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Abstract 
Performing photochemistry using solar light is a promising gateway to sustainable chemical 
production. However solar photocatalysis has not yet found large-scale implementation, mostly 
because of the limited scalability of photoreactors and the need for abundant solar irradiation. 
Utilizing Luminescent Solar Concentrator PhotoMicroreactors (LSC-PMs) has proved to be an 
ingenious solution for the problems associated with solar photochemistry. Earlier research has 
shown that the LSC-PM is capable of efficiently capturing sunlight even under cloudy conditions and 
dealing with diffuse irradiation. To increase the productivity of these devices for industrial 
production an attempt has been made for the internal numbering up of the LSC-PMs, which is to 
operate identical microchannels in parallel with a single inlet and outlet. 

First an appropriate distributor was designed and optimized to obtain flow equipartition among the 
parallel microchannels. To characterize the flow distribution a modified version of the LSC-PM was 
used where the output of each of the microchannels could be measured. Finally a rectangular 
distributor with an inter channel spacing of 2.5 mm and a distributor width of 3 mm was selected for 
the numbered-up device, which was found to yield a good flow distribution, with a relative standard 
deviation of the volumetric flow rates of the parallel channels below 10 %. Further tests showed that 
this distributor achieves good flow distribution for devices with at least 20 parallel channels. 

Then a model reaction was performed in the numbered-up LSC-PMs. It was shown that devices with 
a different number of parallel microchannels (up to 36) can achieve comparable conversions in 
single microchannels, suggesting a successful numbering up. Last, an investigation was done on the 
influence of inter channel spacing which shows that the reaction conversion increases with 
increasing inter channel spacing. 
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1. Introduction 
Due to depleting resources, emission of greenhouse gases and other environmental issues, many 
research nowadays is focused on sustainability. From a chemical point of view, the application of 
photochemistry can be an important tool for developing green, sustainable processes. In contrary to 
the conventional thermochemical activation of molecules, photochemical activation uses photons to 
elevate molecules to an active state. Although the use of sunlight for photochemical processes is 
known for over a century[1], visible light photochemistry gained renewed attention when some 
landmark papers were published in 2008.[2,3] The field has continued to grow ever since and has 
found application in a broad range of reactions such as halogenation, isomerizations, cross-coupling 
and C-H activation.[4,5]As light is reported as a ‘traceless reactant’ and makes new atom-efficient 
reaction routes possible, photochemistry satisfies the principles of green chemistry.[6,7] 

1.1. Benefits of continuous-flow photochemistry 
One of the major drawbacks of photochemistry is the scalability of the process.[8] From the beginning 
of the 21st century, the use of microreactors in synthetic organic chemistry emerged as a valuable 
alternative for batch wise syntheses.[9]It was quickly revealed that the combination of 
photochemistry and microfluidic devices is highly beneficial, since utilizing microtechnology can help 
overcome limitations associated with photochemical transitions.[10,11]  

First of all, photochemistry relies on the irradiation of the reaction mixture. This irradiation is 
governed by the Lambert-Beer law, which says irradiation decreases exponentially with respect to 
the distance.[12] Homogenous irradiation can be achieved by lowering the concentration of 
photocatalyst, but this will lower the reaction rate as well. The other option is to decrease the light 
path, which is the case in microdevices. If we take the widely-used photocatalyst Ru(bpy)3Cl2 as an 
example, we can see in Figure 1 that only a very small layer of reaction medium is irradiated. For a 
moderate concentration (1 mM), the light intensity decreases by 90% in only two millimetres. 
Fortunately, by using microflow setups, substantial irradiance for the whole reaction medium is 
achievable.  

Secondly, the small dimension of microreactors is also beneficial when it comes to heat and mass 
transfer. Most microreactors deal with a laminar flow pattern. In this flow regime, mass transfer is 
governed by diffusion. Because the diffusion lengths in microdevices are very short, fast mixing is 
achieved. Due to these small mixing times even fast reactions can be carried out in microreactors 
without creating concentration gradients in the device. This is especially beneficial for 
photomicroreactors, since this also prevents imbalanced irradiation of the reaction mixture. Another 

Figure 1 Lambert-Beer law plotted for the Ru(bpy)3Cl2 photocatalyst (ε=13000 cm-1 M-1). As is clearly visible, the 
transmission of light in the reaction medium rapidly decreases and only the first few millimetres from the light 
source are substantially irradiated. 
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implication of the small dimensions is a high surface to volume ratio, which results in fast heat 
exchange between the reaction channel and its surroundings. In the case of exothermic reactions, 
hot-spot formation can occur, resulting in reduced selectivities and safety issues on a large scale. 
Working in microflow can overcome such issues. 

Then, the use of microreactors results in enhanced safety. This can be rationalized by the fact that 
explosions are related to the total amount of explosive material present in the reactor, which is 
generally low due to the small volumes used in microflow. Therefore, reactions impossible to carry 
out in batch because of safety reasons, such as the syntheses involving aryl diazonium salts[13], 
diaryliodonium salts[14] or singlet oxygen[15], are feasible in microflow. 

Finally, microreactors can easily be scaled up. This is can be achieved by longer operation times of 
the device or applying higher flow rates through the device, but these can only be done to a certain 
extent. Another way is the numbering-up by placing several microreactors/microchannels in parallel. 
This will be further discussed in chapter 2. 

1.2. Solar photochemistry with the help of LSC 
To date most photochemical processes are driven by artificial light sources such as LEDs. However 
the amount of solar energy reaching the earth every day is far more than that consumed in a year 
and can therefore be utilised for photochemical processes. When solar irradiation is used for 
photochemical processes, the reactor setups are limited for use in areas with a high amount of solar 
irradiation and often require reflectors and solar tracking devices.[16,17] 

The solar reactors which are currently in use can be categorised into different categories. The so-
called solar furnaces have a high concentrating power(up to several thousand suns), but use the 
sunlight mainly as a heat source.[18] Concentrating solar reactors, such as the parabolic through 
reactor, can multiply the intensity of the sun by a dozen times, but need sun tracking. Finally low-or 
non-concentrating devices, such as flatbed reactors, do not intensify the solar irradiation, but have 
the advantage of not only using direct sunlight, but also diffuse sunlight. Utilizing diffuse sunlight 
makes the reactor independent of clear and sunny conditions and the location. This makes the 
device also applicable at higher latitudes with a lower amount of sunshine and this can be a great 
step forward towards the sustainable production of chemicals. 

 

Figure 2 Current solar-powered reactors.[19] On the left a Compound Parabolic Concentrator, a low-concentrating solar 
device placed in Queensland, Australia. This device utilizes both direct and diffuse sun light, but is limited to lower latitudes. 
On the right a Parabolic Trough Concentrator, which can intensify the incoming irradiation several dozen times, but needs 
sun tracking and a large illuminated area. 
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The key to a success is finding a way to capture the solar photons efficiently and transfer those 
photons in an effective manner to the reaction medium in a simple and decent manner. To this end, 
researchers at the Noël Research Group in collaboration with the group of Michael Debije found a 
solution by merging Luminescent Solar Concentrator (LSC) and photomicroreactor. 

The main principle within an LSC is simple yet powerful. An LSC is nothing more than a polymeric or 
glass slab (the waveguide) doped with luminescent molecules.[20] These luminophores will absorb 
the incoming light and re-emit the light. A fraction of the re-emitted light will be trapped in the 
device due to total internal reflection, guiding the light towards the edges. Because of the 
concentrating nature of an LSC, an increased amount of photons can be found at the edges. In the 
traditional way, this fact is utilized by placing a photovoltaic cell at the edge of an LSC. In Noël 
Research Group, the increased supply of photons was used to boost photochemical transformations 
by embedding microchannels in an LSC (see Figure 3). 

Figure 3 Simplified representation of the working principle of an LSC-PM. Incoming light (purple arrows) enters the LSC. If 
the incoming light meets a luminophore (red dots), the light is downconverted to a longer wavelength. Light is trapped in 
the device due to total internal reflection and led to the reaction channels (blue) where photochemical reactions take place.  

The use of an LSC will result in a higher amount of photons presented to the reaction mixture, in 
comparison with normal operation with LEDs. Due to the higher amount of light reaching the 
reaction channel, the amount of catalyst needed will be lower. In addition to the higher amount of 
photons, the use of an LSC can result in a more efficient use of the incoming light. This is due to the 
process of downconversion, in which a high energy photon is converted into a lower energy photon 
with a wavelength more readily utilized by the photocatalyst used for the reaction. In the work of 
this thesis, the emission spectrum of the luminophore (LR305) matches the absorption spectrum of 
the photocatalyst, methylene blue (see Figure 4). The synergistic and complementary combination 
of the luminophore and photocatalyst results in a far more efficient use of the incoming solar 
irradiation. 

Figure 4 Description of the down conversion of photons by the LR305 luminophore. Photons in the range of the solar 
spectrum (grey) are absorbed by the luminophore (red) and converted to lower energy (green). This emission spectrum 
overlaps with the absorption spectrum of the photocatalyst methylene blue (blue) resulting in efficient use of the incoming 
photons.[21] 
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The idea of combining light harvesting modules (the LSC) with reaction centers (the microchannels) 
is not new as it can be observed in a tree leaf in nature. Earlier research (see Figure 5) has shown the 
strategy of combining LSC with microreactors yields a device able to capture solar light, convert it a 
narrow wavelength and transport it to the reaction channels in an efficient manner.[21,22]  

As just mentioned, the LSC-PM acts like a leaf. Like a tree needs a vast amount of leaves to become 
self-sustainable, the LSC-PM also needs multiplication of microchannels in a proper manner for 
large-scale application. The work presented in this thesis will focus on how we can scale up these 
LSC-PMs. 

 

Figure 5 Proof of principle of an LSC-based photomicroreactor. Using a model reaction, it can clearly be seen that 
conversion is increased when increasing the doping concentration of the LSC, proving the accelerating potential of the LSC-
PM.[21] 
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2. Theory and problem statement 
Up until now, photochemical processes have not achieved major application in industry, because it 
has been found very difficult to design processes with a sufficient productivity. We have seen that 
microflow technology can be an important tool to improve photochemical processes but microflow 
technology deals with low throughput, hence the need for scaling up. Enlarging the dimensions of 
the microdevice does only work up to a certain extent, since this will in the end result in losing the 
unique benefits of microreactor technology including the short lightpath in a microdevice. A solution 
can be found in longer operation times of the device, but this is not always economically favourable. 
Another strategy, increasing the throughput of the reactor while keeping the residence time by 
lengthen the reactor and raise the superficial velocity, will result in a higher energy consumption. 

A common option for scaling up microreactors is numbering up, which involves operating 
microreactors/microchannels in parallel. This results in the benefit of not changing the transport 
phenomena present in the original device. Strategies for numbering up are categorised as external 
numbering up or internal numbering up.[23] When using external numbering up every microdevice is 
equipped with its own process control systems such as pumps and mass flow controllers. Internal 
numbering-up on the other hand utilizes only one process control system combined with a 
distributor which divides the reactant streams over the parallel reaction channels. Although external 
numbering up is a strategy which will always work, internal numbering up is far more interesting 
from an economic point of view, since it results in less equipment costs. 

The concept of internal numbering up seems simple, but in practice it can be very difficult to secure 
the reaction mixture is even distributed over the parallel reaction channels. If maldistribution occurs, 
it will result in a lower overall yield.[24] The reason for this decreased yield is that the greatest part of 
the reaction mixture will be processed in channels with a high flow rate (with a lower conversion) 
and this effect is not countered by the channels with a lower flower rate (which result in a higher 
conversion). We can give two causes for maldistribution: first is blocking or badly manufactured 
channels which leads to low flow rates in these channels. The second and more general cause is an 
improper design of the flow distributor. Therefore distributor design is a main research area in the 
numbering up of microreactors. Also for a photomicroreactor, where the light source should also be 
considered, failure of the light source does not result in flow maldistribution, highlighting the 
importance of the distributor section.[25] 

When it comes to designing a distributor, the wide range of possible designs can be narrowed down 
to two widely-used styles: the bifurcation design and the chamber-style design. These two 
configurations differ fundamentally in the way equipartition is reached. The bifurcation design is 
basically a splitter. Because of its symmetrical design, this distributor is able to provide an excellent 
distribution. The chamber style distributor consists of one distributing chamber and obtains 
equipartition by equalizing pressure drop over every channel. Therefore the pressure in the 
distributing chamber should ideally be equal along the direction perpendicular of the direction of the 
incoming flow (the horizontal direction in Figure 6). 

 

 Figure 6 Two main types of flow distributor: the bifurcation design (left) and the chamber-style design (right). 
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Although the bifurcation structure typically yields a good flow distribution, there are some 
disadvantages associated with this design. Especially when reaching a high amount of channels, the 
distributor will take up a large area, mostly because of the “entrance length” needed after every 
bend to settle the velocity profile. Also the many splits accompanied with a large number of 
channels results in an increase of pressure drop over the full device. Finally, when there is a defect 
or blockage in one part of the distribution section, this will result in less fluid in every subjacent 
channel. 

In contrast, the chamber-style distributor has the benefit of occupying less space and is simpler in 
design. There are several design parameters to consider for this distributor: the width of the 
distributor, the spacing between two adjacent channels (also called the inter channel spacing) and 
the shape of the distributor (which could be triangular or rectangular, and many hybrid forms). 
Another parameter could be the height of distributor compared to the reaction channel height. 
However this would mean a thicker layer of polymer has to be applied over the reaction channels, 
which is not beneficial. Therefore this is not investigated. 

Attempts have been made to rationalize the performance of a chamber-style design using the 
similarity of a flow network with an electrical resistance network.[26] When using the chamber style 
distributor, the flow resistance in the reaction channels should be way higher than the flow 
resistance in the distributor. To put it in other words: the pressure drop in the reaction channels 
should be way higher than in the distributor. In this way, the reaction channels will act as a certain 
barrier and will only be entered by the liquid if enough pressure is built up in the distributor. Since 
theory states a lower pressure drop in the distributing chamber leads to a better distribution, the 
width of the distributor should be increased or the inter channel spacing should be decreased while 
maintaining the number of channels. 

2.1. Numbering up an LSC-PM  
In addition to the need for a good distributor/collector section in a numbered-up reactor, which 
applies to every microreactor, photomicroreactors have the extra constraint that the incoming light 
also should be equally distributed over every reaction channel. Since LSC-PMs are designed for use in 
combination with sunlight, even illumination over the device surface is not a problem, which 
however would be the case if a point source of light is used. However, there are several light 
transport phenomena inside a LSC which will be influenced by numbering up. 

Figure 7 Design parameters for a chamber-style distributor: the width and shape of the distributor, as well as the spacing 
between two adjacent channels. 
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For now, the LSC has not found widespread use because of significant energy losses inside these 
devices when enlarging the area. There are several loss mechanism described[20], but the most 
important are escape cone losses and internal reabsorption losses (see also Figure 8).[27] When an 
incoming photon is reemitted, there is a chance it is emitted in the escape cone, having a lower 
angle than the critical angle needed for total internal reflection. Re-emitted light also has the 
probability of being re-absorbed by another dye molecule due to overlap between the absorption 
and emission spectra of the luminophore, which can result in energy loss since the quantum yield of 
the luminophore is in general not unity. The combination of reabsorption and escape cone losses 
makes that the probability for photons to reach the edge of a device decreases with increasing 
area.[28] It should be no surprise that there are little examples of LSCs with a large area.[29] 

But while scaling-up of LSCs decreases the overall efficiency, numbering up the LSC-PM can actually 
increase the efficiency of photon utilization. The key to this is the embedding of the microchannels 
in the device, which decreases the light path in the device and also allows for higher luminophore 
doping.[21] If we scale-up LSC-PMs and place more channels in the vicinity of each other, the average 
path the photon travels decreases, which increases the fraction of the photons delivered to the 
reaction channels, resulting in higher internal efficiency.[22] 

2.2. Problem statement 
Achieving a good flow distribution is the main issue encountered when numbering up microreactors. 
Key to preventing maldistribution is using a reliable distributor. Therefore the focus is to practically 
compare the flow distribution with different kinds of distributor designs. The chamber style 
distributor will be our choice for its simple design and small occupation of space in the device. To 
correctly test the flow distribution, we have to alter the device design in such a way that every 
channel has its own output, other than the normal microreactors where all the reactor channels are 
combined in the end. 

When a well-performing distributor design is found, we will perform a model reaction inside our 
devices. We will focus on two parameters: the amount of channels and the spacing between two 
adjacent channels, the latter of which will influence the performance of the light concentrating 
abilities of the device. 

  

Figure 8 Two major loss mechanisms in LSCs. On the left, the photon is emitted at an angle lower than the critical angle (in 
the escape cone) and is not reflected into the device. On the right, the losses which occur when the quantum efficiency of 
the luminophore is not unity. 
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3. Experimental Section 
3.1. Reactor manufacturing 

For this research LSC-PMs made of polydimethylsiloxane (PDMS) were used. These reactors were 
made using a soft lithography technique. The required molds were made with a Felix 3D-printer by 
printing microchannel patterns on a high-impact polystyrene (HIPS) plate. For the flow distribution 
experiments non-doped PDMS reactors were used. Therefore we made a 10:1 (weight ratio) 
PDMS:curing agent mixture. Air bubbles induced by mixing were removed under vacuum.  

 

Figure 9 Manufacturing of the LSC-PM. First two molds, one with the design of the reactor and one without, is produced 
using a 3D-printer. A polymer mixture is casted and cured in the molds. After removing the polymeric slabs, the two layers 
are bonded together using an oxygen plasma treatment. 

After casting the polymer mixture onto the mold, degassing was performed again, and the polymer 
mixture was cured for two days at room temperature (or overnight at room temperature and then 
half an hour at 70°C). After curing, the two layers were given an oxygen plasma treatment and 
brought into contact to bind them together. Bonding can be enhanced by keeping the device at an 
elevated temperature for a short period (e.g. at 70oC for 10 min). Finally, PFA tubing is fitted to the 
inlets and outlets of the reactor. Leakage at the inlets/outlets is prevented by applying a small 
amount of PDMS mixture around inlets/outlets. 

All measurements were conducted using reactors with a reaction channel length of 150 mm, channel 
height of 1 mm and channel width of 0.35 mm. Ideally, the reaction channel height should be equal 
to the complete device thickness to decrease photon losses at the edge of the device[22], but this is 
practically not possible hence the reactors have a 1 mm layer of waveguide above and below the 
reaction channel. The devices are designed in such a way that every channel has its own outlet, 
except for the devices with an inter channel spacing of 2.5 mm, in which two adjacent channels are 
in the end combined and fitted with one outlet. 

 

Figure 10 Examples of used reactors. On the left a device consisting of luminophore doped polymer for reaction experiments 
and on the right two examples of non-doped device for flow distribution measurements (respectively 5 and 2.5 mm inter 
channel spacing). Note the difference in outlets for each device. The channels are made visible using a methylene blue 
solution. 
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For the model reaction experiments, devices doped with luminophores were used. Therefore a 
solution of Lumogen F Red 305 (LR305) in diethyl ether was added to the PDMS mixture before 
curing. Enough LR305 was used to obtain a doping of 0.2 mg LR305 per gram polymer matrix (200 
ppm). In contrast to the non-doped devices, the reactors have one collecting chamber for all 
channels combined with one outlet.  

3.2. Flow distribution measurements  
To measure the flow distribution, non-doped devices fitted with outlet tubes for each channel were 
used. Ethanol was used as fluid, because of its low toxicity and the fact that ethanol is one of the 
solvents that does not result in extensive swelling of the PDMS matrix. Measurements were 
conducted by collecting the effluent of every channel in a GC-vial during a period of more than one 
minute if possible. In the experiments, reactors were placed on a tilted surface to minimize the 
effect of differences in height of the tube outlet.  

The flow distribution was evaluated by the relative standard deviation (RSD) of the volumetric flow 
rates of the parallel channels. The volumetric flow rate was calculated on the basis of the mass of 
the collected effluent and the collection time. The relative standard deviation for a device with N 
channels and a flow rate of Fi in channel i is calculated with the following formulas: 

RSD(%) = ∑ (𝐹 − 𝐹)         (1) 

𝐹 = ∑ 𝐹           (2) 
 
For the devices with an inter channel spacing of 2.5 mm, a collector was used at every two adjacent 
channels, so the calculated RSD should be multiplied by a factor of √2, arising from the fact that the 
sum of the flow rates of two channels is measured at once. 

3.3. Model reaction experiments 
To test the production potential of the numbered-up devices, a model reaction was carried out in 
doped devices which is the oxidation of 9,10-diphenyl anthracene (DPA) using methylene blue (see 
Figure 11) as the photocatalyst. This reaction was chosen for the use of methylene blue whose 
absorption spectrum matches the emission spectrum of the luminophore used (LR305) very well, its 
light dependant kinetics and the fact that the solvent is compatible with PDMS.  

 

Figure 11 The oxidation of diphenylanthracene using methylene blue as photocatalyst, used as model reaction in this 
studies. 

For the experiments two solutions were made: a solution of 0.2 mM DPA in acetonitrile and a 
solution of 0.02 mM methylene blue in acetonitrile. These solutions were each loaded into a syringe 
and placed in a syringe pump. The solutions were mixed in a micro T-mixer and sent to the reactor 
which was placed under a solar simulator. The reactor effluent was led to a flow cell where the 
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conversion was monitored using UV-VIS spectrometer. All tubing and syringe containing the DPA 
solution was covered by aluminium foil to prevent reactions happening outside of the device. 

Under the solar simulator, the distributor and collector sections are covered by black paper. This is 
to avoid reaction in those sections. Due to the design of the reactor, liquid which passes through the 
outermost channels stay longer in the distribution and collection zones. If these sections are not 
covered, this would lead to an unfair comparison. Another aspect of attention is the temperature of 
the device since the solar simulator generates a lot of heat. By applying an air flow over the reactor 
the temperature was constantly cooled. 

 

Figure 12 Set-up used for the model reaction experiments. Catalyst (1) and DPA (2) solution is mixed and led through a 
reactor illuminated by a solar simulator (5). The resulting reaction mixture is then led trough a flow cell (6), which is 
connected to a spectrometer (9). In this way, the conversion inside the device can be monitored real time.[30]   

To quantify the performance of the reactors we used the conversion and space time yield. The 
conversion X is defined as follows, with C0 and C representing the inlet and outlet DPA concentration 
respectively: 

𝑋 = × 100%          (3) 

The space-time yield Y is defined in our experiments as the amount of product formed per unit time 
and per unit volume of waveguide (Vw). The space-time yield with a total flow rate Ftot can be 
calculated as follows: 

𝑌 =  (𝐶 − 𝐶) =  𝑋 ∙ 𝐶          (4) 
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4. Results and discussion 
4.1. Optimization of the chamber-style distributor  

First we focussed on the design of the distributor section. As theory suggested, a device consisting of 
a 2 mm-wide distributor and 8 parallel reaction channels with an inter channel spacing of 5 mm was 
used as a starting point for our research.  

At first we investigated the influence of distributor shape. Although a rectangular shape should be 
sufficient for creating a good distribution, sometimes a triangular design is utilized to favour flow to 
the outermost channels. To investigate this effect we created reactors with rectangular distributors 
of widths 3 mm and 2 mm, respectively. These were compared with triangular distributors of the 
same distributor volume. It should be noted that there are many options to create an equal 
distributor volume. As we can see in Figure 12, there does not seem to be a significant difference 
between the two shape designs. We therefore focus our research on the rectangular distributors, 
because of their simplicity in design.  

The inter channel spacing, the space between two adjacent parallel channels, is considered to be an 
important parameter for LSC-PM devices. When comparing the performance of the devices with 
different inter channel spacing we can clearly see from Figure 13 that devices with smaller spacing 
outperform those with larger spacing, especially at higher flow rates. This is expected, since a 

0

2

4

6

8

10

12

0 . 1 0 . 1 5 0 . 3 0 . 6 1 . 2

RS
D(

%
)

Single channel flow rate (mL/min)

Triangular distributor
(width= 3mm)

Triangular distributor
(width= 2mm)

Rectangular distributor
(width=3 mm)

Rectangular
distributor(width=2mm)

0
1
2
3
4
5
6
7
8
9

10

0 . 1 0 . 1 5 0 . 3 0 . 6 1 . 2

RS
D(

%
)

Single channel flow rate (mL/min)

Inter channel spacing=2.5
(distributor width=3)

Inter channel spacing= 2.5
mm (distributor width=
2mm)
Inter channel spacing= 5
mm (distributor width=3
mm)"
Inter channel spacing= 5mm
(distributor width=2mm)

Figure 14 Influence of inter channel spacing on the flow distribution of 8-channel LSC-PM devices 

Figure 13 Comparison of flow distribution in 8-channel devices with a different distributor design. 
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smaller inter channel spacing results in a shorter distributor hence a lower pressure drop in the 
chamber. 

We can draw another conclusion from this exploratory investigation, which is the influence of the 
distributor width. If we compare the RSD-values for distributor width of 2 and 3 mm in Figures 12 
and 13, the outcomes seem to be random, which probably implies that distributor width has little 
effect on the flow distribution in this exploratory investigation. We continued with the 3 mm wide 
distributor, which theoretically should work better. 

Now we have found the preferred distributor design: rectangular, 3 mm wide, and with a 2.5 mm 
inter channel spacing. The research was extended by investigating the influence of the number of 
reaction channels. As expected, the RSD values rise when increasing the number of channels. Up to 
20 channels the device yields an acceptable flow distribution (RSD value lower than 10%) for every 
flow rate investigated in the experiments. This changes when a device was tested with 36 channels. 
At low flow rates the obtained RSD value is above or around 10%. But it should also be noticed that 
at a higher flow rate of 1.2 mL/min in a single channel, acceptable flow distribution (RSD = 8%) could 
be achieved in the 36-channel device. 

We can assume that the reported RSD values are very likely to be larger than the real values. First, 
there is a certain error during the measurement. The influence of measurement errors was kept to a 
minimum by re-measuring when a suspicious data point was noted. Second, we have manufacturing 
errors which lead to non-uniformity in flow distribution. For a uniform flow distribution the flow 
resistance in each reaction channel should be the same. Although 3D-printing is an ideal technique 
for rapid prototyping, inaccuracies made in printing the mold can have an impact on the flow 
distribution because dimensional deviations lead to deviations in flow resistance of the parallel 
reaction channels. This however can be overcome by using another, more precise but more time-
consuming molding method when a device is needed for end use.  

At last, for the measurements we fitted tubing at the outlet of each reactor channel. The deviations 
in the alignment of these different outlet tubes as well as the length of the tubes can influence the 
flow distribution. However, these outlets are absent in the practical devices, therefore the flow 
distribution in real devices will only be better. 

Taking these situations into account we can safely say that our design strategy will yield a sufficiently 
good flow distribution when applied in the doped devices intended for photochemical reactions. 
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4.2. Scaling up effect in the numbered-up devices 
As was derived from the flow distribution experiments, the 2.5 mm inter channel spacing and 3mm 
distributor works very well and generally yields a good distribution up to fairly high channel 
numbers. We used these parameters for doped devices. 

 

Figure 16 Conversion of DPA as a function of residence time in a single reaction channel for different channel numbers 

We performed in our numbered-up devices the oxidation of DPA with methylene blue as the 
photocatalyst under illumination of a solar simulator. The flow rates for each device were chosen as 
such that the residence time in each reaction channel would be the same for each design. Since all 
devices have the same inter channel spacing and therefore each channel is provided with the same 
amount of light harvesting volume, every device should yield the same conversion if the flow is 
equally distributed over each channel. As can be seen in Figure 15, the data points overlap with each 
other for different channel numbers, which means each individual microchannel displays the same 
behaviour, independent on the amount of channels in the device. This indicates a successful 
numbering up. 

One of the main challenges of conducting these experiments was maintaining the temperature of 
the device. The heat generated by the solar simulator resulted in the formation of gas bubbles in the 
microchannels due to the elevated temperature. These bubbles interfere with the in-line 
spectroscope, creating an uncertainty in the measurement. This interference was kept to a minimum 
by lowering the intensity of the solar simulator and applying an air flow over the device.  

4.3. Investigation on the influence of inter channel spacing 
At last, an investigation was done on the influence of inter channel spacing. It is known that reducing 
the inter channel spacing results in a higher fraction of photons reaching the microchannels (either 
via luminescence or direct illumination), mostly due to the decreased photon path travelled in the 
device. However, placing more microchannels in the same device volume will also mean that the 
total light harvesting volume will decrease, which should have a negative impact. Therefore an 
optimum is to be expected. 

For this experiment we decided to make devices with a fixed illuminated area but varied number of 
channels. This means that the inter channel spacing will be different in each device, as well as the 
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light harvesting volume. We decided to keep the illuminated area constant, because for large scale 
applications, the area needed will probably one of the most important design criteria. 

In Figure 17 we can see the trend that the conversion decreases when placing more channels in the 
device. This makes perfectly sense since the light harvesting volume per channel decreases, which 
results in lower photon flux towards each reaction channel.  

 

 

Figure 17 Conversion of different reactors having the same illuminated area but different amount of channels. The stated 
residence time is the time spent in the reaction channels only. 

However, a higher conversion does not mean the available illuminated volume is utilized as 
effectively as possible. First of all, ray tracing simulation suggests that the luminescent solar 
concentrator is more efficiently utilized when using smaller inter channel spacing.[22] Besides this, 
incorporating more channels while keeping the residence time the same in the reaction channels 
means that the total amount of reaction fluid increases and the total amount of product formed can 
be higher.  
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Figure 18 Productivity per unit light harvesting volume for the numbered up reactors. The lower conversions reached in 
reactors with more channels are compensated by higher throughput. 

The total throughput of the device can be characterized by the space-time yield (see Equation 4), 
which is the amount of product formed per minute per volume of waveguide. In Figure 18 the space-
time yield is plotted against the total flow rate in the device. According to Equation 4, the space-time 
yield is dependent on the conversion and the total flow rate. The throughput will rise using a higher 
total flow rate, but this in general will also result in a lower conversion since the residence time is 
decreased. Also a device with more channels can handle a higher total flow rate, but results in lower 
conversions as can be seen in Figure 17. For these reasons, one should expect there should be an 
inter channel spacing where the trade-off between total flow rate and conversion is balanced to give 
the highest space time yield.  

Unfortunately no such optimum is found in the experiments. Nevertheless, when we look at the data 
at total flow rates between 2 and 4 mL per minute, it seems that the performance of the 14-channel 
device is better than the performances of the 8 and 20-channel devices. Measurements at higher 
flow rates are needed to find the whole overview and could help finding an optimum value for the 
inter channel spacing. However, it should be noted that the performance of the device can solely be 
based on the space time yield since this benchmark does not consider the cost of separation needed 
after production. 
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5. Conclusions 
In this work an effort was made to scale up the luminescent solar concentrator based 
photomicroreactor (LSC-PM). This was accomplished by using the internal numbering up strategy in 
combination with a chamber-style distributor to secure an equal flow distribution.  

First different designs were made for the chamber-style distributor and flow distribution was 
characterized using an adapted version of the LSC-PM where the output of each reaction channel 
could be measured. The distance between two adjacent parallel reaction channels, the inter channel 
spacing, was observed to be a major factor for obtaining a good flow distribution. Changing the 
rectangular shape of the distributor to a triangular shape did not affect the flow distribution 
significantly, as well as widen the distributor from 2 mm to 3mm. 

With the outcomes of the flow distribution characterization experiments a definitive design was 
chosen for further research. Using a rectangular distributor of 3 mm wide and an inter channel 
spacing of 2.5 mm, different reactors were made with channel numbers ranging from 8 to 36. Good 
flow distributions, with relative standard deviations in volumetric flow rates of the parallel channels 
below 10%, were acquired in reactors with up to 20 channels. The reactor possessing 36 channels 
exhibited a good flow distribution when using a relatively high flow rate.  

To further test our numbering up strategy, the photo-oxidation of 9,10-diphenyl anthracene with 
methylene blue as the photocatalyst was deployed as the model reaction in our numbered up 
devices up to 36 channels. When the same residence time was used, all tested reactors show 
comparable conversions. This indicates that our numbering-up strategy indeed works, since the 
reactor performance is independent of the amount of reaction channels. 

Finally the relation between reactor performance and reactor volume per unit light-harvesting 
volume was investigated. As expected a lower amount of channels embedded in the device resulted 
in a higher conversion, which is the result of more light-harvesting matrix per reaction channel. If we 
look at the amount of product formed per unit time per unit light-harvesting volume, no optimum in 
production was observed.  
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6. Recommendations 
The work presented in this thesis focussed on LSC-PMs using a PDMS waveguide. PDMS is very 
beneficial for this research in some aspects. A PDMS slab is easily made in a laboratory environment 
as it only involves casting a monomer solution at room temperature without further treatments. This 
approach combined with 3D-printed molds provides the opportunity for making alterations to the 
design easily.  

Unfortunately, the use of PDMS has also some drawbacks. Luminophore stability is also one of the 
loss mechanisms in LSCs. The waveguide material can be a major factor in luminophore stability.[31] 
To the best of the author’s knowledge no research has been carried out about the stability of the 
dye used in PDMS. Meanwhile the solvent for the reaction could dissolve the luminophore. In one 
experiment it was observed that a red mixture was leaking from the LSC-PM reactor, which indicates 
leaching of luminophore.  

It has been reported many times that microflow technology can boost gas-liquid reactions 
significantly.[11] Using the current design of the LSC-PM, it is difficult to create stable slug flow 
pattern in the microchannels probably due to the wettability of the waveguide material or the 
sudden contraction in the microchannel when going from the distribution chamber to the 
microchannels. 

A solution for the aforementioned drawbacks is given by incorporating tubing in a doped PMMA 
plate[32], while numbering up of tubed photomicroreactors is also earlier described.[33] The 
combination of the aforementioned method is a promising concept. However, the research focus 
has until now been on the implementation of a single tube in the waveguide and its effects. It would 
be interesting to see the potential of these devices when numbered up, the studies in this thesis 
could be a guide line for this research. 

Next to the inherent drawbacks of using PDMS-based devices, another limitation arises from the 
used production method. The used 3D-printer allows for rapid prototyping, but the dimensions of 
the printed mold are limited. Using a printer with a larger printed area, or using another printing 
method for the mold would make devices with larger reactor volumes possible. It is to be expected 
that this will lead to better results, since large superficial velocities and long residence times are 
both beneficial for the (absolute) productivity of a device. 

Finally, the lesson we can learn from this research is that scaling up LSC-PMs by incorporating many 
channels in close proximity to each other is quite easy and hardly decreases the productivity. No 
matter which waveguide or reaction channels are used, there still is a limit to be found. When a 
larger area can be used combined with a large reactor volume via numbering up, the LSC-PMs 
displays the potential for large scale photochemical synthesis. 
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