the reactor. The data which is presented in chapter 5.4 
and the underlying dataset, should be very useful for model validation. It should be possible to 
reproduce the light output differences between the different sides of the different types of reactors. 
Also the influence of the photocatalyst concentration in the channels on the light output should be 
reproducible. It will be interesting to see if it is possible to recreate the logarithmic scaling law that 
was found in chapter 5.4.2. If the results predicted by the model match the experimental results 
closely, the model is ready for use in  future predictions and optimization projects. 
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Multi-layer production of PDMS devices: 

Soft lithography can be used to create multi layered devices by binding several layers of material 

together [39]. This should also be possible to achieve with the new rapid prototyping method. Such 

3D structures could prove to be very useful for improving the light efficiency of LSC photoreactors, as 

grids of channels could be made which can capture light traveling in all directions (see Figure 63). 

Other uses could include the integration of micro valves into the structures. 

 
Figure 63: Render of a multilayer reactor structure that could be created with multilayer production methods. 

Investigation in the effects of layered wall structures: 

The layered structure of the reactor walls, which is created by the rapid prototyping method 

described in chapter 3, has two effects on the reactor: directional scattering and higher film 

thickness. The wall structure scatters light in a direction perpendicular to the channels when the 

channels are empty. Furthermore it increases the layer thickness of fluids on the walls in a two phase 

slug flow regime. Both of these effects could be beneficial for photochemical micro-reactors. The 

scattering effect could be utilized in a conventional photochemical micro-reactor to direct light 

towards the reaction channels without changing the wavelength of the light. While the thicker liquid 

layer on the walls in slug flow would be a brightly illuminated area with very fast access to the 

oxygen from the gas phase, which would accelerate the reaction speed of the system. 

Chemical proofing: 

An initial test with a chemical resistant coating is presented in chapter 3.2.3. However, the method 

used in this test did not completely protect against reactor swelling. More methods proposed by 

literature should be tested. One such a method seems to be very promising. In the work of Abate et 

al. [48], PDMS microstructures are coated with a layer of glass like material. This layer provided 

excellent protection against solvents like toluene. Another advantage is that the layered structure of 

the rapid prototyping method developed in this thesis could be removed by this coating. This could 

prove to be an advantage of systems where this structure is not desirable. Figure 64 shows an 

electron microscopy image from the work of Abate et al., it depicts the coating applied to a PDMS 

channel. The coating might be inflexible and break when applied to a flexible reactor. This could be 

avoided by binding the reactor to glass instead of another PDMS sheet. 

 
Figure 64: The chemical proofing method from Abate et al.. A is an uncoated channel while B is a coated channel 

(source: [48]).  
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Appendix I: Tests with the ESCARGOT method 
Initially 3D printing was used to reproduce the ESCARGOT method reported by Saggiomo & Velders 

[28]. It was seen as a possible alternative to conventional soft lithography for the production of LSC 

photoreactors. The method involves five steps: design of the reactor, printing of the ABS scaffold, 

casting the scaffold into PDMS, leaching the ABS scaffold from PDMS in acetone and flushing the ABS 

out of the PDMS.  

Initial test quickly reproduced the results reported by Saggiomo & Velders. Channel length proved 

not to be an limitation for the process. However, the method had a high failure rate; 30 to 40% of all 

attempts ended in failure. Especially during the flushing step the failure rate was high, this was still 

tolerable. Nevertheless, an additional problem was not acceptable; during the leaching process the 

Red 305 doping was also leached from the structure. This destroyed the LSC effect, which made the 

creation of LSC photoreactors not feasible. See Figure 65 for some of the results. 

 

Figure 65: ESCARGOT: Starting scaffold (left) and end (second to left). The two other structures show that larger designs 
are possible. The structure on the right was doped with Red 305 before leaching. While only the entrances where 

submerged the whole device experienced significant leaching of the dye. 

Additional ideas on how this method could be applied in other fields led to a new method for coating 

microchannels. Instead of coating the channel its self after creation the ABS structure was coated. 

Simply submerging the scaffold in a methanol Titanium oxide suspension created an even coating on 

the scaffold. After this the scaffold could be used with the method described above to create reactor 

structures. Based on thorough visual and microscopy inspection the coating transferred to the PDMS. 

The catalytic activity of these coatings was never tested with a proper setup. Figure 66 shows a 

coated and a uncoated reactor.  

  
Figure 66: Coated (left) and a uncoated (right) micro-reactors made with the ESCCARGOT method. 

The next step was to create channels which where coated with both a catalyst and a chemical 

resistive layer. However these tests failed as the resistant coating also prevented leaching of ABS. 

After this failure the method described in the main report was developed and the ESCARGOT method 

was abandoned. 
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Appendix II: Reactor designs made for this thesis 
This appendix is an overview off all mould  designs made in this thesis. It contains the designs, some 

dimensions, designed internal volume (excluding entrances),  whether or not the design was used 

and a brief explanation of wat the designs are supposed to do. All designs described here have a 

thickness of 3 mm. The actual volume of the designs can be different form the design volume. All 

volumes reported in the main report are measured actual volumes, which depend on printing 

settings. 

Design Description 

 

Concept test: 
This is the initial design with which was the first tests of the 
mould making method. It is a small design that could be 
quickly printed. The first test already produced a working 
reactor structure. 
 
Size: 4 by 4 cm 
 
Use: Method demonstration 
 
Design volume: 240 μl 

 

T mixer test: 
This design is a second test of the mould making method. It 
is a simple extension of the first design. It also utilizes a T 
mixer. The T mixer needed high throughput to achieve an 
nice slug flow. However then it worked well and the design 
is used for the work from chapter 4.2. and 4.3. 
 
Size: 4.4 by 7.1 cm 
 
Use: Applied in chapter 4.2. and 4.3. 
 
Design volume: 414 μl 

 

Half coverd: 
This is the half covered design used in chapter 4.3. It was 
designed to constrict direct light transport to the channels.  
 
Size: 4.4 by 7.1 cm 
 
Use: Applied in chapter 4.3. 
 
Design volume: 155 μl 
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Design Description 

 

Six Channel design: 
This design has specifically been made for comparison to 
the PV trace as its sharp corners are easy to model.  The 
mould is slightly larger than needed so the reactors can be 
cut to exactly 5 by 5 cm square after production. 
 
Size: 5.5  by 5.5 cm 
 
Use: Applied in chapter 5.4 
 
Design volume: 140 μl 

 

Square design: 
This design represents an attempt to capture light from all 
directions. This made it very interesting for the tests 
described in chapter 5.4. It also can be cut into an exactly 5 
by 5 square. 
 
Size: 5.5  by 5.5 cm 
 
Use: Applied in chapter 5.4 
 
Design volume: 69 μl 

 

Two channel design: 
This asymmetrical design might it the future also be used in 
further tests for light transport. For the model validation 
effort the lack of symmetry meant that it provided a good 
asymmetrical test. 
 
Size: 5.5  by 5.5 cm 
 
Use: Applied in chapter 5.4 
 
Design volume: 41 μl 

 

Original six channel design: 
This is the original 5 by 5 design with 6 channels. It was 
never used as it was too hard to model. 
 
Size: 5.5  by 5.5 cm 
 
Use: Made but not used 
 
Design volume: 131 μl 
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Design Description 

 

T Mixer MK2: 
This design has a different T mixer than the other designs 
with T mixers. The T mixer is lower which should create 
shorter slugs. In an test this worked but the slugs merged 
again due to the wall structures. 
 
Size: 4.4 by 7.1 cm 
 
Use: Not in this report only some quick tests have been 
done 
 
Design volume: 408 μl 

 

Wider channels: 
This design is an early attempt to prove light transport. By 
spacing the channels further less direct light can reach the 
channels. 
 
Size: 4.4 by 7.1 cm 
 
Use: Some tests have been conducted but none of the 
results made it in the report. 
 
Design volume: 240 μl 

 

12cm spiral: 
This is the design for the setup in appendix III. It is a spiral 
design with wide spaced channels. It worked well in initial 
tests and I could be very useful for future work.  
 
Size: 12 cm diameter 
 
Use: Some tests have been conducted but none of the 
results made it in the report. 
 
Design volume: 409 μl 

 

Large spiral: 
No reactors where produced with this large spiral design. It 
was however successfully printed. It was primarily an 
example to show the maximum size of moulds that can be 
made. It also shows that mixing sections can be printed. 
 
Size: 19.2 cm spiral diameter 
 
Use: Some tests have been conducted but none of the 
results made it in the report. 
 
Design volume: 2245 μl 
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Appendix III: Perpendicular light setup with commercial LEDs 
The setup detailed here was designed and build as an enhanced test of light transport. While the 
experiments detailed in chapter 4.3 provided strong evidence for light transport, the difference 
between the LSC and clear reactor was not as large as it could have been. Due to the usage of diffuse 
light a lot of stray light could still reach the reaction channels. In order to create and use collimated 
light a new setup was designed and build. However, the experimental focus shifted from the usage of 
the LED sources to the usage of a solar simulator light source. This made the new design obsolete. 
Nevertheless the setup was build and it could be used for other purposes in the future. Which is why 
it is presented here (see Figure 67). 

 
Figure 67: Dark tube setup. An inexpensive perpendicular lights source utilizing LEDs. Due to the distance between the 

reactor and the light source the light is almost perpendicular when it reaches the reactor. The walls of the dark tube are 
made of black non reflective paper. 

The light source utilized a 3D printed design covered in reflective tape. Unfortunately the reflector 
did not seem to work as intended, which lead to a low light intensity at the reactor.  The spiral 
reactor shown in Figure 68 is designed to catch light from a larger area. Due to the distance between 
the channels a large difference in performance between an LSC and a clear reactor is expected. 
Figure 68 also a pictures of the finished setup, the light holder without LEDs and the reactor holder 
that was designed to keep the reactor exactly in place (around the reactor).  

 

Figure 68: The parts of the setup:  left the dark tube, top right the light holder for the light source and bottom right the 
reactor with positioning border.  


