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Introduction 
The sun constitutes the most sustainable light source available for photochem-
istry.1 Sunlight strikes our planet every day with more energy than humans con-
sume in a whole year.2 Therefore, many researchers have explored ways to 
efficiently harvest and use solar light energy for the activation of organic mole-
cules.3 Light activation of molecules provides access to reaction pathways that 
are otherwise inaccessible with thermochemical activation.4 

In the last decade, visible light photoredox catalysis emerged as a new and pow-
erful mode to activate small molecules.5 This new field exploits transition metal 
complexes or organic dyes to harvest visible light photons and engage in energy 
transfer or convert this energy to an electrochemical potential, thus facilitating 
subsequent single electron transfers with organic substrates. Owing to the gen-
erally mild reaction conditions, the use of visible light has gained significant 
momentum over the past ten years. This renewed interest in photochemistry 
has brought more attention to solar photochemistry, given that the solar spec-
trum intensity peaks in the visible. 

However, some old and unsolved problems associated with solar photochemis-
try reemerged, some related to photochemistry in general and others linked to 
the use of sunlight as a photon source. Most of these issues are associated with 
the complexity of photochemical processes. Scalability is hampered due to the 
attenuation effect of photon transport (Bouguer-Lambert-Beer law), which pre-
vents the use of a dimension-enlarging strategy for scale-up. Additionally, solar 
photochemistry is hampered by the polychromatic and fluctuating nature of so-
lar ground irradiance. 

The use of continuous-flow microreactors for photochemical applications al-
lows one to overcome many of the issues associated with batch photochemis-
try.6 The narrow channel of a typical microreactor provides opportunities to 
ensure uniform irradiation of the entire reaction mixture. Consequently, photo-
chemical reactions are often substantially accelerated. This reduction in reac-
tion time potentially minimizes byproduct formation, increases productivity 
and facilitates the scale-up of photochemical processes. Furthermore, continu-
ous-flow reactors constitute the ideal solution for solar photochemistry since 
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1 they can be easily coupled with solar concentrating devices, offsetting the dilute 
energy content of natural sunlight. 

Historical perspective of solar photochemistry 
The first experimental account of a chemical transformation induced by light 
dates back to 1834, when Hermann Trommsdorff described the effects of sun-
light exposure on α-santonin crystals, a sesquiterpene lactone used as febrifuge 
and isolated from Artemisia plants.7 Remarkably, through the use of a prism, he 
understood the dependence of crystal decomposition on the incident wave-
length (“Das Santonin, wird sowohl durch den unzerlegten, als durch den blauen 
und violetten Strahl gefärbt… der gelbe, grüne und rothe bringen nicht die 
mindeste Veränderung hervor”, santonin is turned yellow not only by the 
undivided but also by the blue and violet rays… whereas… the yellow, green and 
red ones cause not even the slightest changes).8 The photodegradation of san-
tonin was further investigated by another pioneer of photochemistry, Stanislao 
Cannizzaro.9 Starting from his seminal work, his disciples Paternó, Ciamician, 
and Silber took the first steps towards modern photochemistry. Paternó discov-
ered in 1909 the eponym [2+2] photocycloaddition between alkenes and carbon-
yls, further expanded by Büchi.10 Around the same period, Giacomo Ciamician 
and Paul Silber laid the foundation of modern photochemistry through a sys-
tematic investigation of photochemical reactions (photoreductions11, photocy-
cloadditions12, α- and β-cleavage of ketones13).14 The importance of Ciamician’s 
work lies also in the awareness that solar photochemistry could be a more sus-
tainable alternative to thermally-induced transformations, which depend on 
non-renewable fossil sources.15 In his 1912 Science paper, he wrote the follow-
ing: 

“On the arid lands there will spring up industrial colonies without 
smoke and without smokestacks; forests of glass tubes will extend 
over the plains and glass buildings will rise everywhere; inside of 
these will take place the photochemical processes that hitherto have 
been the guarded secret of the plants, but that will have been mas-
tered by human industry which will know how to make them bear 
even more abundant fruit than nature, for nature is not in a hurry 
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and mankind is. And if in a distant future the supply of coal becomes 
completely exhausted, civilization will not be checked by that, for life 
and civilization will continue as long as the sun shines!” 

In the days of Ciamician, photochemistry was almost exclusively carried out 
with solar light as light source, as it often was the only high-intensity light 
source available.8, 14a, 16 In 1895, Carl Theodore Liebermann had been the first sci-
entist to use arc lamps as alternative light sources for photochemistry.17 How-
ever, due to its abundance and ease of access, solar light endured as a prime 
light source for photochemical reactions from the earlier pioneers of the nine-
teenth century until the beginning of the twentieth century. With the introduc-
tion of increasingly cheaper and more powerful artificial lamps, however, the 
preference of chemists rapidly changed. By 1968, the list of light sources availa-
ble to photochemists included in the second edition of Schönberg’s “Preparative 
Organic Photochemistry” cited only briefly sunlight, alongside with several re-
marks on its shortcomings.18 

With the support of artificial light sources, photochemistry continuously ad-
vanced.19 In the late 20th century, important applications emerged: among them, 
the synthesis of cubane20, lycopodine21, estrone22 and ginkgolide B.23 It did not 
take long before the usefulness of photochemistry was implemented in the 
chemical industry. For example, the industrial synthesis of vitamin D3 proceeds 
through a photochemical step. At the same time, in the second half of the twen-
tieth century, the use of sunlight in organic photochemistry has mostly re-
mained neglected, with the sole exception of wastewater treatment 
applications.24 

Recently, the interest in solar photochemistry has resurged thanks to the in-
creased attention towards greener chemical processes.25 After the seminal work 
conducted in the 1990s at the Plataforma Solar de Almerı́a (PSA) and at the Ger-
man Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt, DLR) near 
Cologne,26 in the 2000s several examples of photochemical reactions powered 
by natural sunlight started to appear in the literature. In most of the cases, 
though, the use of sunlight did not constitute the main object of research but 
served merely as proof over the mildness condition required for reaction acti-
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1 vation (i.e. visible light as opposed to UV photochemistry27). Among the photo-
reactors specifically designed for solar applications (i.e. SOLFIN28, SOLARIS29, 
PROPHIS30, MPI line-focusing31, Sunflow32, compound parabolic concentrator,33 
and luminescent solar concentrator-based reactors34), each of them features a 
continuous-flow design.35 

The wide application of flow in solar photochemistry is not fortuitous but con-
stitutes the deliberate choice of maximizing the photon flux received by the re-
action mixture. In fact, given the relatively low intensity of the solar irradiance, 
the efficient use of solar photons is of paramount importance. For this reason, 
in the next section is provided a brief description of the main parameters affect-
ing the solar radiation at ground level. 

Solar radiation 
In the following paragraphs, the main characteristics of solar radiation relevant 
to chemistry will be described, including the energy content of solar light, its 
spectral distribution and the ways to characterize the productivity of solar-
based (photo-)chemical transformation. 

The standard intensity of the solar extraterrestrial radiation on a unit area ex-
posed normally to the sun rays at one astronomical unit is called “solar con-
stant”. The value of the solar constant as measured in space is about 1366 
W∙m−2.36 Despite its name, this value is not constant but it fluctuates slightly due 
to variations in solar activity, on every timescale at which it has been measured 
(from minutes to decades). 37 Moreover, since the Earth’s orbit around the sun 
is elliptical, yearly variations in the sun-Earth distance (about 3%) also affect 
the total solar irradiance. 

The spectral distribution of the extraterrestrial solar irradiance 
While the absolute value of the solar constant is known with high accuracy and 
precision, larger uncertainties are associated with its spectral distribution. The 
simplest description of the solar spectral irradiance is obtained from the 
Planck’s law, considering the solar spectrum as a black-body at about 5800 K. 
While this approach is oversimplified, it provides a reasonable estimation for 
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the fraction of solar spectrum in either UV (<350 nm), visible (350 – 700 nm) or 
IR (>700 nm). Currently, the latest radiometric measurements of the extrater-
restrial solar irradiance (also referred to as “zero air mass” solar spectra irra-
diance) are collected in the ASTM standard E490 - 00a.36 From the comparison 
between the calculated blackbody radiation and the radiometric measurements 
plotted in Figure 1.1, it is evident how the actual spectral irradiance from the sun 
does not strictly follow the blackbody law. 
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Figure 1.1 Comparison between the radiometric measurements of the solar spectral 
irradiance and the calculated blackbody radiation at 5800 K. It can be observed how the 
solar spectrum does not strictly follow the blackbody law. 

The spectral distribution of the ground solar irradiance 
Unless the reaction is taking place in outer space (where, incidentally, flow 
chemistry is a necessity due to the lack of gravity38) the impact of the Earth at-
mosphere on the solar radiation must be taken into account. The simplest de-
scription of atmospheric impact is attained during clear sky conditions. Several 
models of clear sky solar irradiance are available;39 among them, the Simple 
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS),40 freely 
available from the National Renewable Energy Laboratory (NREL), is particu-
larly useful thanks to its versatility. With SMARTS, the solar irradiance intensity 
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1 and spectral distribution can be calculated for every terrestrial location and 
time. 
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Figure 1.2 Effect of the Earth atmosphere on solar radiation at ground level. (Spectra 
modeled with “Simple Model for Atmospheric Transmission of Sunshine” SMARTS v. 
2.9.5. Absolute air mass: 1.5, precipitable water 1.42 cm, ozone 0.34 cm, turbidity at 500 
nm 0.084, CO2 370 ppmv). 

In clear-sky conditions, mainly three components affect the Earth atmosphere 
transmission (in decreasing order of importance): dry air molecules (e.g. nitro-
gen, oxygen, argon, CO2), water vapor and aerosol. Although the distribution of 
the gasses constituting the atmosphere is not uniform (e.g. the ozone depletion 
is mainly centered over Antarctica), the variations in atmospheric composition 
with location, elevation and season are limited. More significant seasonal and 
location-dependent fluctuations are observed in the precipitable water, i.e. the 
water contained in a column of unit cross section extending from the Earth's 
surface to the "top" of the atmosphere. Finally, the last atmospheric parameter 
affecting solar irradiance in cloudless condition is the aerosol, i.e. the presence 
of small suspended particles that manifests itself with reduced visibility or in-
creased turbidity. In Figure 1.2, the effect of a standard atmosphere is shown 
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with respect to the extra-terrestrial radiation (ETR). The absorption by the 
ozone layer is responsible for a significant shielding in the UV-portion, shifting 
the begin of the window for solar photochemistry from 250 to 300 nm.41 
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Figure 1.3 Comparison between the solar spectrum (AM 1.5G) expressed in 𝑊𝑊 ∙ 𝑚𝑚−2 ∙
𝑛𝑛𝑚𝑚−1 and 𝑚𝑚𝑚𝑚 ∙ 𝑚𝑚−2 ∙ 𝑛𝑛𝑚𝑚−1 ∙ ℎ−1. 

The lack of UVC (< 280 nm) photons in the solar radiation at ground level has a 
significant impact on the photochemical transformations that can be powered 
by solar light. In recent years, mostly thanks to photoredox catalysis, visible 
light has been recognized as a viable activation method for several reactions. 
On one hand, the use of visible light simplifies the photoreactor design: for ex-
ample, UV-transparent glass (e.g. quartz of Vycor) can be replaced by less ex-
pensive glass or polymeric materials. On the other hand, the wide availability of 
inexpensive, efficient and narrowband lamps emitting in the visible, such as 
LEDs, reduces the attractiveness of sunlight as a free photon source. It should 
be noted, though, that the intensity of the solar spectrum in the visible is signif-
icantly higher than in the UV range (see Figure 1.2). This comparison is even 
more compelling when the solar spectrum is described in term of its quantic 
photon flux as opposed to the energy associated with its radiation (see Figure 
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1 1.3). Indeed, for most solar irradiance data, the y-axis represents the intensity of 
solar energy, usually expressed in watts per square meter. Since photochemical 
reactions are quantum processes, the photon flux is a more meaningful metric. 
The photon energy is proportional to its frequency (and therefore inversely 
proportional to the wavelength) according to the Planck-Einstein relation 𝐸𝐸 =
ℎ𝜈𝜈 where ℎ is Planck’s constant in 𝐽𝐽 ∙ 𝑠𝑠 and 𝜈𝜈 the photon frequency in Hz. There-
fore, the energy content of solar radiation can be converted, nanometer per na-
nometer, in the corresponding photon flux, as shown in Figure 1.3. 

Notably, when then photon fraction is considered rather than the energy con-
tent of the solar radiation, the already small fraction of UV photons shrinks even 
further: only 0.3% of the solar photons at ground have wavelength shorter than 
350 nm even though, due to their higher energy content, they account for about 
1% of the total energy of solar irradiance. Despite not being part of the Interna-
tional System of Units, the Einstein (E) is a metric often used to express photon 
molar quantities. In the wavelength range up to 700 nm, the reference solar ir-
radiance at 1.5 air mass (AM 1.5G) contains 6.6 𝐸𝐸 ∙ 𝑚𝑚−2 ∙ ℎ−1 (see Table 1.1). For 
a molecule whose molecular mass is 200, this physical limit for solar photo-
chemistry productivity would translate in 1.3 kg of product synthesized per 
square meter per hour. 

For visible-light reactions, high-energy UV photons can cause side reactions and 
therefore affect the reaction selectivity. Two different strategies can be imple-
mented to shield the reaction from the UV fraction of solar light. Either the UV 
photons are prevented from reaching the reaction mixture (by selective reflec-
tion or absorption) or they are down-converted to longer wavelengths. The lat-
ter strategy is evidently advantageous as it can translate into an increased 
photon-efficiency and, so far, is unique to the LSC-PM reactor design.34 
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Table 1.1 Comparison between the energy and photon fraction in the UV, VIS and IR 
portions of the solar spectrum (AM 1.5G). 

Energy content Photon fraction 
W⋅m-2 % E⋅h-1⋅m-2 % 

280 – 350 nm (UV) 8 0.9 0.1 0.3 
350 – 700 nm (VIS) 398 44.2 6.5 27.3 
700 – 4000 nm (IR) 495 54.9 17.3 72.4 

Total 901 100 23.9 100 

Diffuse solar radiation 
Solar radiation can be divided into two components: direct (or beam) and dif-
fuse (see Figure 1.4). As described earlier, the beam radiation is reduced in in-
tensity by absorption by the atmosphere’s constituents. On top of this, the 
interaction between the solar photons and other nanoscale particles (e.g. air 
molecules and dust) can cause scattering phenomena, which are responsible for 
the characteristic blue color of the clear sky. Based on the size of the interacting 
particles, both Rayleigh (for air molecules) and Mie (water vapor or dust) scat-
tering can occur. Furthermore, the interaction between the direct solar radia-
tion and clouds can increase the diffuse component of solar radiation. Finally, 
multiple scattering events and multiple reflections further increase the fraction 
of the diffuse component of solar radiation. As a first approximation, the diffuse 
component in solar radiation can be considered isotropic (see Figure 1.4), even 
though this is true only when the sky is completely overcast by clouds. 

Figure 1.4 Components of the global solar radiation: direct, circumsolar and diffuse. 
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1 The sum of the beam and diffuse components constitute the global radiation 
(also known as total radiation), which can be measured with a pyranometer as 
the sum of all radiation incident on the ground over a 2𝜋𝜋 solid angle. Similarly, 
the value of the direct radiation can be obtained with a pyrheliometer, an in-
strument with a small aperture following the solar disk in the sky. Notably, in 
this value, a small contribution of forward scattered light (the so-called circum-
solar radiation) is also included. The knowledge of the fractional contribution 
of diffuse and beam radiations is important in the design of a solar photoreac-
tor. At higher latitudes, for example, the yearly contribution of diffuse radiation 
can be larger than its direct counterpart, meaning that parabolic collectors will 
not be as efficient as expected considering the global radiation values alone. A 
detailed description of solar radiation can be found in the book “An Introduc-
tion To Solar Radiation” by Muhammad Iqbal.42 

Solar productivity metrics 
Both in the optimization and in the comparison of different solar-powered syn-
thetic processes, it is important to have metrics characterizing the different pa-
rameters. Notably, not only the reactor design and the process determine the 
reaction performance, but also external variables related to the solar irradi-
ance. When possible, the variability associated with the solar irradiance can be 
ignored by comparing different conditions side-by-side, so that the solar irradi-
ance conditions can be factored out. While in this simplified case any metric 
related to the reaction progress would be suitable, the most appropriate param-
eter is the molar productivity per unit surface and time (e.g. 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑚𝑚−2 ∙ ℎ−1), 
as it allows the comparison between reactors with a different irradiated area. 

Often, comparisons between different solar photochemical syntheses per-
formed in different locations are needed. The most convenient parameter, in 
this case, is the “total photon yield” (𝜂𝜂𝑔𝑔) introduced by Scharf and co-workers,41 
and defined as follows: 

𝜂𝜂𝑔𝑔 = ∫ 𝑛𝑛ℎ𝜈𝜈(𝜆𝜆)⋅𝜂𝜂𝑃𝑃𝑃𝑃(𝜆𝜆)⋅𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴(𝜆𝜆)⋅𝜙𝜙𝑃𝑃(𝜆𝜆)  𝑑𝑑𝜆𝜆𝜆𝜆
0

∫ 𝑛𝑛ℎ𝜈𝜈(𝜆𝜆)  𝑑𝑑𝜆𝜆𝜆𝜆
0

=  𝑛𝑛𝐵𝐵
∫ 𝑛𝑛ℎ𝜈𝜈(𝜆𝜆)  𝑑𝑑𝜆𝜆𝜆𝜆
0

 (1.1) 
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Where 𝑛𝑛ℎ𝜈𝜈 is the fraction of solar photons with 𝜆𝜆 wavelength, 𝜂𝜂𝑃𝑃𝑃𝑃  the photore-
actor efficiency, 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴 the absorption yield, 𝜙𝜙𝑃𝑃  the reaction quantum yield and 
𝑛𝑛𝐵𝐵 the moles of product obtained. Usually, total photon yield values are re-
ported for wavelength up to 700 nm, defined by Scharf and co-workers as “solar 
chemical threshold wavelength”.41 To compare the total photon yield values to 
other solar technology that report their efficiency over the global radiation, the 
total photon yield can be divided by two, since about half of the solar spectrum 
is found below the 700 nm threshold. 

Notably, the total photon yield combines parameters relevant to the environ-
ment (𝑛𝑛ℎ𝜈𝜈), the reactor (𝜂𝜂𝑃𝑃𝑃𝑃) and the reaction (𝜙𝜙𝑃𝑃  and 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴) to account for the 
apparent quantum yield of the whole process. As such, this parameter can be 
used to compare the efficiencies of different reactions under solar irradiation. 
It also provides a concise yet intuitive representation of all the factors affecting 
the efficiency of a solar photochemical process. For example, a [2+2] photocy-
cloaddition between ethylene and 5-ethoxyfuranone presented a solar photon 
yield of about 0.1%, while a singlet oxygen reaction sensitized by methylene 
blue offered total photon yields in the 15-20% range,41 thus highlighting the su-
perior suitability of visible-light transformation over UV reaction for solar ap-
plications. 

Despite its advantages, the total photon yield has not seen wide adoption. This 
is probably due to the difficulty to measure or estimate all the parameters re-
quired, included their wavelength dependencies. Furthermore, since the moles 
of product are used as production metric, for non-zero order reaction kinetics, 
the reaction extent (i.e. the reaction conversion) also affects the total photon 
yield, meaning that the same process will show lower total photon yield at 
higher conversion levels, depending on the reaction kinetic profile. 

Continuous-flow photochemistry 
Some of the specific reasons why solar photochemistry is ideally suited for con-
tinuous-flow reactors have already been listed in the previous section. How-
ever, most of the advantages of flow chemistry apply to the whole 
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1 photochemistry field and will be described in details in the following para-
graphs. 

Improved irradiation of the reaction mixture 
Photochemical reactions are driven by the absorption of photons (this fact is 
often called the first law of photochemistry or Grotthuss–Draper law). Conse-
quently, a homogeneous energy distribution inside a photoreactor is crucial to 
obtain high selectivity. According to the Bouguer-Lambert-Beer equation (Eq. 
1.2), the radiation distribution will not be uniform in a reactor due to absorption 
effects. 

𝐴𝐴 = log10 𝑇𝑇 = log10
𝐼𝐼0
𝐼𝐼

= 𝜀𝜀𝜀𝜀𝑚𝑚 (1.2) 

This equation shows a clear correlation between the absorption and the molar 
extinction coefficient (ε) of the light absorbing molecules, their concentration 
(c) and the path length of light propagation (l). By plotting this relationship be-
tween absorption and reactor radius, the importance of reactor size can be con-
clusively shown (Figure 1.5).  

 

Figure 1.5 Transmission of light as a function of distance in a photocatalytic reaction 
using Ru(bpy)3Cl2 (c = 0.5, 1 and 2 mM, ε = 13,000 cm-1 M-1) calculated based on the 
Bouguer-Lambert-Beer law (Eq. 1.2). 
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With strong absorbers, such as common photocatalysts and organic dyes, the 
light intensity rapidly decreases while penetrating the reaction media. In or-
der to keep the radiation distribution uniform and thus maximize the effi-
ciency of the photochemical process, microreactor technology can be used.6e 

The absorption of photons is crucial to carry out photochemical reactions. How-
ever, not every photon will give rise to the conversion of one molecule of start-
ing material; excited states can return to their ground state by radiative or non-
radiative processes. The quantum yield is an important parameter to describe 
the efficiency of the photochemical reaction: 

𝜙𝜙 = number of molecules of product formed
number of photons absorbed by reactive medium

 (1.3) 

The quantum yield is typically between 0 and 1 for non-chain mechanisms.43 
Quantum yields above 1 indicate that a chain reaction occurs, as it has been ob-
served both in photoredox catalysis44 and in photopolymerizations.45 In such 
chain reactions, photon absorption leads to the generation of a species (e.g. a 
radical photoinitiator) which is subsequently propagated until termination oc-
curs. The quantum yield can be determined by carrying out photon flux meas-
urements and subsequently performing the reaction in the same setup.46 The 
photon flux is defined as the number of photons observed per unit time. Not 
every photon emitted by the light source will end up in the photoreactor. By 
using refractors or miniaturized light sources, the photon flux through the re-
actor can be improved. Loubière and co-workers have compared the photon 
flux for a microreactor and batch reactors.47 The batch reactor received a pho-
ton flux of 7.4 ∙ 10−6 𝐸𝐸/𝑠𝑠, while the microreactor had a photon flux of 4.1 ∙
10−6 𝐸𝐸/𝑠𝑠. However, this value must be divided by the reactor volume to obtain 
the absorbed photon flux density. For the microreactor, an absorbed photon 
flux density of 5.02 𝐸𝐸/(𝑚𝑚3 ∙ 𝑠𝑠) was observed, while the batch reactor only had 
0.033 𝐸𝐸/(𝑚𝑚3 ∙ 𝑠𝑠). This 150-fold higher absorbed photon flux density clearly ex-
plains why photochemical reactions can be substantially accelerated in micro-
reactors. The photon flux strongly affects the intrinsic reaction rate of 
photochemical processes; the higher the photon flux, the faster can be the reac-
tion rate. 



Continuous-flow photochemistry 

 15 

1 Another important concept for photochemical processes is the so-called pho-
tonic efficiency (ξ), which is defined as follows:  

𝜉𝜉 = reaction rate
photon flux

 (1.4) 

The photonic efficiency in batch reactors is typically around 0.0086-0.0042.48 In 
microreactors, this value can be substantially improved.49 

Reliable scale-up 
Increasing the productivity of photochemical reactions to an industrial scale 
has proven to be a laborious challenge for process chemists and chemical engi-
neers in the past. Due to the Bouguer-Lambert-Beer limitation of photon 
transport, scalability has been problematic even on a laboratory scale. In fact, 
the advantages of photochemical syntheses observed on a small scale cannot be 
fully exploited on a larger scale when using a classical dimension-enlarging 
strategy. Consequently, the wide implementation of photochemical transfor-
mations in the pharmaceutical and fine-chemical industry has been severely 
hampered.50 

Due to the attenuation effect of photon transport, the diameter of the photore-
actor has to be kept as small as possible to avoid non-uniform energy profiles. 
Microreactor technology has been embraced by the scientific community as the 
ideal reactor to scale photochemistry.51 Essentially two strategies can be distin-
guished to scale up photochemistry with photomicroreactors: 1) longer opera-
tion times and increasing the throughput by increasing the flow rates and 2) 
numbering-up. 

The first strategy is the most popular one on a laboratory scale as it is simple 
and straightforward. Reaction conditions are often optimized using small 
amounts of starting materials in a microreactor. The same device can be subse-
quently used, without reoptimization of the reaction conditions, to produce the 
desired amount of material by continuous introduction of starting materials. 
Higher throughputs can be achieved by increasing the flow rates while keeping 
the residence time constant. A drawback of this approach is that the pressure 
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drop over the reactor will increase. A substantial increase in productivity com-
pared to batch technology can be obtained in this way.52 With this strategy, typ-
ically several milligrams to hundreds of grams can be prepared in a day.  

More product can be produced by placing several microreactors in parallel. This 
strategy is called numbering-up. Two different approaches can be followed: in-
ternal and external numbering-up (Figure 1.6). External numbering-up is 
achieved by placing several microreactors along with their pumping system 
and process control in parallel. Thus, the entire microreactor setup is copied 
several times until the desired amount of product can be reached. This is a reli-
able way of scaling up since individual reactor failure will not influence the 
throughput of the other reactors. However, this is a very costly strategy as typ-
ically the most expensive parts of any microreactor setup are the pumps and 
the process control. Examples of external numbering-up can be found in litera-
ture and in industry.53 Researchers from Heraeus Noblelight GmbH developed 
an external numbering-up setup with 12 parallel photomicroreactors which al-
lowed the production of 2 kg of 10-hydroxycamptothecine per day (Figure 1.6).54 

In contrast, internal numbering is more economically feasible as only the reac-
tor itself is numbered-up while the process control and pumping system are 
shared. The essential part of the design of efficient internal numbering up is the 
distributor section, which equalizes and regulates the reaction streams over the 
different microreactors. Small differences in pressure drop will lead to signifi-
cant maldistribution and thus in non-equal reaction conditions in the different 
reactors. Researchers have developed a convenient numbering-up strategy for 
gas-liquid photocatalytic reactions (Figure 1.6c).55 The modular design allows 
scaling the photocatalytic aerobic oxidation of thiols to disulfides within 2𝑛𝑛 
photomicroreactors (reported with 𝑛𝑛 up to 3). Excellent flow distribution was 
observed in the presence of a photochemical reaction, showing a standard de-
viation of < 10% for the mass flow rates. The variation in yield between individ-
ual reactors was about 5%. Other examples of internal numbering-up for 
photochemical applications are falling film microreactors (Figure 1.6a),56 micro-
capillary films57 and the Corning Advanced-Flow Photo Reactor.58 
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Figure 1.6 Examples of numbering-up for the scale-up of photochemical transfor-
mations: (a) Internal numbering-up in a falling film microreactor.56 (b) External num-
bering-up of a photochemical production unit by Heraeus Noblelight GmbH. (c) Internal 
numbering-up of photomicroreactor for gas-liquid visible light photocatalysis. 

Improved reaction selectivity and increased reproducibility 
One of the key aspects of any chemical reaction is the product selectivity. It is 
generally accepted that microreactors provide opportunities to increase the re-
action selectivity substantially. This is often attributed to the enhanced mass-, 
heat- and photon-transport phenomena observed in microchannels, which of-
fers a high reproducibility of the reaction conditions. Such benefits can be re-
lated to the increased surface-to-volume ratio in microchannels. 

A typical flow setup is schematically represented in Scheme 1.1, and consists of 
a mixing zone, a reaction zone, and a quenching zone. In batch, the reaction time 
is defined by how long the reactants are residing in the vessel. In contrast, in 
flow reactors, reaction time (also called residence time) is the average time that 
the reactants spend in the reactor. Consequently, reaction/residence time is re-
lated to the flow rate. Due to the presence of a quencher, reaction times can be 
precisely controlled and thus follow-up reactions (such as degradation of the 
compound59) can be avoided by minimizing the time spent in the reaction zone. 
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Scheme 1.1 Schematic representation of a photochemical microreactor setup including 
a mixing zone, a reaction zone, and a quenching zone. 

Fast mixing 
A characteristic feature of microreactors is their size. In the literature, the con-
sensus over the dimension that a reactor needs to respect to be called a “micro-
reactor” is having a characteristic length (i.e., for a capillary-based reactor, its 
inner diameter) equal or smaller than 1 mm. The reactor size is an important 
parameter, responsible for the observed mixing phenomena in continuous-flow 
photochemistry.60 In microscale photomicroreactors, the observed flow pattern 
is laminar (Scheme 1.2). In this flow regime, the fluid is flowing in parallel layers 
and mixing is governed by diffusion across parallel lamellae. The smaller the 
diameter of the reactor, the faster a uniform concentration of reactants across 
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1 the channel will be obtained. This insight led to the development of micromix-
ers in which the diffusion distance is minimized to obtain mixing times in the 
milliseconds range.61 

Laminar flow:

∆t
t0 tn t2n

 

Scheme 1.2 Laminar flow regime encountered in microchannels. Note that the velocity 
profile in the fully developed region (after t2n) is parabolic. The velocity at the wall is 
much lower than the velocity in the center of the capillary. 

Mixing is especially important to prevent the formation of byproducts which 
originate because of local concentration gradients. This disguised chemical se-
lectivity occurs when the mixing time is larger than the reaction time.62 On a 
macroscale, such selectivity issues are overcome by lowering the reaction tem-
perature, as this will slow down the reaction kinetics significantly. However, in 
microscale reactors, the mixing efficiency can be substantially increased due to 
the small size of the reactor. This provides opportunities to carry out reactions 
at higher temperatures than in conventional batch equipment. 

Multiphase chemistry 
Multiphase reactions are very common in the chemical industry for oxidations, 
hydrogenations, halogenations and phase-transfer catalysis reactions among 
many others. They involve the combination of two or more immiscible phases 
(e.g. liquid-liquid or gas-liquid reactions). When the mass transfer from one 
phase to the other is the rate-determining step, it is crucial to maximize the in-
terfacial area. In batch, the interfacial area is low and poorly defined, leading to 
prolonged reaction times. Due to the small characteristic dimensions of micro-
reactors, large and well-defined interfacial areas are observed, reaching up to 
9 000 𝑚𝑚2/𝑚𝑚3. These large interfacial areas lead to efficient mass transfer be-
tween the two phases. More specifically, the mass transfer between two phases 
can be described with the overall volumetric mass transfer coefficient (𝑘𝑘𝐿𝐿𝑎𝑎), 
which is for microreactors one to two orders of magnitude higher than for clas-
sical multiphase reactors. 
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Scheme 1.3 Overview of the most common microreactor types used for multiphase 
flows. 

Several microreactor designs have been developed to carry out multiphase re-
action conditions (Scheme 1.3).63 A first design involves single channel microre-
actors, usually transparent polymer-based capillaries, that are commonly used 
in photochemical applications. Two flow regimes are typically used in single 
channel microreactors: segmented flow (also known as Taylor flow or slug 
flow) and annular flow. Segmented flow is characterized by liquid slugs and 
elongated bubbles of an immiscible phase (either gas or liquid). In both, toroidal 
vortices are established which cause a powerful mixing effect and intensify the 
mass transfer between the two phases. The bubble is separated from the reac-
tor walls by a thin liquid film. Annular flow is obtained when one phase flows 
at a higher velocity in the center of the capillary, while the wetting phase forms 
a thin layer at the channel wall. A second design is a membrane reactor in which 
the two phases are separated by a permeable membrane. Through the mem-
brane, reactants can diffuse from one phase to the other. A notable and popular 
example of membrane reactors are the so-called tube-in-tube reactors.64 
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1 Increased safety of operation 
Increasing the operational safety of hazardous reactions is one of the main ar-
guments for the chemical industry to switch to a continuous-flow protocol. Mi-
croreactors have small dimensions, which reduces the total inventory of 
hazardous chemicals and thus avoids the safety risks associated with its han-
dling. Safety can also be increased with suitable quenchers at the reactor outlet, 
immediately neutralizing unreacted hazardous reagents or intermediates. Due 
to the increased safety, reaction conditions that are impossible or unwise to 
carry out in batch are accessible in flow microreactors. An examples are photo-
chemical reactions involving singlet oxygen. It is known that the use of pure 
oxygen results in higher reaction rates compared to artificial air and, in flow, 
pure oxygen can be safely used (see Chapter 5). 

Other advantages 
Fast heat transfer to the environment is important in keeping a stable reaction 
temperature inside the reactor and to avoid by-product formation via thermal 
pathways. For photochemical processes, increases in reaction temperature can 
occur due to heating from the light source and exothermic reactions. Due to the 
high surface-to-volume ratio, microreactors, in general, provide efficient heat 
dissipation. Consequently, hot spot formation can be largely avoided and mi-
croreactors are often considered as isothermal reactors. 



Chapter 1 — Introduction to solar and continuous-flow photochemistry 

22 

Batch Reactor 1 Batch Reactor 2

A

B

reagents

C
intermediate 1

work-up
isolation

reagents

Traditional multistep synthesis:

Batch Reactor 3

D
intermediate 2

work-up
isolation

reagents

E
+

Product

work-up
isolation

Multistep synthesis in flow:

Flow Reactor 1 Flow Reactor 2 Flow Reactor 3

A

B

reagents

mixing by micromixer

reagents reagents

E
Product

Consecutive synthesis without 
isolation of intermediates

Step-by-step synthesis with work-up 
and isolation of intermediates

 

Scheme 1.4 Multistep reaction sequence in batch and flow. 

The synthesis of complex organic molecules typically involves several synthetic 
steps along with intermediate purifications. This traditional way of performing 
organic reactions is very time consuming and, in times of increasing labor costs, 
very expensive to carry out. Throughout the years, chemists and chemical engi-
neers have sought ways to simplify the synthetic process. One attractive tech-
nology to facilitate multistep reaction sequences is microreactor technology 
(Scheme 1.4). It allows combining of several reaction and purification steps in 
one continuous streamlined flow process.65 Such flow networks require less 
manual handling for the practitioner and results in substantial time and eco-
nomic gains. Furthermore, inline spectroscopic tools, self-optimization proto-
cols, and automation allow to further reduce human interaction.66 

Immobilization of photocatalysts is an interesting way of recuperating and re-
cycling the catalyst and thus increasing the economic viability of a photocata-
lytic process.60b, 67 Heterogeneous photocatalysts, such as  TiO2 and ZnO, are 
extensively used in photochemical applications due to their abundance, low 
cost, and robustness.68 These catalysts can be introduced in the reactor as a 
slurry.69 However, such an approach can rapidly lead to reactor clogging when 
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1 using microstructured photoreactors and a downstream separation step is re-
quired to remove the catalyst from the products. An alternative approach is the 
immobilization of this catalyst on the reactor walls or in a packed bed.70 

Luminescent Solar Concentrators 
Luminescent solar concentrators (LSCs) are devices employing a glass or poly-
meric lightguide doped with luminophores to harvest, down-convert and con-
centrate solar light.71 They are usually coupled with photovoltaic cells 
(generally attached at the edges) to produce electricity. 

 

Figure 1.7 Schematic overview of the LSC working principle. The solar photons (1) are 
absorbed by the dye molecules present in the lightguide (2). Upon excitation, the dye 
emits downconverted photons that are trapped by total internal reflections in the light-
guide (3) until they reach the end of the device (4) where they are absorbed by the 
photovoltaic cells attached to the edges, generating electricity. 

LSC working principle 
The working principle of an LSC is illustrated in Figure 1.7 and can be described 
as follows. A glass or polymeric slab, doped with a luminophore, absorbs incom-
ing solar photons (Figure 1.7 step 1). Upon excitations, the luminophores em-
bedded in the matrix reemit luminescent photons (Figure 1.7 step 2) that are 
trapped in the lightguide (Figure 1.7 step 3) due to the lightguide refractive in-
dex being higher than that of air. These luminescent photons are then concen-
trated at the device edge, where they are absorbed by photovoltaic cells to 
produce electricity (Figure 1.7 step 4). Each of these steps is associated with 
some loss mechanism, reducing the overall device performance. The literature 
on loss mechanisms in LSC and potential responses to the more common issues 
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is vast. Hereafter, the parameters that are relevant to the present thesis will be 
briefly described.  

Luminophores 
An important factor influencing the device performance is the luminophore. 
Ideally, luminophores used in LSC should be characterized by high (near unity) 
photoluminescent quantum yield, broad absorption, small Stokes shift and min-
imal overlap between absorption and emission spectra. In this thesis, fluores-
cent organic dyes will be used as luminophore for their inexpensive nature and 
good optical characteristics (e.g. Lumogen F Red 305 has a 95% quantum yield 
in PMMA72) are used; however, quantum dots and other nanocrystals as well as 
well as rare-earth ions have been proposed as luminophores for LSCs. 

Ligthguide material 
Materials used as lightguide have to be highly transparent, not to absorb the 
lightguided photons. Even though materials with enhanced transparency, such 
as fluorinated poly(methyl methacrylate) (PMMA) or specialty glass (e.g. N-BK7) 
are available, to maintain the overall device inexpensive polycarbonate or  
PMMA are commonly used. When the emitted photons reach the interface be-
tween lightguide and air, they can be internally reflected. The portion of lumi-
nescent photons that is trapped in the lightguide depends on the material 
refractive index according to Snell’s law. In particular, the photons whose inci-
dent angle is higher than the critical angle will be reflected, while the other will 
be transmitted out of the top or bottom apertures of the lightguide, and conse-
quently lost. The critical angle is: 

𝜃𝜃𝑐𝑐 =  sin−1 �1
𝑛𝑛
� (1.5) 

where 𝑛𝑛 is the refractive index of the lightguide. In Table 1.2, the characteristics 
of the lightguide materials used in this thesis are presented. If the emission from 
the luminophore is assumed to be isotropic, the capture efficiency, that is the 
fraction of photons internally reflected, can be calculated as the cosine of the 
critical angle. It is intuitive that the higher the refractive index of the matrix, the 
higher will be the fraction of photons captured in the lightguide. 
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1 
Table 1.2 Characteristics of the material used in this thesis as lightguide and their op-
tical performance in trapping the luminescent photons. 

Lightguide 
material 

Refractive 
index 

Critical 
angle 

Photons internally 
reflected 

PDMS 1.41 45.2° 70.5 % 
PMMA 1.49 42.2° 74.1 % 

LSC loss mechanisms 
Overall, the LSC optical efficiency, defined as the photonic efficiency in down-
converting and lightguiding incident photons, can be described as follows:71 

𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜 = (1 − 𝑅𝑅)𝑃𝑃𝑇𝑇𝐼𝐼𝑅𝑅 ∙ 𝜂𝜂𝑎𝑎𝐴𝐴𝐴𝐴 ∙ 𝜂𝜂𝑃𝑃𝐿𝐿𝑃𝑃𝑃𝑃 ∙ 𝜂𝜂ℎ𝑜𝑜𝐴𝐴𝑜𝑜 ∙ 𝜂𝜂𝑟𝑟𝑟𝑟𝑎𝑎𝐴𝐴𝐴𝐴 (1.6) 

where R is the fraction of photons reflected at the top surface, 𝑃𝑃𝑇𝑇𝐼𝐼𝑅𝑅  the total 
internal reflection efficiency, 𝜂𝜂𝑎𝑎𝐴𝐴𝐴𝐴 the fraction of solar photons absorbed by the 
luminophore, 𝜂𝜂𝑃𝑃𝐿𝐿𝑃𝑃𝑃𝑃 the luminophore photoluminescent quantum yield, 𝜂𝜂ℎ𝑜𝑜𝐴𝐴𝑜𝑜  is 
the lightguide transport efficiency, and 𝜂𝜂𝑟𝑟𝑟𝑟𝑎𝑎𝐴𝐴𝐴𝐴 is the transport efficiency associ-
ated with the re-absorption of luminescent photons. Losses associated with the 
lightguide surface smoothness have not been included in this description for 
simplicity. 

Figure 1.8 Loss mechanism in LSC. 1) Light emitted in the escape cone (top and bottom 
apertures) 2) luminescent photons reabsorption 3a) photons not absorbed by the lu-
minophores 3b) luminophore photobleaching 3c) luminophore non-unity quantum 
yield 4) solar cell losses 5a) top reflections 5b) matrix background absorption 5c) 
in-ternal scattering 5d) surface scattering. Figure adapted from ref. 71.
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LSC applications 
LSC are inexpensive devices capable of harvesting both the direct and the dif-
fuse component of solar irradiance, with no need for solar tracking.73 As op-
posed to optical concentrators, LSCs are characterized by lower temperatures: 
a typical LR-305-doped device reached an equilibrium temperature lower than 
60°C under full irradiation in outdoor conditions.74 Different applications make 
use of a different set of these LSC characteristics, with the most successful ones 
taking advantages of several of the unique characteristics of LSC. 

The LSC concept has been introduced in the early 1970s,75 when research on so-
lar energy boosted in response to the 1973 oil crisis. In the 1980s the research on 
the field stalled due to the drop in oil prices. In the 2000s, owing to the increased 
awareness on the effects of energy generation from fossil fuels, research on LSC 
resumed. Meanwhile, several advancements on luminophore performance have 
paved the way to devices characterized by higher efficiencies.76 However, LSCs 
have not yet reached commercial success. This is mainly due to the decline in 
silicon photovoltaic module costs.77 meaning that the concentration effect ob-
tained in LSCs as the geometric ratio between top and edges surface was no 
more an economically viable value proposition. This fact led to a shift in re-
search toward applications where the LSC could provide unique advantages, 
such as in building-integrated photovoltaics, switchable windows, sound barri-
ers, greenhouses and, as introduced in this thesis, photochemical reactors. 

LSC in building-integrated photovoltaics 
An application where LSCs showed potential is building-integrated photovolta-
ics (BiPV).78 For individual houses or small buildings, net zero-energy consump-
tion can be achieved by combining several microgeneration technologies such 
as rooftop photovoltaics, micro-turbines, and geothermal heat pumps. How-
ever, in cities and densely populated areas, rooftop space is not sufficient to 
provide enough energy, particularly so for tall buildings. LSCs can be designed 
in semi-transparent modules that can be integrated with the building envelope. 
For this application, the capacity of LSCs to effectively use diffuse light and the 
wide possibility to tune their color, transparency, and shape are important ben-
efits. For example, LSCs have been integrated into smart windows79 and noise 
barriers.80 
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1 LSC in microalgae cultivations and greenhouses 
Another interesting application of LSCs is found in microalgae cultivation81. In 
this case, LSCs are either used to transport photons to the deeper layers of the 
bioreactor, where the light would not otherwise penetrate, or to spectrally con-
vert high energy photons to red light, better matching the absorption of chloro-
phyll.82 However, due to the lower penetration of red light in the medium, good 
mixing of the algae culture is critical. Similarly, based on the good chlorophylls 
absorption in the red range, LSC transparent to red light but harvesting photons 
with shorter wavelengths have been proposed for application in greenhouses 
rooftop, where they generate electricity with minimal impact on the crops 
growth.83 

Research aim 
The aim of this thesis is to investigate the synergistic combination of lumines-
cent solar concentrators and microflow reactors to enable solar-powered visi-
ble-light photochemistry. 

LSCs are characterized by a simple and inexpensive design harvesting both the 
direct and the diffuse components of solar radiation without the need for solar 
tracking. Luminescent solar concentration, as opposed to optical concentration, 
does not cause substantial heating and LSCs can be manufactured with lumino-
phores emitting in different colors. 

Microflow reactors, on the other hand, are the ideal solution for photochemical 
reactions as they are characterized by uniform irradiation and simple scale-up 
by numbering up.55a Furthermore, the field of visible-light photochemistry has 
expanded considerably in the last decade thanks to the many developments in 
photoredox catalysis, providing valuable new transformations suitable for solar 
photochemistry.5b, 84 

The merger of LSCs and continuous-flow reactors was called Luminescent Solar 
Concentrator-based Photomicroreactor (LSC-PM). Rather than simply sum-
ming the benefits of the two technologies, it was proposed that LSC-PMs could 
have been able to overcome the major limitations of both LSCs and solar pho-
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tochemistry. For example, embedding the microreactor as final photon ab-
sorber in the LSC lightguide could circumvent the efficiency decline typically 
observed in large-area LSCs. Similarly, coupling a solar collector technology 
with a microflow reactor would allow solar capture from a large area despite 
the small dimension of the microflow capillaries. 

In this thesis, the LSC-PM concept is introduced. After a working prototype was 
obtained, the focus of the research shifted toward improving the range of ap-
plicability of the device. Finally, different applications in preparative-scale or-
ganic solar photochemistry have been explored. This focus is the result of the 
fact that the majority of the current preparative photochemical applications are 
found within flavor, fragrance and supplementary medicine industries. How-
ever, advancements in research on solar fuels, or a photochemical approach to 
redox flow batteries could provide other interesting applications to the LSC-PM 
concept. 

Thesis Outline 
This thesis presents the research on a novel reactor design for solar photo-
chemistry in continuous-flow, the so-called Luminescent Solar Concentrator-
Photomicroreactor (LSC-PM). Such a device is based on the synergistic combi-
nation of a microflow reactor with a Luminescent Solar Concentrator (LSC). 

The original research idea and the first steps toward the realization of a work-
ing prototype are presented in Chapter 2. There, the first proof-of-concept on 
the validity of this research line is presented together with some experiments 
providing preliminary insight on the device behavior. After that, in Chapter 3, 
a detailed analysis of the optical phenomena taking place in the LSC-PMs is 
achieved via Monte Carlo ray-tracing simulations of the solar photons imping-
ing the reactor top surface. The code for the simulations is based on an existing 
ray-tracing program (PvTrace) and was significantly expanded to model LSC-
PMs. With this model available, the in-silico study of LSC-PM design compatible 
with different photocatalysts was performed, eventually resulting in the blue-
prints of the devices described in Chapter 5. 
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1 With a deeper understanding of the LSC-PM characteristic and potential, fur-
ther research was aimed at addressing the limitations preventing wider adop-
tion of solar photochemistry. Chief among them the fluctuations in solar 
irradiance intensity. By exploiting the unique design of LSC-PMs, in Chapter 4 
a simple reaction control system is introduced that monitors in real-time the 
photon flux received by the reaction mixture flowing in the reactor channels. 
Based on this data, and on a calibration set of kinetic profiles at different light 
intensities, constant conversion is maintained under changing solar irradiance 
conditions. 

All the LSC-PMs described in the chapters 2-4 are made of polydimethylsiloxane 
(PDMS). This polymeric material was ideal for the initial prototyping of the de-
vice as it had already been used for the production of both LSCs and continuous-
flow microreactors. PDMS is highly transparent, it can be doped with fluores-
cent dyes and can be shaped easily via soft lithography. However, it does not 
constitute the ideal material, neither for the LSC nor for the reactor part of LSC-
PMs as its chemical stability is rather limited. Therefore, in Chapter 5 a differ-
ent structure for LSC-PMs is introduced that is more suitable for large scale ap-
plication, as it is cheaper and more stable under irradiation, and has improved 
chemical stability due to the use of perfluorinated polymeric capillaries to con-
fine the reaction media. The optimized designs are then applied to several re-
actions involving different photocatalysts. 

Finally, in Chapter 6 a summary of the main results obtained in the thesis and 
an outlook on future research on LSC-PMs are presented. 
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51. (a) Coyle, E. E.; Oelgemöller, M., Photochem. Photobiol. Sci. 2008, 7 (11), 
1313-1322; (b) Oelgemoeller, M., Chem. Eng. Technol. 2012, 35 (7), 1144-
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Lett. 2012, 14 (17), 4342-4345. 

54. Werner, S.; Seliger, R.; Rauter Holger, D. R.; Wissmann Friedrich, D. R. 
Quartz glass micro-photoreactors and synthesis of 10-
hydroxycamptothecin and 7-alkyl-10-hydroxycamptothecin. EP 2065387 
A2, 2008/11/07, 2009. 



Chapter 1 — Introduction to solar and continuous-flow photochemistry 

34 

55. (a) Su, Y.; Kuijpers, K.; Hessel, V.; Noël, T., React. Chem. Eng. 2016, 1, 73-
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V.; Noël, T., Adv. Synth. Catal. 2015, 357 (10), 2180-2186. 

60. (a) Hartman, R. L.; McMullen, J. P.; Jensen, K. F., Angew. Chem., Int. Ed. 
2011, 50 (33), 7502-7519; (b) Vural Gürsel, I.; Noël, T.; Wang, Q.; Hessel, 
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V.; Löwe, H.; Schönfeld, F., Chem. Eng. Sci. 2005, 60 (8-9), 2479-2501; (c) 
Falk, L.; Commenge, J. M., Chem. Eng. Sci. 2010, 65 (1), 405-411. 

62. Yoshida, J.; Nagaki, A.; Iwasaki, T.; Suga, S., Chem. Eng. Technol. 2005, 28 
(3), 259-266. 
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Abstract 
The use of solar light to promote chemical reactions holds significant potential 
with regard to sustainable energy solutions. While the number of visible light-
induced transformations has increased significantly, the use of abundant solar 
light has been extremely limited. A photomicroreactor that constitutes a merger 
between luminescent solar concentrators (LSCs) and flow photochemistry is 
reported to enable green and efficient reactions powered by solar irradiation. 
This device based on fluorescent dye-doped polydimethylsiloxane collects 
sunlight, focuses the energy to a narrow wavelength region, and then transports 
that energy to embedded microchannels where the flowing reactants are 
converted. 
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Introduction 
The harnessing of solar light for use in chemical synthesis is a long-standing 
dream of the chemical community.1 In recent years, this vision has become more 
realistic with the introduction of visible-light photoredox catalysis,2 which 
significantly expanded the scope of light-induced transformations.3 In solar 
photochemistry, the traditional approach is the “flask in the sun”,4 where 
photon efficiency and scale-up potentials are intrinsically limited.5 This is 
particularly evident in photoredox catalysis since catalysts typically possess 
high extinction coefficients and the Bouguer-Lambert-Beer law limits light 
penetration to the outer layer of the reaction vessel. These limitations have 
been overcome with the use of microflow photochemistry, which uses 
microchannels to enable homogeneous light irradiation.6 Moreover, the 
increased photon flux enabled by the use of microflow reactors significantly 
reduces reaction times as compared to traditional batch reactors, indicating the 
photon-limited nature of the relevant transformations.7 

Despite the environmental advantages 
of visible light-induced reactions, the 
direct use of solar light to power such 
transformations is, to date, extremely 
rare. It was rationalized that the 
adoption of microreactor technology is a 
necessity for the efficient use of solar 
light as it renders a high surface-to-
volume ratio. Yet, for cost-effective and 
large-scale applications, a practical way 
to harvest and convey photons to the 
reaction media is needed. 

Ideally, it should be possible to couple 
the light-gathering and converting 
abilities of luminophores with the 

photon needs of photomicroreactor channels (see Figure 2.1). From this 
viewpoint, the Luminescent Solar Concentrator (LSC) concept appears 

Figure 2.1 Schematic representation of 
the luminescent solar concentrator-
based photomicroreactor (LSC-PM). 
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particularly appealing. LSCs are devices in which luminophores (e.g. fluorescent 
dyes or quantum dots) are dispersed in a glass or polymeric lightguide to 
capture solar light and direct the luminescent photons to the edges of the 
device.8 At those edges, LSCs are typically coupled to photovoltaics to produce 
electricity.9 Originally introduced over 30 years ago, LSCs are now used in 
switchable windows10 and other applications, and could be ideal for deployment 
in the built environment, as they are aesthetically appealing and perform well 
under both direct and diffuse light.11 

Result and discussion 
The target design was a device where chemicals can react with sunlight in an 
efficient and inexpensive way. A requirement was that the device could make 
active use of diffuse light, thus being capable to operate under cloudy sky 
conditions, decoupling the productivity from the need for direct light. It was 
proposed that a flow reactor could be embedded in an LSC lightguide whose 
luminophore was selected so that its emission profile matched the absorption 
spectrum of the photocatalyst used for the reaction system. Due to this spectral 
overlap, the reaction mixture flowing in the channels experiences a photon-flux 
that is wavelength-concentrated and more intense than the solar light reaching 
the device surface. It was expected that the narrow wavelength distribution of 
the luminescent photons could improve the reaction selectivity, while the 
increased intensity of the photon flux could accelerate the apparent reaction 
kinetics, particularly for light-limited reactions. In addition, due to the close 
proximity of the reaction channels, light-guided photons travel shorter 
distances in LSC-PM devices than in traditional LSCs, resulting in reduced 
internal reabsorption losses.12 Consequently, lightguiding in LSC-
PhotoMicroreactors (LSC-PMs) is inherently more efficient than in traditional 
LSCs and allows for the use of higher luminophore doping. LSC-mediated 
spectral down-conversion has already been applied to photovoltaics13 and to 
enhance microalgae growth in photobioreactors.14 However, by including the 
absorbing reaction media in the lightguide, both light concentration15 and 
spectral conversion are obtained. Compared to traditional solar concentrated 
chemical photoreactors, LSC-PMs employ a non-optical-concentrating design 
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and, as a result, operate at lower temperatures,16 utilize diffuse light, and do not 
require complex sun tracking.5b These features allow for expansion of the 
application of solar photochemistry to higher latitudes.  

Figure 2.2 Working principle of the LSC-PM. (A) Wavelength conversion scheme of the 
LR305/MB based LSC-PM. The LR305 wide absorption (red) is responsible for the good 
light-harvesting properties of the device with respect to the solar spectrum. The 
spectral overlap between the emitted photons (green) and MB absorption maximum 
(blue) is crucial to allow efficient coupling of the luminescent photons with the reaction 
system. (B) Lumogen F Red 305 (LR305) mediated energy-conversion of high-energy 
photons de facto extends the methylene blue absorption window up to the ultraviolet 
region, enabling more efficient use of the solar radiation (grey). (C) The singlet oxygen-
mediated cycloaddition of 9,10-diphenylanthracene to the corresponding 
endoperoxide used as benchmark reaction. 

To maximize solar energy harvesting, the choice of the photocatalyst is of 
paramount importance. The lower the energy required to excite the catalyst, 
the larger the fraction of the solar spectrum that can be down-converted to 
match the absorption maximum. In this respect, the use of methylene blue (MB) 
as a photocatalyst3a, 17 is advantageous since its low-energy absorption peak 



Chapter 2 — LSC-PMs for energy efficient continuous-flow photochemistry 

42 

(λmax = 654 nm), coupled with the down-conversion capabilities of the LSC-PM, 
results in a very effective use of the UV-VIS spectrum (Figure 2.2 B).18 In 
particular, a combination between methylene blue as photocatalyst and the 
fluorescent dye Lumogen F Red 305 (LR305) as the LSC luminophore was 
selected.19 LR305 is a perylene bisimide-based dye widely used in LSCs due to its 
broad absorption spectrum, excellent photoluminescent quantum yield, and 
high photostability.9a The coupling of LR305 with MB is particularly beneficial 
owing to the excellent spectral overlap between the LR305 emission and 
methylene blue absorption spectra (Figure 2.2 A). Finally, to qualitatively 
demonstrate the enhanced photon-flux reaching the reaction channels, the 
[4+2] cycloaddition of singlet oxygen to 9,10-diphenylanthracene (Figure 2.2 C) 
was used as a benchmark reaction as it displays light-limited apparent 
kinetics20 and the conversion can be monitored inline with a UV-VIS 
spectrometer. 

For the production of an LR305-doped LSC-PM, polydimethylsiloxane (PDMS) 
was identified as the ideal LSC-PM material by virtue of its high transparency, 
good thermal and chemical stabilities, and moderate refractive index (1.41). 
Moreover, the use of PDMS in LSCs, albeit not widespread, is not 
unprecedented.21 This material is especially suited for LSC-PM since it can be 
easily shaped techniques22 to produce microfluidic devices both via soft-
lithography23 and print-and-peel techniques.24 PDMS can be readily doped with 
organic dyes,21c and its chemical stability can be further increased via surface 
modification strategies.25 

For the successful coupling of the luminescent-concentrated photon flux 
through the device with the reaction channels, the optimization of several 
design parameters was crucial. An in silico screening on the impact of several 
reactor design factors was carried out via a Monte Carlo ray-tracing simulation 
(see Chapter 3 for an in-depth description of the simulations).26 The aspect ratio 
of the channels, their relative height compared to the device thickness, and the 
number of channels per unit area were identified as the most important design 
parameters. Guided by these preliminary considerations, a serpentine 150 μl 
flow microreactor made of 6 channels (500 μm width × 1 mm height) in a 50 × 
50 × 3 mm3 device (Figure 2.3) was designed. 
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Figure 2.3 LSC-PM design. (A) Photograph of the PDMS-based LSC-PM used in this 
chapter (B) Scheme of the flow pattern. More details on the LSC-PM design are provided 
in the Experimental Section. 

A set of LSC-PMs with LR305 doping between 10 and 250 ppm was produced and 
the amount of light reaching the edges of the device when irradiated normally 
to the top surface was compared to a non-doped analog. Notably, the bright red 
edges of the devices, observable by the naked eye, indicated the LSC 
lightguiding behavior of the device (Figure 2.7). The device edge emission was 
measured in solar simulated light conditions with an integrating sphere (Figure 
2.4A) and the results are shown in Figure 2.4B. High edge emissions were 
observed when the channels were filled with non-absorbing species, such as air 
or solvent (acetonitrile), whose intensity depended on the luminophore doping. 
Gratifyingly, when the channels were filled with a methylene blue-solution, a 
decrease in the edge emission was observed. This can be attributed to the 
increased absorption of guided photons by the methylene blue present in the 
channels, providing a strong indication of the viability of the LSC-PM concept. 
With these results in hand, the next step was testing the LSC-PM with a 
photocatalytic reaction system. 

Two interwoven but distinct phenomena are responsible for the increased 
photon-flux in the LSC-PM channels. The first phenomenon is a luminophore-
mediated spectral down-conversion of high energy photons, which have a low 
probability of absorption by the reaction mixture, into lower energy photons 
whose wavelength matches the absorption maximum of the photocatalyst. The 
second phenomenon is the spatial transfer of the photons to the reaction 
channels via total internal reflection in the polymeric lightguide. Essentially, the 
entire polymeric slab acts as a photon collector. Consequently, the reaction 
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channels receive (i) direct incident photons and (ii) light-guided photons from 
the LSC photon collector. Distinct experiments were designed to experimentally 
validate these two distinct phenomena in the LSC-PM design.

Figure 2.4 Edge emission measurements. (A) Experimental set-up for the 
measurement of edge emissions. (B) Edge emissions of the LSC-PM with the channels 
filled with MB solutions of varying concentration, the percentage refers to the total 
incident. The decrease in edge emission is log-dependent on the increase in the 
concentration of the MB solution, indicating that the increased absorption of photons 
in the reaction channel is the cause for the reduced edge emission of the device. As 
expected, this applies only to dye-doped reactors since the edge emission of the non-
doped version is mainly related to scattering phenomena. 

Firstly, an experiment to verify the role of the spectral down-conversion in 
increasing the overall likelihood of photon absorption by the reaction medium 
was designed. To this end, a light source with a deliberate mismatch to 
methylene blue absorption spectrum was selected: blue LEDs emitting at a peak 
of 464 nm. LSC-PMs with different LR305 loadings and a non-doped control 
reactor were irradiated with different intensities, and the reaction conversion 
was measured (Figure 2.4A). The non-doped reactor showed low conversion in 
all cases, even when the LED strip was fully powered (21% at 0.31 W of emitted 
light). The conversion measured in this case is caused by the tailing in the blue 
range of methylene blue absorption. In contrast, with the dye-doped devices, an 
increase in conversion was observed. With the 200 ppm LSC-PM, the highest 
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conversion measured in the non-doped reactor was reached with 1/10th of the 
light input (27% at 0.025 W), clearly indicating the effectiveness of the LSC-PM 
induced spectral conversion. 

Figure 2.3 LSC-PM mediated wavelength conversion and light transport. (A) LSC-PM 
mediated wavelength conversion. Using blue LEDs as light source, the direct excitation 
of methylene blue (MB) is limited as evident by the low conversions obtained with the 
non-doped reactor (black squares). The fluorescent photons generated in the polymeric 
matrix are more likely to induce MB excitation, and therefore a dye-doping dependent 
increase in conversion is observed, proving the spectral conversion capabilities of the 
device. (B) To prove the light transport capabilities of the LSC-PM, a modified reactor 
was designed in which the reactor channels were situated in only half of the device. The 
half-device containing the reaction channels was covered with black cardboard, while 
the other half was orthogonally irradiated with a solar simulator. The doped reactors 
resulted in significantly higher conversion rates as a result of the luminescent photons 
transporting the light energy throughout the device. (C) The complete comparison of 
non-doped and dye-doped reactors with simulated sunlight. The interpolation of the 
linear portion of the reaction kinetics indicates a 4.5-fold acceleration with the 200 ppm 
doped LSC-PM compared to the non-doped reactor. 

Secondly, the light transport in the device was studied employing a modified 
reactor that avoided direct irradiation of the reaction mixture. The modified 
LSC-PM contained 2 channels (50 μl volume) spanning half of the top surface 
(25×50 mm2) that was shielded from direct incident light with opaque black 
cardboard. The other uncovered half of the reactor was exposed to a collimated 
light source (Figure 2.4B), provided by a solar simulator. The non-doped reactor 
afforded low conversion (9%), even with a residence time of 90 seconds. This 
can be attributed primarily to scattering effects in the PDMS polymer. However, 
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the LSC-PMs were able to transport light from the irradiated half to the reaction 
channels with increased efficiency for higher luminophore loadings. Comparing 
the conversion of the 200 ppm LR305-doped LSC-PM at 90 seconds (54%) with 
that of the non-doped reactor translates in a 6-fold increase in light transport. 
This result is particularly significant as the emission of the dye molecules in the 
irradiated region was mostly isotropic and no reflectors were applied to the 
device edges. Therefore, only a fraction of the generated luminescent photons 
was directed toward the reaction channels. 

Lastly, the original LSC-PM design was tested in the solar-simulated conditions 
(Figure 2.4c). The LR305-doping had a significant effect on the apparent reaction 
kinetics, with the 200 ppm dye-doped LSC-PM resulting in a more than 4-fold 
increase with respect to the non-doped reactor. 

While the use of a solar simulator has been convenient for the development 
phase of the LSC-PM, real solar irradiation conditions are unique and constitute 
the actual litmus test for the device. Therefore, a flow set-up to compare in real 
time the conversion in both the non-doped reactor and the LSC-PM in outdoor 
conditions was designed (See Figure 2.5D and the relevant paragraph in the 
Experimental Section). As highlighted in Figure 2.4B, even with a high 
concentration of methylene blue in the channels, a significant portion of the 
luminescent photons escape the device through the lightguide edges. To 
eliminate edge losses and retain the light within the lightguide, reflective 
adhesive tape was attached to the device’s four edges, de facto simulating an 
infinitely extended version of the corresponding designs. After preliminary 
tests on an interior window ledge, the setup was moved outdoors. Here, a 200 
ppm LR305-doped LSC-PM and a non-doped reactor were compared using solar 
irradiation on a partly sunny summer day with scattered cloud cover (average 
irradiation during the experiment: 323 W/m2, see Experimental Section for 
further details). Three different residence times (20, 15 and 10 seconds) were 
investigated for a period of half an hour each between 12:20 and 14:50 on July 7, 
2016. In each case, the conversion in the dye-doped LSC-PM was significantly 
higher than in the non-doped reactor. For example, with a 10 seconds residence 
time the 30 minutes averaged conversion was 96% for the LSC-PM versus 57% 
for the non-doped reactor. It can be that the fluctuations in conversion due to 
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the changes in cloud coverage are attenuated in the LSC-PM compared to the 
non-doped reactor, in which the performance is more erratic. 

Figure 2.5 Solar light outdoor experiment. (A-C) 30-minute snapshots of the 
performance of a 200 ppm LR305 LSC-PM and a non-doped reactor on a partly sunny 
summer day with scattered cloud cover at different residence times (A 20 seconds, B 
15 seconds, C 10 seconds). The average conversion in the 30-minute timeframe is 
reported along with the standard deviation. The LSC-PM is not only more efficient in 
gathering solar energy, but it is also more robust towards the temporary variation of 
irradiation due to cloud coverage and scattering. (D) The experimental set-up employed 
for the solar experiment. (E) The two reactors employed in the experiment, with the 
reflectors on the edges. 

Conclusion 
In summary, a novel photomicroreactor that truly fulfills the sustainability 
premises of visible-light photoredox catalysis by using solar light as a perennial 
energy source is presented. Based on the luminescent solar concentrator 
concept, the device is capable of capturing direct and diffuse sunlight, 
converting it into a narrow wavelength and delivering it to the embedded 
microchannels. The performance of the device was studied both in indoor and 
outdoor conditions, significantly outperforming the non-dye-doped device. 
This union of flow photochemistry and luminescent solar concentrators 
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represents a departure from the use of traditional solar photoreactors 
combined with reflectors and solar tracking modules. This design will be 
applicable to other photochemical transformations, ultimately delivering a 
powerful tool for sustainable, solar-driven continuous manufacturing of 
valuable chemical compounds, such as pharmaceuticals, agrochemicals, and 
solar fuels.27 
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Experimental section 
Polydimethylsiloxane (PDMS) was purchased from Dow-Corning (Sylgard 184) 
and the fluorescent dye Lumogen F Red 305 (LR305) used for the device doping 
was obtained from BASF. 

Device manufacturing 
Reactor samples with concentrations of LR305 ranging from 10 to 250 ppm were 
produced. The LSC-PM devices were obtained by plasma bonding of two pieces 
of LR305-doped PDMS: a 2 mm thick layer with the reaction channel profile and 
a flat slab of 1 mm thickness as cover. The channel layer is the result of the PDMS 
casting in a 3D-printed mold with the positive relief of the channel design, while 
the cover layer was simply obtained by curing the PDMS in a Petri dish. A 
schematic overview of the complete process is reported in Figure 2.6. 

Figure 2.6 LSC-PM device process overview. First, LR305-doped PDMS is cast in a Petri 
dish modified with the 3D-printed mold. Then, the polymer is thermally cured and the 
two pieces are bonded with plasma oxygen, resulting in the final device. 

The microreactors are prepared by adding to the 10:1 PDMS base:curing agent 
mixture, a dye solution of LR305-doped PDMS in diethyl ether. The resulting 
mixture is subsequently stirred with a spatula, resulting in an intensely red-
colored liquid. Notably, the viscosity is lower than that of non-doped PDMS 
which makes it easier to degas (Figure 2.8 D). Lightguides containing different 
concentrations of fluorescent dye were obtained by changing the LR305 
concentration in the doping solution, while the total amount of solution added 
was kept constant to 10% volume/weight of the PDMS. Since the solvent is 
subsequently removed in vacuo and the weight of dye is negligible compared to 
the weight of the polymeric matrix, the doping can be calculated as follows: 

𝑋𝑋 g PDMS + 𝑋𝑋
10

ml ∙ 𝐴𝐴 mg
ml

(2.1) 
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Where A depends on the desired doping (e.g. A= 2 corresponds to 200 ppm). For 
example, 10 g of PDMS + 1 ml of 2 mg/ml diethyl ether solution of LR305 results, 
after the removal of the solvent, in a device with a loading of 0.2 mg/g (i.e. 200 
ppm). 

Figure 2.7 To demonstrate the versatility of the LSC-PM production technique, a leaf-
shaped reactor was designed. In the picture shown, which is obtained by combining 
ambient irradiation with UV light at 365 nm, the lightguiding to the empty channels is 
evident (note the channel entry ports at the base of the leaf ‘stem’). This lightguiding to 
the channels is made even more apparent by increasing the image contrast (insert top 
right). 

The dye-doped PDMS is degassed in vacuo for 5 minutes prior to casting and for 
15 minutes after casting to completely remove the ether. The doped PDMS is 
then cast both in a 5.5×5.5 cm2 mold, with the positive relief of the intended 
channel design (Figure 2.8 G and H), and in a Petri dish to obtain the two layers 
needed for the device fabrication (Figure 2.8 I). The curing of the polymer can 
be achieved either by heating at 60˚C for two hours or by keeping the polymer 
at room temperature for two days. The LSC behavior of the dyed polymer is 
already evident from the bright edges even before curing (Figure 2.8 J). 

Finally, the two layers were exposed to a plasma oxygen treatment (30 seconds 
at 30 W) in a plasma asher (Emitech K1050X, Figure 2.8 K) and brought into 
contact to bind them together. The excess PDMS is removed (Figure 2.8 M), and 
the resulting 5.5×5.5 cm2 device is placed in a 3D-printed cutting mold and 
excised with a blade to obtain the final 5×5 cm2 device (Figure 2.8 N). The 
connection of 1/16” outer diameter perfluoroalkoxy (PFA) tubing is achieved by 
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simply “press and fit”, aided with a drop of isopropyl alcohol (Figure 2.8 O and 
P). 

Figure 2.8 The steps in the production of the LSC-PM. PDMS base and curing-agent are 
mixed in a 10:1 ratio (A and B), then an LR305 solution in diethyl ether is prepared and 
added to the polymer (C and D). The dye-doped PDMS is degassed in a desiccator (E and 
F) and cast into a positive-relief mold of the channel structure (G and H); the cover layer
is simultaneously cast in a Petri dish (I). The crosslinking of the polymer is induced by
heating at 60˚C for 2 hours or by holding it for two days at room temperature. The
resulting polymeric slabs (J) are exposed to plasma oxygen (30 seconds, 30 W) and
bonded together (L). The excess lightguide is removed with a blade (M) and finally, an
accurate 5×5 cm2 square-section device is obtained, aided by a 3D-printed cutting mold
(N). PFA tubing (1/16” OD) is inserted by press and fit into the reactor (O). The device
is ready to be used (P).
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Molds design and 3D printing 
The molds used for casting PDMS were designed in DesignSpark Mechanical 
and printed with ABS filament on a plate made of ABS with a Felix Pro1 
(FELIXprinters) 3D fused deposition modeling printer. The design of the two 
reactors presented in this chapter is presented in Figure 2.9, alongside two 
pictures of the resulting devices. 

Figure 2.9 Detailed designs and pictures of the reactors employed in this chapter. 

Edge emissions 
For the edge emission measurements, a 300 W solar simulator equipped with  
filters to approximate the 1.5 air mass (AM 1.5) solar spectrum (LS0110-100, 
L.O.T.-Oriel GmbH & Co.), and a 10 in integrating sphere (Labsphere, Inc. LMS
1050) equipped with a diode array detector (RPS900, International Light) with
a sample holder (5×5 cm2) matching the device sizes (5×5×0.3 cm3) were used.
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The spectrum of the xenon arc lamp based solar simulator was measured by 
directing the light beam into the integrating sphere with a prism (Figure 2.10) 
and was also used to calculate the lamp flux. 

 

Figure 2.10 Spectrum of the L.O.T.-Oriel solar simulator used for the edge emission 
measurements. 

The emission intensity from the edge of the LSC-PM was measured by inserting 
each end of the device into the integrating sphere while perpendicularly 
irradiating it with the solar simulator. The emission of the four edges of the 
device in the 350 to 700 nm range is then integrated and divided by the total 
light flux incident on the device to obtain the total edge emission of the device. 
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General reaction procedure 
Ph

Ph

O2, Methylene Blue
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Figure 2.11 Oxidation of 1,9-diphenylanthracene (DPA) to its corresponding 
endoperoxide. The light-limited nature of its reaction kinetics allows measuring 
accurately the differences in photon flux reaching the reactor channels. 

For the [4+2] cycloaddition of 1,9-diphenylanthracene (DPA) with singlet 
oxygen, solutions consisting of 0.2 mM methylene blue (MB, Merck) and 0.1 mM 
DPA (TCI chemicals, 98%) in acetonitrile (VWR) were utilized. 50 ml stock 
solutions of the two reagents are prepared. The DPA solution is kept under 
argon and wrapped with aluminum foil, while the MB solution is saturated by 
bubbling oxygen through it for at least 15 minutes. 
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Figure 2.12 Example of the decrease in intensity of the peak of the starting material 
with the increase of reaction conversion. A set of measurements with increased light 
flux and the same residence time is plotted. 

The two solutions are loaded in 20 ml syringes (BD Plastic Disposable Syringe 
20 ml, VWR International) connected via high purity perfluoroalkoxyalkane 
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(PFA) tubing (0.75 mm ID, 1/16” OD) to a T-mixer (1/16”, IDEX Health & Science, 
Part no. P-714). The solution of DPA in the syringe and from the syringe to the 
T-mixer was wrapped with aluminum foil as well as the reaction mixture after 
the T-mixer up to and after the LSC-PM to prevent the reaction from occurring 
outside the device. 

The conversion was monitored with an inline UV/VIS Spectrometer (AvaSpec-
ULS2048L, Avantes BV) connected to an 18 μL, 10 mm optical path flow-cell 
(Micro flow Z-cell-10, Avantes BV) irradiated using a deuterium light (AvaLight-
DH-S-BAL, Avantes BV). In particular, the DPA peak was measured at 372 nm. 
The absorbance with 0% conversion was measured immediately after the T-
mixer, while the full conversion value was acquired by exposing a closed glass 
vial of reaction mixture to direct irradiation from the solar simulator for at least 
30 minutes. The conversion of the starting material was determined from the 
absorption peak with the following formula (where 0 and full represent 
samples at 0 and 100% conversion respectively): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) = �1 − 𝐴𝐴𝐴𝐴𝐴𝐴(𝑡𝑡)−𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝐴𝐴𝐴𝐴𝐴𝐴(0)−𝐴𝐴𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

� × 100 (2.2) 

A sample with full conversion was isolated by removing the methylene blue 
through a short plug of silica and the quantitative yield was confirmed by NMR. 

9,10-Diphenylanthracene endoperoxide: 

1H NMR (399 MHz, Chloroform-d) δ 7.71 (d, J = 7.3 Hz, 4H), 7.64 (t, J = 7.7 Hz, 4H), 
7.58 – 7.52 (m, 2H), 7.24 – 7.17 (m, 8H); 

13C NMR (100 MHz, Chloroform-d) δ 140.3, 133.1, 128.5, 128.4, 127.8, 127.7, 
123.6, 84.2. 

White LED set-up 
To verify the light-limited nature of the [4+2] singlet oxygen cycloaddition to 
DPA, the reaction was performed in a non-doped reactor with increasing light 
input and a constant residence time of 10 seconds according to the general 
reaction procedure. The apparent reaction kinetic, as reported in Figure 2.2C in 
the main article, demonstrated that the conversion changes linearly with the 



Chapter 2 — LSC-PMs for energy efficient continuous-flow photochemistry 

56 

light flux up to a conversion of about 50% with fixed residence time. A 
representation of the reaction set-up is shown in Figure 2.13. 

LEDs

DPA in ACN MB in ACN

T-micromixer

LSC-PM

Inline UV-VIS
spectrometer

Waste / 
Collection

 

Figure 2.13 Schematic representation of the setup used for the experiments with white 
LEDs as the light source. 

A commercial white LED strip (Paulmann 703.18, emission spectrum in Figure 
2.14) was coiled onto the interior wall of a 3D-printed cylindrical box with a 
holder for the reactor and connection to compressed air for cooling. The 
reaction conversion was calculated by measuring the decrease in the 
absorbance of the starting material peak at 372 nm, as indicated in the general 
reaction procedure (see Figure 2.12). 

 

Figure 2.14 Emission spectrum of the white LED strip with increased applied voltage, 
as measured with an integrating sphere. Nominal voltage 12 V. 
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Blue LED set-up 
A set-up similar to the one described earlier for the white LED was used for the 
experiment with blue LED irradiation. The only difference is the cylinder size, 
slightly shorter since the blue LED strip (Paulmann 702.11, emission spectrum 
in Figure 2.15) was shorter than the white one (1 m vs. 1.5 m). 

 

Figure 2.15 Emission spectrum of the blue LED strip with increased applied voltage, as 
measured with an integrating sphere. Nominal voltage 12 V. 

 

Figure 2.16 Blue LED reactor holder, open (left) and closed (right). In the right photo, 
the connection for the air cooling is visible on the back side of the reactor holder. 

Solar Simulator set-up 
A metal-halide solar simulator (KHS Solar Constant 1200 with a Philips MSR 1200 
HR 1CT lamp) was used for conducting reactions in solar-simulated conditions. 
A 50.8×50.8 mm2 1 O.D. neutral density filter (FSQ-ND10, Newport Corporation) 
was used to cover the LSC-PM to reduce the high irradiation power of the lamp. 
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Figure 2.17 Set-up for the experiments in solar simulated conditions. The insert shows 
the LSC-PM with the neutral density filter and the filter holder. 

 

Figure 2.18 Manufacturer emitted spectrum for the solar simulator lamp. The actual 
spectral distribution in the solar simulator is slightly different as it is affected by the 
parabolic reflectors and the presence of a glass filtering out part of the UV component. 

Outdoor experiment set-up 
The outdoor experiment was performed on the TU/e campus (student housing) 
on the 7th of July 2016 between 12:20 and 14:40. Two syringe pumps, the 
spectrometer with its light source, the flow cell and the connecting optical 
fibers, the LSC-PMs, the reaction mixtures, and the needed microfluidic 
connectors were assembled as drawn in Figure 2.5D and as shown below in 
Figure 2.19. 
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Figure 2.19 Set-up employed for the outdoor experiment. 

The instrumentation is essentially the same as for the solar simulator 
experiment. However, a 4-way valve was added to access the conversion of both 
the non-doped and the doped LSC-PM simultaneously over time. This 4-way 
valve (IDEX Health & Science, Cat. V-101D) alternately sends the output of one 
of the two reactors to the inline UV-spectrometer. In particular, the valve was 
switched every 30 seconds. This means that the data measured by the 
spectrometer over time was alternating twice per minute from one to the other 
reactor. Through the spectrometer control software (AvaSoft 8.4.0, Time Series 
function) the integral of the peak at 372 nm was monitored. 

Preliminary scale-up attempts 
The LSC-PM design described in this chapter has also been subject to a scale-up 
study. Even though a better approach to the device scale-up will be presented 
in Chapter 5, it was shown that by employing a distributor based on a 
bifurcation design it was possible to increase the reactor productivity via 
internal numbering up while maintaining similar performance to the original 
reactor. 

As an example, Figure 2.20 displays the conversion in function of the total 
residence for devices containing a different number of reaction channels with 
either a bifurcation/bifurcation design (symmetric design, better distribution) 
or a bifurcation/chamber design (characterized by lower pressure drops and 
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higher reproducibility). Good scalability is demonstrated for both designs as 
shown by the overlapping kinetic curves.  

Figure 2.20 Numbered-up devices with the bifurcation/bifurcation design and the 
bifurcation/chamber design and their containing different number of reaction channels 
and their reaction performance. (A-B) Number-de up devices with 8, 16 and 32 reaction 
channels (the channels are filled with MB solution) for the bifurcation/bifurcation 
design (A) and the bifurcation/chamber design (B), respectively. (C) Conversion-time 
curves for the devices with different reaction channel numbers for the two designs. 

Associated Content 
Further experimental details are available as Supporting Information published 
on the Wiley website with DOI 10.1002/anie.201611101. 

https://doi.org/10.1002/anie.201611101
https://doi.org/10.1002/anie.201611101
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2016, 116 (17), 10276-10341.

7. Su, Y.; Kuijpers, K.; Koenig, N.; Shang, M.; Hessel, V.; Noel, T., Chem. - Eur. J.
2016, 22 (35), 12295-12300.

8. Debije, M. G.; Verbunt, P. P. C., Adv. Energy Mater. 2012, 2 (1), 12-35.

9. (a) Slooff, L. H.; Bende, E. E.; Burgers, A. R.; Budel, T.; Pravettoni, M.; Kenny,
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Abstract 
Luminescent solar concentrator-based photomicroreactors (LSC-PMs) have 
been proposed for sustainable and energy-ef�icient photochemical reactions. In 
this chapter, a Monte Carlo ray tracing algorithm to simulate photon paths 
within LSC-PMs was developed and experimentally validated. The simulation 
results were then used to investigate the expected ef�iciency of scaled-up de-
vices. A novel metric, de�ined as the ‘Average Photon Path Traveled in the De-
vice’ (APPTD), is introduced to measure the impact of different channel design 
choices and to rationalize the LSC-PM improvement over traditional LSC. The 
simulation results suggest that the combination of luminescent solar concen-
trators and continuous-�low photochemistry has the potential to become the 
most photon-ef�icient application of LSCs reported to date.  
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Introduction 
Luminescent solar concentrators (LSCs) are thin sheets of luminophore-doped 
material that concentrate incident solar light at the device edges.1 To those 
edges, photovoltaic cells are usually attached to produce electricity. LSCs pos-
sess the ability to absorb both the direct and the diffuse components of the solar 
light (see Chapter 1 for a description of the terms) and have been proposed for 
applications in building-integrated photovoltaics, smart-windows and noise 
barriers.2 When the LSC concept is combined to �low photochemistry the so-
called luminescent solar concentrator photomicroreactors (LSC-PMs) are ob-
tained, as described in Chapter 2.3 

Solar photochemistry is as old as photochemistry,4 yet, after the introduction of 
arti�icial light sources, less attention has been given to the use of sunlight as an 
energy source to promote chemical reactions.5 In recent years, according to the 
principles of green chemistry,6 the use of natural sunlight as a sustainable and 
cost-ef�icient energy source for photochemical reactions has attracted a re-
newed interest.7 Among the several �low reactors proposed for solar photo-
chemistry,8 the LSC-PM is unique as it is able to both (a) down-convert high-
energy photons to match the absorption requirements of the reaction media 
and (b) transport photons within the lightguide, decoupling reactor volume 
from irradiated area while simultaneously avoiding the signi�icant heating of 
the reaction mixture experienced with optical concentrators.5 The use of LSC-
PMs allows increasing the photon-�lux received by the reaction mixture �lowing 
in the capillary with a corresponding acceleration in the reaction kinetics.9 

In traditional LSCs, an increase in the luminophore doping does not necessarily 
translate in an augmented edge emission, as reabsorption losses are also aug-
mented.10 With LSC-PMs, by embedding the absorber within the lightguide, the 
need to deliver the waveguided photons all the way to the device edges is lifted. 
This means that the absorption ef�iciency can be increased (e.g. with higher dye 
loading) without impacting the collection ef�iciency, as reabsorption losses can 
be limited by the shorter photon distance traveled through the device. This ad-
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vantage of LSC-PM is expected to be more pronounced in large-area applica-
tions, where reabsorption losses and background absorption by the matrix are 
plaguing traditional LSCs.11 

The individual processes taking place in an LSC, such as absorption and emis-
sion by the luminophore and total internal re�lection, are relatively simple but 
their mutual connections and interplay, coupled with the optical intricacy of a 
3D geometry, can result in a complex system. In this context, the effect of differ-
ent design parameters on the device ef�iciency might not be immediately clear. 
This complexity is further increased in the LSC-PM system, in which the differ-
ent contributions of direct and luminescent irradiation on the reaction mixture 
have to be taken into account as they can affect the reaction selectivity since 
they are characterized by different spectral distributions. The application of a 
ray tracing algorithm for the description of photon paths in the device can, 
therefore, be useful to understand and help optimize the design of the device. 

In this chapter, a Monte Carlo-based ray tracing simulation algorithm is intro-
duced to characterize the behavior of LSC-PMs and to guide further device de-
sign. After validation with experimental data, the reactors were modeled with 
ideal geometries, including designs not accessible with the current manufactur-
ing processes, to probe the ef�iciency limits of the LSC-PM concept. This allows 
us to provide indications on the best parameters for the device design, and to 
estimate the maximum theoretical ef�iciency of such a system. 

Model description 
The �irst use of Monte Carlo simulations in LSC optimization dates back to the 
early 1980s.12 Since then, ray tracing simulations have been frequently applied 
to the modeling of LSCs as their simplicity and generally good agreement with 
the experimental results produced valid insights on several aspects of the de-
vice performance.13 For the simulations, a modi�ied version of PvTrace, a Python 
Monte Carlo ray-tracing algorithm designed to model LSCs was used.14 

A simulation starts by generating a de�ined amount of photons. Each photon is 
traced it until either (a) it reaches the boundaries of the 3D virtual space, (b) it 
is lost due to non-radiative phenomena or (c) it is stuck in a loop for more than 
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a threshold number of iterations (i.e. 50). The original photon wavelength is 
randomly assigned within an AM 1-5G-based probability distribution function 
so that the photon population spectral distribution mimics the solar spectrum, 
and the incoming angle of the incident photon is set normal to the LSC-PM top 
surface. 

At each intersection of the photon trajectory with an object, the probabilities of 
re�lection and refraction are calculated, and for each distance traveled in an ob-
ject the probability of absorption (and, if applicable, reemission) is evaluated. 
The outcomes of all these probabilities are determined by random sampling the 
respective probability distribution functions (i.e. by Monte Carlo method). A 
schematic representation of the main decision steps with the relevant physical 
properties is presented in the �lowchart in Scheme 3.1. 

Simulate
new photon

(λ ,x,y)

Reflected
(n, θ)

Reflection YES

Absorbed
(ε, l, conc)

NO

Re-emitted?
(ΦF)

YES, dye

NO

YES

Update Trajectory and 
photon data

(dye emission spectrum)

Inside LSC?
(n, θ)

Collect photon 
to reaction 

mixture

YES, reaction
Transmission NO

Absorbed
(ε, l, conc)

NO

YES, reactionYES, dye

NOEscape cone / 
edge loss

YES

Lost

 

Scheme 3.1 Schematic representation of the algorithm decision tree. For each step, the 
relevant physical entities are highlighted. 
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The trajectories (i.e. the arrays of 3D coordinates of each decision-point trav-
eled by the photon) of all the simulated photons are saved in a database. The 
database is queried at the end of the simulation to count the number of photons 
per each photon fate (i.e. re�lected, transmitted, edge-emitted, absorbed in the 
reaction mixture or lost in a non-radiative process). As all the data associated 
with the simulated photons are stored in the SQLite simulation database, fur-
ther analysis of the photon paths can be carried out after the simulation ends, 
for example, plotting the spectral distribution of the photons per each fate, re-
sulting in a complete photon-balance graph. 

Model validation 
To model the reaction channels embedded in the lightguide, the original 
PvTrace program had to be signi�icantly rewritten; therefore as many model-
calculated photon fates as possible were validated experimentally. As shown in 
Figure 3.1, the possible fates of the photons impinging the device are: (1) top 
re�lection, (2) transmission through the device, (3) emission out of the escape 
cone (either on the top or bottom side) (4) edge emission (5) absorption by the 
reaction media (either of primary or secondary photons) and (6) losses, includ-
ing non-unity �luorescent quantum yield and matrix absorption. All the out-
comes marked with a green tick in Figure 3.1 were directly compared against 
experimental results. 

Figure 3.1 Possible fates of the photons impinging the device. 1 Top reflection; 2 Trans-
mission; 3 Side emission (3a: top emission, 3b: bottom emission); 4 Edge emission; 5 
Reaction media absorption (5a: direct irradiation, 5b: luminescent photons); 6 Non-ra-
diative losses. The fates marked with a green tick were validated experimentally in this 
work. 
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Reflection 
When the photon reaches the top or bottom surface of the LSC-PM, there is a 
small but non-negligible probability that it will be re�lected. As the intersection 
between the photon trajectory and the device is the �irst event in the ray-tracing 
chain, it is important that it is modeled accurately. Re�lection probabilities are 
evaluated by the algorithm according to Fresnel re�lectance equations. In par-
ticular, two functions are de�ined for handling re�lections in Materials.py: Fres-
nel_relfection() and Fresnel_re�lection_withj_polarisation(). Since in all the 
simulations the photon polarization was ignored, only the �irst one was used 
and is described below. 

At �irst, if the refractive index of the media in which the photon is propagating 
(n1) is higher than the refractive index of the second media (n2), the possibility 
of total internal re�lection is evaluated. The condition for total internal re�lec-
tion (deriving from Snell’s law (𝑛𝑛1 sin𝜃𝜃𝑖𝑖 = 𝑛𝑛2sin𝜃𝜃𝑡𝑡) is: 

𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 > sin−1 𝑖𝑖2
𝑖𝑖1

 (3.1) 

If this condition is met, the probability of re�lection is set to 1. Otherwise, again 
under the assumption that light is unpolarized, the probability of re�lection is 
based on the effective re�lectivity, calculated as the average of the re�lectivity of 
s- and p-polarized light, that is: 

𝑅𝑅𝑖𝑖𝑒𝑒𝑒𝑒 = 1
2

(𝑅𝑅𝑠𝑠 + 𝑅𝑅𝑝𝑝) (3.2) 

Where the re�lectance of s- and p-polarized light, respectively, are: 

𝑅𝑅𝑠𝑠 =  �
𝑖𝑖1 cos𝜃𝜃𝑖𝑖−𝑖𝑖2�1−�

𝑛𝑛1
𝑛𝑛2

sin 𝜃𝜃𝑖𝑖�
2

𝑖𝑖1 cos𝜃𝜃𝑖𝑖+𝑖𝑖2�1−�
𝑛𝑛1
𝑛𝑛2

sin 𝜃𝜃𝑖𝑖�
2�

2

 (3.3) 

𝑅𝑅𝑝𝑝 =  �
𝑖𝑖1�1−�

𝑛𝑛1
𝑛𝑛2

sin𝜃𝜃𝑖𝑖�
2
−𝑖𝑖2 cos𝜃𝜃𝑖𝑖 

𝑖𝑖1�1−�
𝑛𝑛1
𝑛𝑛2

sin 𝜃𝜃𝑖𝑖�
2
+𝑖𝑖2 cos𝜃𝜃𝑖𝑖

�

2

 (3.4) 

For both the experiments and the simulations, the irradiation of the LSC-PM de-
vices took place with collimated light normal to the device top surface. In this 
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case, the probability of re�lection is greatly simpli�ied, and the re�lectance for 
normal incidence can be used, that is: 

𝑅𝑅 =  �𝑖𝑖1−𝑖𝑖2
𝑖𝑖1+𝑖𝑖2

�
2

(3.5) 

With irradiation normal to the device surface, and considering the polydime-
thylsiloxane (PDMS) matrix refractive index (n2=1.41), the calculated probability 
of top re�lection is 2.9%. 

𝑅𝑅 =  �𝑖𝑖1−𝑖𝑖2
𝑖𝑖1+𝑖𝑖2

�
2

=  �𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎−𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎+𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

�
2

=  �1−1.41
1+1.41

�
2

= −0.1702 = 2.9% (3.6)

Yet, both the simulations and the experimental measurements evidenced 
higher re�lections (about 5%). This is due to the re�lections which occur both at 
the top and bottom surfaces of the device (second surface re�lection) as clari�ied 
by the dye-doping dependence of this second contribution (see Figure 3.2 and 
Figure 3.8 in the Experimental Section). Gratifyingly, the agreement between 
the experimental and the simulation data is quite good. 

Figure 3.2. Comparison between simulation results and experimental data for the de-
vice reflectance. While the top reflection (green triangles) is constant and depends on 
the Fresnel equation, the total reflection (gray squares) also takes into account the non-
luminescent photons leaving the device after bouncing in the device (red triangles). The 
fraction of this second contribution decreases with dye-doping as the likeliness for pho-
ton absorption in the device increases. 
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Transmission 
The second benchmark for the model is constituted by the transmission spec-
trum. In the model, the attenuation coef�icient (in 𝑚𝑚−1) of the material in which 
the photon is propagating is calculated. For the LSC, this is based on the sum of 
the background absorption of the matrix with the Lumogen F Red 305 absorp-
tion spectrum in PDMS. After that, a random path length is generated by ran-
dom sampling based on the material attenuation coef�icient (see function 
Material.trace() in Materials.py at line 538) as follows: 

𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑝𝑝ℎ𝑠𝑠𝑠𝑠𝑛𝑛𝑙𝑙𝑝𝑝ℎ =  −ln 𝑥𝑥
𝑖𝑖

(3.7) 

Where x is a random number between 0 and 1 and 𝑠𝑠 is the material’s attenuation 
coef�icient. If the sampled pathlength is shorter than the photon free path-
length, the photon is considered as absorbed in the material in the 3D-position 
corresponding to the sampled pathlength along the photon direction, otherwise 
it is not absorbed. Since this calculations are directly following the Lambert-
Beer law, a very good agreement of the model with the experimental data both 
in terms of optical transmission (Figure 3.3) and its wavelength distribution was 
observed (see Figure 3.9 in the Experimental Section). The only component of 
an LSC-PM transmission spectrum that cannot be calculated simply based on 
Lambert-Beer law are the luminescent photons emitted at the device bottom 
(red triangles in Figure 3.3). 

Figure 3.3 Comparison between simulation results and experimental data for the 
transmitted photons. The luminescent photons leaving the device at the bottom (red 
triangles) are added to the solar photon non-absorbed by the device (green triangles) 
to reproduce the experimental conditions (blue circles). 
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To account for the luminescent nature of LSC slabs, the probability of remission 
has to be taken into account. Once again, this is achieved by a random sampling 
where values lower than the luminophore quantum yields are assumed to be 
linked to reemission while values higher than that constitute non-radiative 
losses. Upon re-emission, a new photon is generated in the same position in 
which absorption took place, whose wavelength is a random sampling in the 
emission spectrum of the luminophore having the parent photon wavelength as 
lower bound (see Material.emission_wavelength() function). The correct be-
havior of the algorithm in this regard is witnessed by the red-shift observed in 
the spectral distribution of edge emitted photons with increasing luminophore 
doping. 

Edge emission 
Unlike photovoltaic (PV) cells, LSCs do not have a standardized performance 
characterization metric. Yet, as their conventional target is to deliver photons 
at the edge of the device, virtually all the benchmarking metrics involve the 
edge emissions. Most commonly, edge emissions are evaluated as a ratio to the 
total incident photons (external ef�iciency) or to the absorbed photon �lux (in-
ternal ef�iciency).1 With the LSC-PMs, as the absorber lies within the waveguide, 
the emission of photons out the device edges is not desired, as (if not re�lected 
back in the device) it constitutes a loss mechanism. Nevertheless, edge emis-
sions measurement of LSC-PM can be performed and compared to the simu-
lated results. Notably, as the edge-emitted photons are characterized by a 
longer photon path within the device than the re�lected and transmitted com-
ponents, they constitute a real litmus test on the validity of the Monte Carlo 
simulations. Longer photon paths correspond to a deeper position in the sto-
chastic tree of the simulation, where the in�luence of proper handling of reab-
sorption and reemission events becomes proportionally more important over 
other confounding physical phenomena (like scattering). 
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Figure 3.4 Comparison between simulation results and experimental data for edge 
emitted photons. (A) Edge emission as a function of device doping with empty channels. 
(B) Decrease in the edge emission intensity depending on the increased photocatalyst
concentration in the device channels.

A very good agreement between measured edge emissions and simulated re-
sults was pleasantly observed, not just as a function of different device dye load-
ing but also with different photocatalyst concentrations in the reaction mixture 
�illing the channels (Figure 3.4). The decrease in the edge emission experienced 
in this latter case is showing a clear exponential trend as the photon absorption 
in the LSC-PM channels follows the Bouguer-Lambert-Beer law. Incidentally, 
the good �itting between the calculated and the measured decrease in the edge 
emissions observed here is also an indirect proof of the accuracy of the model 
predictions on the photons absorbed in the channels. 
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Device optimization 
After having validated the model, the behavior of the 5×5 cm2 LSC-PM with 6 
channels that has been described in the previous chapter was analyzed. A com-
plete photon-balance for the 350-700 nm range for this model-case is reported 
in Figure 3.5B and C. The largest fraction in the photon balance, 43% of the pho-
tons reaching the device, is constituted by the transmitted photons, i.e. the pho-
tons not absorbed by the luminophore leaving the device at the bottom surface. 
Although this limits the overall device ef�iciency, from the wavelength distribu-
tion graph, it can be concluded that most of the transmitted photons (gray area) 
are found in regions where the absorption of the luminophore is limited or ab-
sent (e.g. beyond 600 nm). This means that a further increase of the dye loading 
is not likely to improve the device performances signi�icantly, as observed ex-
perimentally in the previous chapter.  

Given the limits of the chosen luminophore, the optimization of the device opti-
cal ef�iciency focused on improving the internal ef�iciency of the device, i.e. the 
number of photons reaching the reaction channels divided by the total photons 
absorbed by the device (Equation 1). 

𝐼𝐼𝑛𝑛𝑝𝑝.𝐸𝐸𝐸𝐸𝐸𝐸. =  Photon absorbed in the channels
Photon absorbed by the device

 (3.8) 

This can be obtained from the simulation results by dividing the sum of direct 
and luminescent irradiation to the channels by all the photon absorbed in the 
device (i.e. all but transmitted and re�lected photons). For the 5×5 cm2 LSC-PM 
with 6 channels, the calculated internal ef�iciency is 38%. 
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Figure 3.5 (A) The modeled 5×5 cm2 LSC-PM (B and C) Relative contribution of the 
difference photon fates to the overall photon balance (the original wavelength of the 
generated photons is considered). 

Channel height 
From the analysis of the luminescent photons, it is clear that a signi�icant frac-
tion is lightguided to the edges of the device without being absorbed in the 
channels. These edge losses, the second most signi�icant loss mechanism after 
the escape cone, should be reduced to improve the device performance. For 
practical limitation, the channels in the PDMS matrix were designed to have a 
height of 1 mm over 3 mm of total device thickness. Since it was already found 
that the aspect ratio of the channels had an impact on the ability of the channels 
to ef�iciently capture the lightguided photons, it was anticipated that channels 
spanning the whole device thickness could decrease the edge losses even fur-
ther. Indeed, the simulation results for such an optimized reactor showed an 
increase in the internal ef�iciency to 55%, with edge losses decreased from 11 to 
5% (Figure 3.6). 
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Figure 3.6 Photon balances for the modeled reactors. Even when scaled-up the LSC-
PMs internal efficiency is comparable or even higher than on small scale. 

Channel pattern 
A signi�icant difference of LSC-PM over LSC is expected to be observed on 
scaled-up devices,15 therefore, a 1 square meter device was designed and simu-
lated. Over such a large area, the edge loss fraction of LSC-PM decreases, with a 
correspondent increase in the device internal ef�iciency. In particular, six de-
signs were tested having spacing between channels varying from 2.5 to 10 cm 
and placed in a one or two-direction fashion (see Figure 3.6). The channels were 
designed to be half a millimeter wide to afford uniform irradiation to the reac-
tion mixture and as tall as the device thickness since this was shown to be fa-
vorable in the previous comparison. 

From the simulation results (Figure 3.6) the advantage of the grid-design as 
more ef�icient photon collector is clear. In particular, the internal ef�iciency of 
the “grid 10 cm” design is superior to the “lines 5 cm” characterized by the same 
reactor volume and comparable with the “lines 2.5 cm”. The internal ef�iciencies 
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of the different designs span between 37 and 60%, proving that the perfor-
mances of the device are consistent or improved on a large-scale application. 

Photon path length analysis  
The LSC-PM can address the main limitation of LSCs, which is the limited ef�i-
ciency of large-scale applications. Evidently, this is due to the shorter photon 
path required to reach the �inal absorber. The importance of the photon path 
length to the device ef�iciency is also proved by the in�luence of the difference 
device patterns (i.e. lines versus grid). Therefore, it was rationalized that the 
‘Average Photon Path Travelled in the Device’ (APPTD), which gives the average 
distance traveled by emitted photons that eventually reach either a channel or 
the edge, calculated from the simulation results could be used as metric to esti-
mate the impact of the LSC-PM design choices on the device ef�iciency. See Table 
3.1 for the APPTD of the reactors described in this work. 

Table 3.1. APPTD for the scaled-up devices. Longer APPTDs are associated with in-
creased reabsorption losses, either as luminophore non-radiative decay or photons 
emitted within the escape cone. 

In Table 3.1, the APPTD for the luminescent photons reaching either the edge of 
the device or the channels are reported for the different reactors previously de-
scribed. There is a clear correlation between the increase of the path-length be-
fore the �inal absorption event and the increase of reabsorption losses, both as 

Reactor design 
APPTD 

(cm) 
Non-radiative losses 

Escape cone 

losses 

No channels 26.7 14.4% 25.5% 

Lines 10 cm 9.3 8.3% 21.6% 

Lines 5 cm 5.6 7.2% 20.1% 

Lines 2.5 cm 3.3 6.3% 18.7% 

Grid 10 cm 5.6 6.2% 19.9% 

Grid 5 cm 3.0 5.3% 18.1% 

Grid 2.5 cm 1.6 4.4% 16.4% 
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photons reemitted outside the escape cone and as non-radiative losses due to 
background absorption or the non-unity quantum yield of the luminophore 
(0.95). In other words, the shorter the path required for the light to travel before 
reaching a channel, the less the likelihood of light loss via non-emission events 
or redirection out either the top or bottom surfaces. Of course, increasing the 
channel density has practical limitations, and so a good balance between func-
tionality and practicality of production needs to be reached. However, for the 
�irst time, it is possible to scale up the sizes of LSC-based devices without com-
promising their capability of ef�iciently processing the captured light. This 
unique characteristic of LSC-PM could make them the most ef�icient application 
of LSCs, especially on large area applications as highlighted by the simulation 
results in Figure 3.6. 

Conclusion 
Based on the result of the simulations here described, LSC-PMs have the poten-
tial to become the most ef�icient application of LSCs to date. This higher ef�i-
ciency derives from the shorter paths that the luminophore-emitted photons 
have to travel within the lightguide before being productively used. It has been 
shown how the reduction in the “Average Photon Path Travelled in the Device” 
(APPTD), a novel metric here introduced which can only be measured via ray 
tracing simulations, is directly correlated with the decrease in reabsorption 
losses. Furthermore, the studies reported here are crucial in the development 
of novel and more energy-ef�icient LSC-PMs. These reactors display great po-
tential for the continuous-manufacturing of �ine chemicals, such as pharmaceu-
ticals, powered by solar energy. 
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Experimental section 
The source code of the modi�ied PvTrace program is available on Git-hub 
(https://github.com/dcambie/pvtrace). 

Simulations were run with “/pvtrace/scripts/LSC-PM/run_simulation.py”, 
while to calculate the APPTDs, the “/pvtrace/scripts/LSC-PM/abalyse_simula-
tion.py” script was used. For all the simulations in the model validation section, 
the “5×5_6ch_squared” model reactor was used, that was designed to match the 
experimental design. The channel geometry of all the simulated reactor can be 
found in the relevant �ile in “/pvtrace/data/reactors/”. 

The model assumes a quantum yield for Red 305 in PDMS of 0.95 and an AM 1.5G 
solar spectrum irradiating with normal incidence the top surface of the LSC-PM. 
The luminophore particles are assumed to be homogeneously dispersed 
throughout the LSC-PM; thus, the absorption spectrum is constant throughout 
the device. The refractive index of the lightguide is based on that of PDMS and 
is assumed constant in the range of wavelengths considered (350-700 nm). The 
quantum yield of the dye is assumed constant regardless the incident photon 
intensity and the luminescent emission is isotropic. For the reaction channels, 
methylene blue (the photocatalyst) is assumed to be the only absorbing species 
in the reaction mixture. Scattering effects are not considered in simulations. 

All simulations were performed with 100k photons as this quantity offers a good 
tradeoff between accuracy and computation time. While the duration of the 
simulation depends on factors like the dye doping, the number of elements in-
cluded in the scene and the average number of steps per photon, a typical sim-
ulation of a 5×5cm device with a 200ppm LR305 doping took about 1 hour (with 
the in-memory database). It is well known that, due to the stochastic nature of 
Monte Carlo simulations, the standard deviation of the results decreases with 
the square root of the number of repetitions. This trend was observed also in 
our simulations, as highlighted by the exponential trend in Figure 3.7. The same 
simulation was repeated 5 times with a different number of photons to estimate 
the error associated with each photon fate at different photon-counts. Intui-

https://github.com/dcambie/pvtrace
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tively, the photon fate with fewer evaluation steps and with higher photon frac-
tion (e.g. Solar photons transmitted at the bottom) are characterized by lower 
errors. 

100 1000 10000 100000 1000000

0.01

0.1
St

. D
ev

.

Photon Generated (#)  

Figure 3.7 Decreasing average of standard deviations with the increased number of 
photons generated per simulation, in a log-log plot. 

Table 3.2 Standard deviations measured in a set of five simulations performed with the 
same settings at different numerosity of photons generated. 

Photon 
count Losses 

Luminescent Solar Channels 
 Average 

Edges Apertures Top Bottom Direct Lumi. 

100 39.9% 63.2% 20.9% 44.5% 1.9% 44.5% 15.3%  28.8% 

1k 17.1% 15.8% 11.8% 8.2% 3.3% 18.4% 6.5%  10.2% 

10k 4.4% 4.8% 3.0% 2.6% 0.9% 3.9% 4.1%  3.0% 

100k 0.9% 1.9% 0.8% 0.9% 0.3% 1.7% 0.3%  0.8% 

1M 0.2% 0.3% 0.2% 0.7% 0.1% 0.9% 0.1%  0.3% 

Reflections 
Experimental results 
For the measurement of the re�lectance, a Perkin Elmer Lambda 750 UV-VIS-
NIR spectrophotometer with a Universal Re�lectance Accessory was used. In 
particular, the device was irradiated with an angle of incidence of 15° and the 
re�lection was measured at 30°. The angular distribution of the re�lected beam 
and its spectral distribution (evidencing the luminophore absorption) are re-
ported in Figure 3.8. 
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Figure 3.8 Experimental data on reflections in LSC-PMs. A) The spectral distribution of 
a high-doping LSC-PM showing the impact of the luminophore absorption in the bottom 
reflected photons. B) The angular distribution of the light reflected by the LSC-PM. 

Simulation results 
In normal conditions, the model printout does not allow to differentiate be-
tween �irst and second surfaces re�lections. To measure the number of photons 
re�lected by the top surface, the following query was executed on the photon 
database at the end of the simulation: 

SELECT MAX(uid) FROM photon GROUP BY pid HAVING uid 
IN (SELECT uid FROM state WHERE ray_direction_bound 
= "Out" AND surface_id='top' AND intersection_coun-
ter = 1 GROUP BY uid); 

Transmission 
Experimental results 
The transmission spectra were measured by irradiating 5×5cm LSC-PM placed 
on the opening of an integrating sphere (Labsphere, Inc. LMS 1050) with solar 
simulated light (LS0110-100, L.O.T.-Oriel GmbH & Co.) re�lected from a prism. In 
Figure 3.9 the transmission spectra of the different devices. Both the dye ab-
sorption and the bottom emission are clearly visible. 
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Figure 3.9 Transmission spectra of LSC-PMs with different dye doping. It is notable the 
decrease in transmission due to the dye absorption in the 400-600 nm range and the 
increase due to luminescent photons leaving the device from the bottom aperture at 
wavelengths longer than 600 nm. 

Simulation 
For the transmission spectra simulation, the 5×5cm2 reactor was modeled con-
sidering air in the channel (refractive index=0), given that the experimental 
spectral for transmission were measured in this condition. 

The simulation results are plotted in Figure 3.3. 

Associated Content 
Further experimental details are available as Supporting Information published on 
the Royal Society of Chemistry website with DOI 10.1039/C7RE00077D.  

https://doi.org/10.1039/C7RE00077D
https://doi.org/10.1039/C7RE00077D
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T., Chem. Rev. 2016, 116 (17), 10276-10341; (f) Noël, T., Photochemical 
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Abstract 
Arguably, one of the major practical barriers hampering a wider use of solar 
energy to promote photochemical reactions are the variations in sunlight inten-
sity at different times of the day as well as the fluctuations caused by passing 
clouds. In this chapter, an automatically responsive reaction control system is 
presented to enable solar photochemistry under vastly changeable irradiance 
conditions. While the luminescent solar concentrator photomicroreactor (LSC-
PM) design converts solar light into a narrow and steady spectral distribution, 
this reaction control system, inspired by the Quality by Design approach, main-
tains the reaction conversion constant at a set target value by dynamically 
changing the residence time in the reactor. The superior efficiency of an LSC-
PM equipped with this reaction control system is shown both with artificially 
generated light fluctuations and in outdoor experiments with natural sunlight.
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Introduction 
Solar energy, as well as renewable energy sources in general, are going to be 
increasingly important in the future,1 not just to match the rising global energy 
demand but also to enable the production of fine chemicals.2-3 Recently, photo-
redox catalysis has emerged as a versatile tool for solar synthesis as it allows 
the use of visible light, which constitutes over 40% of the solar radiation at 
ground level.4 With photoredox catalysis, photons can be used as a green and 
traceless reagent for a wide variety of chemical transformations.5-7 For example, 
the direct use of solar energy in the photocatalytic depolymerization of lignin 
might aid the transition from fossil to biomass-based feedstock.8 While the 
“flask in the sun” has long been the traditional approach to solar photochemis-
try, modern solutions should not only be effective but also photon-efficient to 
counterweigh the relatively dilute energy content of solar energy.2, 9-10 

In Chapter 2 the luminescent solar concentrator photomicroreactor (LSC-PM) 
concept was introduced, a solution for energy-efficient solar photocatalysis.11-12 
Such reactor exploits the ability of luminescent solar concentrators to harvest 
both direct and diffuse light, downconvert it to a narrow spectral range and de-
liver the luminescent photons to the embedded microflow channels.13 This ap-
proach is superior to optical concentration solutions which can only use direct 
irradiation.14-15 However, as a result of light scattering by clouds, solar light at 
ground level can significantly fluctuate in intensity.16-17 In particular, while sea-
sonal and diurnal trends in solar irradiance can be described by astronomical 
relationships, local short-term fluctuations are mostly a function of stochastic 
parameters (including cloud frequency and height, atmospheric aerosol and 
turbidity, water vapor and ground albedo) that can only be limited predicted on 
short time scales.18-20 

In Figure 4.1A, the global horizontal radiation of a cloudy September day in 
Eindhoven (the Netherlands) is presented as an example. It is clear that a con-
trol system capable of mitigating the impact of the fluctuating solar irradiation 
is needed to efficiently power a photochemical reaction with sunlight. Several 
flow-based reaction automation platforms have been developed in recent 
years.21 The most common solution is to employ on-line analytical techniques 
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and to implement changes to the reaction conditions with a feedback loop.22-23 
However, this approach is ill-suited for a solar irradiance responsive system 
since the variations in the light intensity can be both frequent and substantial 
in intensity.18 Furthermore, a delay between the variations and the analytical 
measurement readings would result in an erratic reaction conversion. Clearly, 
for any solar photochemical process, the irradiance variation constitutes a crit-
ical process parameter.24 To manage the impact that this variability can have on 
the reaction performance in outdoor applications, process control technologies 
acting in real-time are needed.25 Ideally, a reaction control system can be envi-
sioned, capable of automatically adjusting the residence time of the reaction 
mixture based on the solar irradiance variation, resulting in a constant product 
quality.26-27 This approach, inspired by the Quality by Design paradigm, the re-
action conversion is kept constant and the selectivity can be maximized, thus 
simplifying the downstream processes.28-29 

Results and discussion 
To develop such a system, the reaction rate should first be investigated as a 
function of both the light intensity and spectral distribution. In the LSC-PM 
though, the photon flux received by the reactor channels is mostly (>85% ac-
cording to ray-tracing simulations presented in Chapter 330) composed of lumi-
nescent photons emitted by the lightguide-embedded luminophore. 
Consequently, the spectral distribution can be considered constant regardless 
of the incident spectrum (see Figure 4.1B). Therefore, if an LSC-PM design is 
used, the variation in the spectral distribution of the solar light can be ignored, 
vastly simplifying the requirements for the light sensing element of the reaction 
control system. 

Furthermore, given that in LSC-PMs the photon flux leaving the device at the 
edges is proportional to the photon flux experienced by the reaction mixture 
flowing in the microfluidic channels, it is enough to measure the photon flux at 
the reactor edge to correct for the variation of solar irradiance.30 All of this re-
sults in a simple, inexpensive yet effective architecture for the reaction control 
system, constituted by a light sensor connected to a microcontroller that di-
rectly adjusts the pump (Figure 4.1C). 
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Figure 4.1 Schematic overview of the real-time control system. A) The variation of 
global horizontal radiation during a cloudy September day in Eindhoven. The drastic 
reduction of the direct irradiation component of the solar spectrum associated with 
passing clouds is only partially compensated by the increase in diffuse radiation. B) The 
ability of LSC-PM to capture diffuse light and the relationship between the edge emis-
sion and the photon-flux received by the reaction channels. C) Schematic representa-
tion of the real-time reaction control system: the variation in solar irradiance is read 
through a light sensor placed at the edge of the device. Depending on the light intensity, 
the pump flow rate is adjusted. In order to monitor the reaction control performance, 
the conversion is monitored in-line with a spectrometer. D) The plot represents the cor-
relation between the light sensor voltage and the edge photon flux. The light sensor 
voltage is measured as shown in the circuit scheme. 

As a light sensor, a simple and inexpensive silicon phototransistor was chosen 
to monitor the photon flux emitted at the LSC-PM edges (the bill of materials for 
this reaction control system is included in the Experimental Section). By includ-
ing the phototransistor in a voltage divider electrical circuit, the light intensity 
becomes proportional to the voltage across a resistor connected in series. In 
Figure 4.1D, the variation in the light sensor signal with the LSC-PM edge emis-
sion is presented. The voltage drop measured in this way is then used as an in-
direct measurement of the photon flux in the reactor channel. 

Information on the reaction rates under different light irradiance conditions is 
pivotal for the successful implementation of such a reaction control system, as 
it links the measured edge emission with the required residence time for any 
conversion target. As a model reaction, the [4+2] photooxygenation of 1,9-di-
phenylanthracene with methylene blue as singlet oxygen photosensitizer was 
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conversion target. As a model reaction, the [4+2] photooxygenation of 1,9-di-
phenylanthracene with methylene blue as singlet oxygen photosensitizer was 
selected (Figure 4.2A), as its kinetics is light-limited, and because the conver-
sion can be continuously analyzed in-line with a UV-VIS spectrometer.31 The 
continuous monitoring of the reaction performance was especially convenient 
in the development of the reaction control system as it allowed to appreciate 
the relative impact of parameters such as the sampling interval or the employ-
ment of a conversion allowance. It should be noted that once the reaction ap-
parent kinetics have been obtained at different light intensities, no other 
analytical measurement is needed and the reaction control system (composed 
of the microcontroller and the light sensor) is fully autonomous. In the experi-
ments here presented, however, the reaction control system was connected via 
USB to a computer for monitoring flow rates and light intensity data. 

Figure 4.2 A) The model reaction studied. B) Reaction conversion vs. time at 
different light intensities and C) the resulting 3D surface correlating flow rate, 
conversion, and light intensity. 

The reaction conversions measured at different residence times and light inten-
sities are reported in Figure 4.2B. From the fitting of the experimental results, a 
3D surface can be obtained correlating the three key parameters: conversion, 
residence time and light intensity, the latter described as light sensor voltage 
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(Figure 4.2C). The intersection between the 3D surface and each XY plane is a 
curve describing the relationship between the light sensor and the residence 
time required for the reaction conversion corresponding to the Z value of the 
XY plane. This contour line is based only on the experimental results, with no 
assumptions on the relationship between reaction kinetics and light intensity. 
As such, this approach can be readily applied to any photochemical transfor-
mation, once the relevant kinetic profiles at different light intensities have been 
elucidated. 

To translate the light sensor voltage into a variation of the pump flow rate, an 
inexpensive Arduino-based control system was designed (see Experimental 
Section for details).32-33 The voltage value is read as a 10-bit light level value 
(from 0 to 1023 for the 0-5V range) and the corresponding pump flow rate is 
calculated based on the previously performed kinetic investigation. The flow 
rate is then set to the pump via a serial (RS-232) connection. 

Within the architecture of the control system, the most important parameter is 
the sampling interval, that is, the time between two consecutive light intensity 
readings. Any delay between the light intensity change and the corresponding 
correction of the residence time can result in deviations from the target of con-
version. Intuitively, an increase of light intensity that is not immediately com-
pensated with an increase in the flow rate will result in an increase in the 
reaction conversion. Conversely, a delay in the response to an irradiance de-
crease would result in product conversions below the target value. It has been 
observed34 that very few techniques are able to operate with a sampling fre-
quency matching the needs of microflow devices. To achieve almost real-time 
responsiveness, a phototransistor was used, whose response time is less than a 
millisecond. 

In the sampling rate timeframe, four events need to take place. First, the voltage 
in the light sensing circuit has to be read, then the microcontroller needs to cal-
culate the corresponding flow rate, send the data to the pump and, finally, the 
pump updates the rotation speed of the stepper motor to match the set value. 
Among these four steps, the last one is by far the slowest. While a single voltage 
reading, calculating and sending the corresponding flow rate together takes few 
milliseconds, the shortest interval to which the syringe pump can respond to a 
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flow rate change command is almost 500 ms. This short delay was deemed to 
be suitable to maintain the conversion stable within a 150 µl reactor as reported 
here (see Figure 4.3). Furthermore, this lower limit to the speed of the feedfor-
ward loop provides enough time to average between 4,096 individual voltage 
readings for the light sensor circuit, resulting in high accuracy. It is expected 
that, for larger reactor volumes, a longer sampling interval might be used re-
sulting in similar performances. 

Figure 4.3 Effect of the system responsiveness on the ability to maintain the target con-
version, clearly showing the advantage of real-time control versus feedback loops based 
strategies, which are characterized by a longer latency. 

A syringe pump powered by a stepper motor was used for the experiments. 
With this type of motor, the lifetime of the pumping system is not affected by 
the continuous variations of the set flow rate, therefore, using the shortest delay 
possible for the control loop was not an issue. However, if the continuous vari-
ations in flow rate would constitute a concern for the pumping system, a con-
version allowance can be set to skip the changes to the pump flow rate, which 
would result only in small conversion fluctuations. In this way, the flow rate 
would only be updated when the projected conversion exceeds a predefined 
limit value. Next, all the data was fed to a reaction control box comprising a mi-
crocontroller, a display showing the current light sensor voltage value and con-
nections for the pump and the light sensor. 
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Figure 4.4 Impact of the reaction control system on the conversion in response to an 
arbitrary variation of irradiance intensity. The reaction control system reacts in real-
time to the variation in light intensity by changing the pump flow rate, resulting in a 
stable conversion (set to 50% in this case). On the other hand, the reaction conversion 
in the reactor without microcontroller merely follows light intensity variations. 

To evaluate the effectiveness of the reaction control system, the ability to miti-
gate a programmed set of light irradiance fluctuations (Figure 4.4, top) of an 
LSC-PM reactor with and without reaction control was compared. The target 
conversion was set at 50% since, at that conversion level, the reaction rate is 
still strictly dependent on the photon flux received. From the results presented 
in Figure 4.4, it is clear the reaction control system is able to maintain a stable 
conversion despite the dramatic fluctuations in the incident light irradiance. In 
particular, the conversion with reaction control varied in the 48-53% range, 
while without reaction control the reactor passively followed the programmed 
variations in light intensity with variations in reaction conversion between 26 
and 66%. Finally, the reaction control system was tested under natural sunlight 
conditions. In this case, the conversion target was set to 90% as a more signifi-
cant value from a production-oriented perspective. A setup was assembled and 
placed on a movable trolley (Figure 4.5A) and tested outdoors on a day charac-
terized by variable sky conditions (see Supporting Information for details). To 
compare the performance of two reactors under the same conditions, a 4-way 
valve was used to alternatively measure the conversion of each reactor with the 
in-line spectrometer. In particular, the LSC-PM with reaction control system 
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was compared both to a simple LSC-PM (Figure 4.5C) and to a traditional non-
doped analog (Figure 4.5D). The flow rate of the reactors without reaction con-
trol was set at the beginning of the experiment to be equal to that of the reactor 
connected with the reaction control module. As is evident from the graph, the 
reaction control significantly improved the stability of the reaction conversion 
with respect to the solar irradiance variations (Figure 4.5C and D). In particular, 
the reaction conversion in the LSC-PM with reaction control remained in the 
86-93% range, while it spanned between 55 and 97% in the LSC-PM without re-
action control and between 14 and 50% in the non-doped reactor. The variabil-
ity in the conversion of the reactor with the reaction control system is mostly
due to the fact that the variation in the pump flow rate does not immediately
translate in a corresponding change of the residence time in the reactor due to
elastic nature of the reactor material. Not surprisingly, the reaction conversion
in the reactor without reaction control followed a very similar trend as the light 
intensity measured by the light detector at the LSC-PM edge. It should be also
noted that the absolute productivity with and without reaction control system
cannot be compared directly as the decision for the residence time in the system 
without control is arbitrary. In an imaginary reaction system characterized by
zero reaction order kinetics, and assuming that no over irradiation takes place
in the reactor without reaction control system, the productivity with and with-
out reaction control would be the same. However, in the most common scenario 
of a reaction with first order kinetics, the productivity at higher conversions is
lower; therefore, the productivity comparison between the two systems would
depend on the operating conditions. For example, if the chosen reference resi-
dence time were significantly longer than the weighted average residence time
in the reaction control system, then the average conversion would likely be
higher than in the system with control but the absolute productivity would be
lower. Anyway, lower productivities are not a negative aspect if they are linked
to higher conversions as they would result in an easier product separation and
purification. All of these considerations evidenced, once more, the need for a
real-time reaction control system capable of correcting the process parameters
to afford a constant quality in solar-based chemical production.
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Conclusion 
In conclusion, an inexpensive and efficient reaction control system has been de-
veloped that is capable of correcting in real-time the residence time of a photo-
chemical reaction based on the variation in local irradiance. This system, 
requiring only an inexpensive microcontroller and a phototransistor, was de-
signed taking advantage of the unique characteristics of the LSC-PM concept 
and can be used to automate the solar-powered photon-efficient production of 
chemicals via photochemistry. 

Figure 4.5 Validation of the reaction control system in an outdoor experiment. A) Pho-
tograph of the set-up B) Schematic representation of the experimental setup C) Com-
parison between LSC-PM with and without reaction control and D) comparison 
between an LSC-PM with reaction control and a non-doped reactor. 
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Experimental section 
Reaction Control System 
All the parts used are standard electronics components and were bought from 
tinytronics.nl except the phototransistor, obtained from www.rs-online.com. The 
reaction control system is composed of a phototransistor (TEPT4400, see spec-
ifications below), a microcontroller (Arduino UNO) connected to a 12 V power 
supply, a serial to TTL module based on the MAX232 design (SP3232) and a 10 kΩ 
resistor connected using a breadboard and jump wires in the circuit repre-
sented below in Figure 4.6. Furthermore, to match the RX/TX pins in the serial 
module to the corresponding counterpart on the syringe pump (Chemyx Fusion 
200) port, a crossover RS-232 adaptor was needed (Conrad.nl cat. No 569532–89).
No crossover adaptor was needed to connect the reaction control system to a
computer via a serial connection using a parallel cable. The phototransistor was
placed against the reactor edge and kept in position by a 3D-printed holder
placed around the LSC-PM.

Figure 4.6 Preliminary investigation for the reaction control system. A) Photograph of 
the test circuit with the Arduino microcontroller (bottom), the circuit on a breadboard 
(top) controlling the syringe pump (left) and connected to the light sensor on the de-
vice edge (right). B) Schematics of the electrical connections. 

For convenience and safety, in the experiments, the electronic components 
were enclosed in a 3D-printed box (see Figure 4.7) featuring a liquid crystal dis-
play where the current value of the voltage drop in the light sensing circuit and 
the corresponding flow rate were displayed. To take full advantage of the mi-
crocontroller capabilities, the box was designed to host two serial connections 
and 6 phototransistors (Q1-Q6). For the electrical circuit, a small breadboard 
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was attached on a ProtoShield connected to the Arduino microcontroller. The 
overall circuit schematics are presented in Figure 4.8. 

Figure 4.7 Photographs of the 3D-printed enclosure for the reaction control system. 
A) Exterior view of the box for the reaction control system, 100 ml volumetric flask for
size comparison. B) Inside view with box opened, showing the internal components.

Figure 4.8 Electrical scheme of the circuit for the reaction control system. 

Reaction control system bill of materials 
One notable advantage of the presented reaction control system is its simple 
and inexpensive nature. The total price of the components of a reaction control 
system with one phototransistor and one pump can be calculated as follows: 
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Table 4.1 Cost of components for the reaction control system. 

Component Price 
Microcontroller Arduino/Genuino UNO € 23.00 
Phototransistor rs-online.com TEPT4400 € 0.36 
Resistor 10 kΩ € 0.05 
Serial port/UART module SP3232 with mounting screws € 5.00 
Serial crossover adaptor Conrad.nl Cat. No. 569532-89 € 12.80 
Serial cable 2 male ends € 4.79 
ProtoShield Including breadboard € 5.00 
Jump wires Pack of 65, various colors € 3.00 

TOTAL: € 54.00 
Remarkably, this total price can be further reduced by about one third by using 
a generic Arduino clone (≈3€) instead of a genuine one, whose characteristics 
are identical due to the open hardware nature of the project. 

Phototransistor datasheet 
Below are reported the phototransistor specifications as obtained from the 
manufacturer datasheet. 

Figure 4.9 Relationship between photo current and illuminance (log-log plot, adapted 
from manufacturer datasheet). 
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Figure 4.10 Relative spectral sensitivity of the phototransistor (adapted from manu-
facturer datasheet). The luminophore emission is centered at about 620 nm, therefore 
matching with the optimal sensitivity range of the detector. 

Light fluctuation experiment 
To test the reaction control system with a reproducible light intensity profile, a 
second microcontroller was connected to the LED strip hosted in the cylindrical 
box previously described to adjust the light intensity according to a fixed and 
predefined pattern (see the source code at the end of the SI for details). In par-
ticular, a transistor (an IRLB8721 MOSFET) was adopted to change the LED in-
tensity via pulse width modulation as showed in Figure 4.11. 

Figure 4.11 Scheme of the circuit for the LED driver. 
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Outdoor experiment 
For reaction tests using the natural sunlight on the building roof, two reactors 
(two dye-doped LSC-PMs with and without reaction control, or a dye-doped 
LSC-PM with reaction control and a non-doped reactor without reaction con-
trol) were tested at the same time, as shown in Figure 4.12. A four-way valve 
was used so that the conversion in both reactors could be monitored by switch-
ing the valve periodically. 

Figure 4.12 Schematic representation of the setup for the outdoor experiment. 
A) Comparison between LSC-PM with reaction control and without, B)
comparison of the LSC-PM with reaction control and a non-doped reactor, C to
E) picture of the setup.

Associated Content 
Further experimental details are available as Supporting Information published on 
the Royal Society of Chemistry website with DOI 10.1039/C8GC00613J. 

https://doi.org/10.1039/C8GC00613J
https://doi.org/10.1039/C8GC00613J
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28. Mándity, I. M.; OÖ tvös, S. B.; Fülöp, F., Strategic Application of Residence-
Time Control in Continuous-Flow Reactors. ChemistryOpen 2015, 4 (3), 
212-223. 

29. Juran, J. M., Juran on Quality by Design: The New Steps for Planning 
Quality Into Goods and Services. Free Press: 1992. 
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Abstract 
The sun is the most sustainable light source available on our planet; therefore, 
the direct use of sunlight for photochemistry is extremely appealing. In the last 
decade, a myriad of novel visible-light mediated photocatalytic transformations 
have been developed that are of interest in pharmaceutical research, material 
science, and surface modification. These reactions are ideal for solar applica-
tions since they use photocatalysts with high extinction coefficients in the visi-
ble range, nicely matching the peaks of solar radiation. However, challenges 
associated with the dilute energy content and fluctuating intensity of natural 
sunlight have hampered the development of solar photochemistry. Here, we 
demonstrate that a diverse set of photon-driven transformations can be effi-
ciently powered by solar irradiation with the use of Luminescent Solar Concen-
trator-based Photomicroreactors. These reactors are compatible with 
fluctuating irradiance and afforded productivities up to 274 mmol/(m2·h). We 
show that this is a general strategy applicable to a wide range of visible-light 
photocatalysts. By tuning the luminophore in the lightguide, the reactor can be 
matched to the photocatalytic absorption characteristics. This approach can be 
easily scaled and its inexpensive nature makes it ideally suited for application 
in resource-limited settings, as exemplified by the photooxidation of dihydroar-
temisinic acid, a key step in the production of the antimalarial drug artemisinin.  
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Introduction 
Solar energy-conversion technologies are extremely attractive due to the unri-
valed potential of this energy source.1 To date, the majority of research attention 
has focused on solar electricity,2 solar thermal3 and solar fuels,4 while the syn-
thesis of chemicals powered by solar light has gathered significantly less scru-
tiny. However, the production of fine chemicals including drugs and fragrances 
could significantly benefit from green processes directly powered by solar en-
ergy.5-6 In the last decade, the field of photochemistry has been revolutionized 
by the introduction of photoredox catalysis, which vastly expanded the scope of 
reactions promoted by light irradiation.7-9 Photoredox reactions are ideal can-
didates for solar applications since the use of photocatalysts with high extinc-
tion coefficients makes them good photon harvesters, and the majority of the 
synthetically useful photocatalysts absorb in the visible range, which is the re-
gion of peak intensity in the solar spectrum.10-11 Despite the attractiveness of 
green and sustainable solar photochemistry, its low popularity6 can be at-
tributed to the broad spectral distribution of the solar photons, the fluctuations 
in solar irradiance due to astronomic and atmospheric phenomena and the di-
lute energy content of solar energy (up to 6.6 E/(m2∙h1) in the UV/VIS range un-
der standard conditions).10-11 These shortcomings limit the usefulness of solar 
energy in photochemical transformations and result in impractical, long reac-
tion times for solar-powered photocatalysis. Here, we show that, with a dedi-
cated reactor design based on the luminescent solar concentrator concept, it is 
possible to surmount all of these limitations, fully releasing the sustainable po-
tential of solar photochemistry. This platform harvests solar energy over a large 
areas, and not only directs photons with a narrow wavelength distribution to-
ward the reactor channels, but increases the number of photons at the desired 
wavelength – as compared to the solar spectrum – through emission from the 
luminophore. The wavelength of these photons can be tuned to match the ab-
sorption requirements of the photochemical reaction and the non-optical solar 
concentration prevents undesired heating of the reacting media.12 

Luminescent Solar Concentrators (LSCs) are inexpensive slabs of luminophore-
doped polymeric materials that harvest, down-convert, and concentrate solar 
photons.13 LSCs can be used as photon harvesters for photochemical reactions 
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in so-called Luminescent Solar Concentrator-Photomicroreactors (LSC-PMs).14 
In LSC-PM, the LSC lightguide is embedded with microreactor channels, acting 
as final absorbers of the sunlight-generated luminescent photons. Our original 
LSC-PM implementation was characterized by limited chemical and optical sta-
bility, which prevented the applicability of LSC-PMs to the vast majority of the 
reported visible light-driven photochemical reactions. A conceptually new de-
sign is presented for the integration of LSCs and microreactors that eliminates 
these shortcomings. Moreover, our design is capable of concentrating both di-
rect and diffuse solar photons and can be coupled with light sensors positioned 
at the device’s edge which, when coupled within a feedback loop, autonomously 
compensates for the fluctuations in solar irradiance, like those caused by pass-
ing clouds, for stable production independent of daytime solar conditions.15 

Our novel design uses perfluoroalkoxy alkane (PFA) capillaries embedded in 
poly(methyl methacrylate) (PMMA) lightguides (Figure 5.1A), constituting an 
improvement of about 40% in terms of photon flux received in the reaction 
channels with respect with the original, PDMS-based design, due to the mate-
rial’s higher refractive index (see Fig. S12). The adoption of PMMA as material 
for the LSC-PM also came with additional benefits in terms of cost-effectiveness, 
commercial availability of the polymeric slabs, and facility in scaling of reactors 
(10×10, 20×20, and 30×30 cm2, from 0.18 to 1.59 ml). Moreover, PMMA provides a 
slower luminophore degradation (up to 3% decrease in absorbance over 2 
years),16 and is compatible with a great variety of luminophore dopants. The 
latter aspect paves the way to construct red, green and blue LSC-PM devices, 
hence providing access to essentially all visible-light mediated transformations 
with different photocatalysts: methylene blue for the red device, eosin Y and 
rose bengal for the green, and Ru-based metal complexes for the blue reactor 
(see Figure 5.1B and C). 
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Figure 5.1 (A) Photographs and schematic comparison between the capillary-based 
LSC-PM (right) and the original design (left); (B) photographs of LSC-PMs with different 
dye dopants; (C) LSC-PMs of different sizes, with irradiated volumes of 177 µL, 707 µL 
and 1.59 ml respectively. 

To test the generality of our next generation LSC-PM reactors, we pursued dif-
ferent photocatalytic transformations that have shown great potential in syn-
thetic organic chemistry (Figure 5.2).  The first photocatalytic reaction 
investigated was the hydroxylation of aryl boronic acids. While the reaction was 
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originally reported by Xiao and co-workers with Ru(bpy)3Cl2, Scaiano and co-
workers showed that it could also be performed with methylene blue, a cheaper 
organic photocatalyst that can be excited with lower energy photons.17-18 We 
commenced our investigations adapting the reaction to continuous-flow, using 
phenylboronic acid as a model substrate. The oxygen balloon employed in the 
original batch literature report was replaced by a pure oxygen stream, resulting 
in a gas/liquid slug flow regime. The adoption of a slug flow regime increases 
the mass transfer between the gas and the liquid phase and results in an accel-
eration of the apparent reaction kinetics.19 Ideally, this acceleration can extend 
the point where the light input becomes a limiting factor for reaction kinetics, 
thus providing the maximum attainable productivity under solar conditions. In-
deed, the reaction was accelerated from the 6 hours required in the original re-
port to only 5 minutes in the LSC-PM under AM 1.5G conditions. Notably, the 
reaction kinetics was now partly light-limited, as shown by the fact that the LSC-
PM provided a substantial acceleration compared to a simple capillary irradi-
ated under similar conditions (Figure 5.2A). While the observed acceleration by 
a factor two is impressive, it does not compare to the 4.5-fold acceleration wit-
nessed with the original design, which is in line with the Monte Carlo simula-
tions for the device, predicting a 5-fold increase in the photon flux reaching the 
reaction channels (see Experimental Section). We suspected the reaction kinet-
ics were not linearly correlated with the light input at one sun intensity for this 
specific transformation. To verify this hypothesis, we switched to a singlet oxy-
gen-mediated reaction. It is known that the photosensitized production of sin-
glet oxygen is linearly dependent on the incident photon flux.14 In particular, the 
oxidation of methionine thioether to the corresponding sulfoxide was chosen, 
given that this product has attracted considerable attention over the past few 
years.20-21 In this case, the LSC-PM provided a 6-fold acceleration under solar 
simulated conditions (see Figure 5.2B and Experimental Section), even higher 
than the factor of five calculated by ray-tracing simulations. 
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Figure 5.2 Overview of the reactions performed in the LSC-PM. (A) Hydroxylation of 
boronic acids, (B) oxidation of (L)-methionine, (C) benzylamine oxidation (D) α-ter-
pinene oxidation (E) morpholine arylation. 

As a direct consequence of the down-converting nature of LSCs, the lower the 
energy of the luminescent photons (i.e. red shifted photons), the higher the 
overall optical efficiency will be. However, there are far more photocatalysts 
absorbing in the green and blue portions of the visible spectrum than in the red 
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region. For this reason, an organic fluorescent dye emitting at 530 nm, i.e. DFSB-
K160, was selected to manufacture green LSC-PMs for reactions catalyzed by 
commonly used catalysts such as eosin Y and rose bengal. Notably, despite their 
slightly different absorption spectra, the calculated LSC-PM photon-flux accel-
erations compared to simple capillaries irradiated under similar conditions 
were found to be around 4.5-fold for both photocatalysts (see Supplementary 
Information). The combination of eosin Y and the green LSC-PM was investi-
gated with the eosin Y-mediated aerobic oxidation of benzylamine to diben-
zylimine (Figure 5.2C).22 A 3.3-fold acceleration was observed in the LSC-PM (see 
Experimental Section), producing the imine in ~75% yield at 30 mmol/(m2·h1). 
Next, to test the combination of LSC-PM and rose bengal, we adopted the well-
known cycloaddition of singlet oxygen to α-terpinene, yielding the anthelmintic 
drug ascaridole. Notably, this reaction was the first photochemical reaction per-
formed in a solar-driven manufacturing plant by Günther Otto Schenck in 1948. 
23 Due to its efficiency, this reaction is often used as benchmark for singlet oxy-
gen reaction systems.6, 24 Under solar-simulated irradiation, a record productiv-
ity of 274 mmol per square meter per hour of solar irradiated surface was 
observed.11. This result emphasizes the validity of the LSC-PM design for pho-
ton-efficient solar photochemistry.  

LSC-PMs capable of concentrating blue photons are even more appealing to 
match the absorption (≈450 nm range) of several commonly used photocata-
lysts, including Ru(bpy)3Cl2, Mes-Acr+ and 2-CzPN. The frontier of photoredox 
chemistry is currently exemplified by the so-called “dual-catalysis” concept, 
also known as “metallaphotocatalysis”, which constitutes a synergetic merger 
of transition metal catalysis and photocatalysis.25 Metallaphotoredox provides 
access to activation modes that are both unique and complementary to tradi-
tional metal catalysis, naturally attracting significant interest. Despite the nov-
elty of this field, some reactions are already characterized by efficient catalyst 
turnover and photon-limited kinetics, thus constituting an interesting applica-
tion benchmark for the LSC-PM. To explore the applicability of metallaphotore-
dox reactions in LSC-PM, we chose the aryl amination catalyzed by NiCl2∙glyme 
and Ru(bpy)3Cl2 as reported by Buchwald, MacMillan, and co-workers.26-27 The 
reaction conditions were adapted to flow using DMSO as solvent instead of DMA 
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to obtain a homogeneous reaction mixture, and p-bromobenzotrifluoride was 
selected as a model substrate to follow the reaction by 19F-NMR. The reaction 
was performed in the blue LSC-PM, resulting in a slight acceleration compared 
to the non-doped analog (Figure 5.2E). What is remarkable is that the selectivity 
of this reaction seemed to be improved, with a maximum yield in the LSC-PM of 
93% versus a maximum yield in the capillary of 80%. This effect may be at-
tributed to the decreased UV content of the light reaching the reaction channels 
in the LSC-PM. 

 

Figure 5.3 Outdoor experiment for the methylene blue-catalyzed photooxidation of 
methionine. A) Reaction scheme, solar irradiation, and yield over time. B) Flow scheme 
of the experimental setup. C) Photographs of the experimental setup. 

Since the primary application of the LSC-PM is in solar photochemistry, we per-
formed some reaction with natural sunlight. Because of its simplicity and safety, 
the first reaction selected for outdoor testing on a larger scale was the photoox-
idation of methionine. A portable setup was built (see Figure 5.3) and tested 
outdoors. In this scenario, a cartridge filled with activated charcoal was placed 
at the reactor outlet to remove the photocatalyst from the reaction stream and 
thus quench the reaction in-line. Consequently, the outlet contained only a wa-
ter mixture of unreacted starting material and product. The LSC-PM reactor was 
compared with a simple capillary (Figure 5.3C) and showed consistently higher 
reaction yields (Figure 5.3B). This can be attributed to the photon harvesting 
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ability of the LSC-PM design leading to higher photon fluxes in the reaction 
channels. 

In chapter 4 it was shown that the light intensity measured at the edge of the 
device can be used to dynamically adjust the residence time in the reactor, thus 
autonomously correcting for the natural fluctuations in solar irradiance.15 We 
applied this approach for the light-limited Ru(bpy)3Cl2-catalyzed trifluorometh-
ylation using trifluoroacetic anhydride reported by Stephenson and co-work-
ers.28-29 In this case, little to no acceleration was observed with the use of the 
blue LSC-PM as opposed to a simple capillary reactor, likely due to the limited 
light-collecting efficiency of the blue dye. In fact, to generate fluorescent blue 
photons, UV light is needed whose abundance in the solar spectrum is limited. 
However, the developed system has additional advantages to a simple capillary 
reactor as a result of its potential for automation. After measuring the apparent 
reaction kinetics at difference irradiance intensities, we tested an automated 
reaction control system for the solar-powered trifluoromethylation of mesity-
lene. The reaction was performed outdoors during a partially sunny winter day 
with substantial fluctuation in solar irradiance intensity. As shown in Figure 5.4, 
the reaction control system compensated for the fluctuations in solar irradiance 
in real time by changing the pump flow rate and afforded relatively stable reac-
tion yields at about 45% with 96% selectivity.28 

 

Figure 5.4 Outdoor trifluoromethylation of mesitylene in the blue LSC-PM. (A) Reaction 
conditions. (B) Reaction yield of the samples collected during the experiment. The first 
sample was taken after 60 minutes, and after that, one sample every 5 minutes was 
acquired. (C) Light intensity measured at the device edge and proportional changes in 
residence time during the experiment operated by the autonomous reaction control 
system. 
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All of these examples showcase the relative simplicity in adapting photochemi-
cal reactions for solar applications using the LSC-PM. However, as highlighted 
in the introduction, the productivity afforded by solar photochemistry has a 
physical limit of several moles per square meter and per hour of solar irradiated 
area.6 This means that solar photochemistry is a viable option for high added 
values chemical such as drugs and fragrances. Therefore, to provide a realistic 
application for the LSC-PM concept, the continuous solar-driven synthesis of 
artemisinin30 was taken as an example. Artemisinin and its derivatives are the 
most effective drugs against malaria, and their yearly production is not suffi-
cient to meet the world’s needs.31-32 A solar-based production plant would be 
particularly suited for those limited resource settings where the disease is en-
demic. The crucial step in the semisynthetic approach is the biomimetic pho-
tooxygenation of dihydroartemisinic acid to the corresponding endoperoxide, 
which yields, after acid-catalyzed Hock cleavage, artemisinin (Figure 5.5, top). 

 

Figure 5.5 Methylene blue-catalyzed photooxidation of dihydroartemisinic acid under 
natural sunlight irradiation in a red LSC-PM. The experiments were performed in the 
Max Plank Institute for Colloids and Interfaces of Potsdam (Germany) on the 26th and 
29th of June 2018, under different sky conditions (cloudy in the first case, and sunny in 
the second). The different irradiance received by the reactor resulted in vastly different 
solar productivities but with similar yields thanks to the reaction control system. 
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The published reaction conditions were adapted for the use of methylene blue 
as photocatalyst and, after having acquired the kinetic profile, the reaction was 
performed on a window ledge, under solar irradiation (see Supplementary In-
formation) with a reaction control system. In Figure 5.5 the results from the so-
lar experiments are presented. The use of the reaction control system resulted 
in a similar reaction yield (between 69 and 78%), with a significantly higher 
productivity during the second day (up to 21.2 mmol/(m2∙h1)) due to the higher 
irradiance. 

Conclusion 
In conclusion, a novel reactor design that constitutes a versatile, inexpensive 
and photon efficient solution for solar photochemistry has been introduced. 
Several different photon-driven reactions are showcased, ranging from photo-
chemical oxidations to metallaphotoredox couplings. With the adoption of a re-
action control system, stable product quality was ensured even during 
fluctuating irradiance conditions. Notably, the LSC-PM design reported here is 
mostly transparent to IR radiation. This means that a further increase in the 
fraction of utilizable solar light can be achieved by combining it with other solar 
energy conversion technologies capable of making productive use of such low-
energy photons, like photovoltaic cells.33  
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Experimental Section 
All reagents and solvents were used as received without further purification. 
Reagents and solvents were bought from Sigma Aldrich and TCI and, when 
needed, stored under argon atmosphere. Technical solvents were purchased 
from VWR International and Biosolve and were used as received. All capillary 
tubing and microfluidic fittings were purchased from IDEX Health & Science, 
except for the PFA high-purity and Halar 1/16” OD, 750μm ID tubing acquired 
from APT Advanced Polymer Tubing GmbH. The syringes used were of BD Dis-
cardit II® or NORM-JECT®, purchased from VWR Scientific. Syringe pumps were 
purchased from Chemix Inc. model Fusion 200 Touch and HPLC pumps P1.2s are 
from Knauer. 1H (400 MHz), 13C (100 MHz) and 19F (376 MHz) NMR spectra were 
recorded on ambient temperature with a Bruker-Avance 400 or Mercury 400. 
1H NMR spectra are reported in parts per million (ppm) downfield relative to 
CDCl3 (7.26 ppm) and DMSO-d6 (2.50 ppm), all 13C NMR spectra are reported in 
ppm relative to CDCl3 (77.2 ppm) and DMSO-d6 (39.52 ppm). NMR spectra uses 
the following abbreviations to describe the multiplicity: s = singlet, d = doublet, 
t = triplet, q = quartet, m = multiplet, dd = double doublet, ddd = double double 
doublet, td = triple doublet. NMR data were processed using the MestReNova 
11.0.3 software package. Known products were characterized by comparing to 
the corresponding NMR spectra from literature. 

Device manufacturing 
PDMS devices without capillary 
The polydimethylsiloxane (PDMS) devices without capillary were manufac-
tured as previously reported,14 and are only different in the material used for 
the 3D-printed mold, high-impact polystyrene (HIPS) instead of acrylonitrile 
butadiene styrene (ABS). High-impact polystyrene (HIPS) plates (270 x 260 mm2 
black HIPS purchased from POLYTEC GmbH) were clamped on the printing bed 
of a Felix Pro 3D printer using a HIPS filament (white HIPS filament 1.75 mm 
from 123-3D.nl). 

PDMS devices with capillary 
To obtain the PDMS devices with capillaries, the shape of the 3D-printed mold 
was changed to fit the capillaries into a cured PDMS plate (see Figure 5.6). Once 
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the PDMS was cured in this mold, capillaries were placed in the cured PDMS 
slab and a second layer of uncured PDMS was added on top of the cured PDMS. 
This second layer of PDMS attached strongly to the cured layer of PDMS. After 
two days of curing at room temperature, the plate was cut into a 5×5 cm2 reactor 
using cutting blades. 

To obtain robust reactors, a PDMS layer thickness of 1 mm was maintained 
above and below the capillary. Given the larger outer diameter (1/16”, 1.6 mm) 
of the capillaries used compared to the previous channel design (1 mm), these 
reactors have a total thickness of 3.6 mm instead of 3 mm. 

 

Figure 5.6 Schematic overview of the production process of the PDMS based LSC-PM 
with capillaries 

Reactor molds design considerations 
For the PDMS devices featuring capillaries, a 3D-printed mold that can produce 
a cured PDMS plate able to keep the capillaries into position was needed. Sev-
eral molds were printed, with variations in the angle, radius, and depth (see 
Figure 5.7). The angle was varied from 180° to 300°, the radius from 100% to 70% 
of the outer diameter of the tubing (1/16”), and the depth from 0 mm to 0.8 mm. 

Larger angles resulted in a tighter fitting of the tubing, but also made it more 
difficult to insert the capillaries into the cured plate without damaging the plate 
since the opening in the PDMS plate was smaller. Using a smaller radius reduced 
the number of air bubbles trapped between the capillary and the PDMS. How-
ever, too small radii prevented the capillaries from fitting snugly in the plate. A 
minimal depth was needed to keep the tubing in position. However, larger 
depths resulted in a thinner second layer of PDMS, making more difficult to 
achieve uniform distribution of prepolymer in the second PDMS casting. 
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It was found that a good fitting of the capillary into the PDMS plate could be 
achieved when using an angle of 300°, a radius of 95% of the capillary outer di-
ameter (OD) and a depth of 0.5 mm. These conditions resulted in a PDMS plate 
with a significantly smaller opening for the capillary (0.75 mm) than the tubing 
OD (1.6 mm). This did not create any problems due to the flexible nature of the 
PDMS. When using these conditions, it was also possible to loop the capillaries 
with half-circles whose radius was as small as 2 cm. 

 

Figure 5.7 Mould design for the parameters screening of PDMS-based device with ca-
pillaries. A) Schematic overview of the parameters of depth (0-0.8 mm), radius (100% 
- 70% of the OD of the tubing) and angle (180° - 300°) in the 3D printed molds, B) 3D 
printed mold (depth: 0.5 mm; radius: 95%; angle: 300°) to produce the desired PDMS 
plates. 

When adding the second layer of PDMS, it is important to maintain the position 
of the first cured PDMS plate to prevent the newly cast pre-polymer from flow-
ing under the already-cured plate. It is also important to keep the ends of the 
tubing out of the PDMS pre-polymer solution. To ensure these conditions, dif-
ferent 3D printed holders were designed to maintain the position of the cured 
plate while the second layer of PDMS was added. 

Different designs were tested (Figure 5.8 A-D). It was found that the PDMS could 
adhere quite strongly to the smooth surface of a HIPS plate, which could prevent 
the second layer of PDMS flowing under the cured PDMS plate. The holders 
printed on the smooth HIPS plates (see Figure 5.8D) were able to keep the ca-
pillary in the PDMS, the ends of the tubing out of the PDMS and prevented lifting 
from the cured PDMS plate. This made it possible to create uniform LSC-PMs. 
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Figure 5.8 Several holder designs. A) A squared holder on top of a cured PDMS plate, 
B) A completely PLA 3D-printed holder,  C) A destroyed PDMS plate due to trapped gas 
bubbles and newly cast PDMS lifting the plate, D) 3D-printed holder on top of a smooth 
HIPS plate. 

PMMA devices 
Thanks to the commercial availability of PMMA-based fluorescent dye-doped 
plates and because of the challenges of performing PMMA polymerization on 
the lab scale, we purchased the PMMA plates from commercial suppliers. In par-
ticular, all the fluorescent dye-doped PMMA plates commercially available from 
Evonik (Plexiglas GS, colors fluorescent 3C02 GT, 2CO1 GT, 6C02 GT and 5C50 
GT), Schweiter Technologies (Perspex colors Mars Red 4T56, Lava Orange 3T19, 
Neptune Blue 7T97, Helios Yellow 2T51, Acid Green 6T66) and Arkema (Altuglas 
colors 127.32000, 127.34005, 127.35003 and 127.33000) were acquired and the edge 
emission of 5×5 cm2 squares cut from of them were measured (the plates had 
different thicknesses, varying from 3 to 5 mm depending on the manufacturer). 
Some PMMA plates are shown in figure Figure 5.9 while the results are pre-
sented in Figure 5.10. 

 

Figure 5.9 Dye-doped PMMA samples from Evonik (commercial name Plexiglas). 
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For the manufacturing of the LSC-PM we chose the following: 

Red LSC-PM Evonik Plexiglas GS Fluorescent Bright Red 3C02 GT (BASF 
Lumogen F 305-based 3mm thick, polished-edge cast-PMMA 
plates ordered from plexiglas-shop.com, measured dye dop-
ing 115 ppm) 

Green LSC-PM Limacryl custom-made cast-PMMA: 4mm thick plates doped 
with DFSB K-160 (purchased from RiskReactor) at 100 ppm 

Blue LSC-PM Evonik Plexiglas GS Fluorescent Blue 5C50 (polished-edge 
cast-PMMA plates ordered from Plexiglas-shop.com) 

 

Figure 5.10 Overview of the fluorescent dye-doped polymer plates commercially avail-
able from Arkema, Evonik and Perspex, and custom made for us by Limacryl. The spec-
tra are the edge emission of 5×5cm2 samples of different thickness (ranging 3 to 5 mm) 
depending on the manufacturer, and therefore their absolute values cannot be directly 
compared. It is evident how the blue-emitting devices are associated with lower emis-
sion than red-shifted colors since their absorption window is smaller. 

To add capillaries in the PMMA plates, 1.6 mm holes were drilled centered at 
half height, in the middle of a side face. To fit the capillaries in the plate, one end 
of the tubing was thinned by stretching and then inserted in the hole. Pulling 
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the rest of the capillary through the hole resulted in a tight fit of the tubing in-
side the plate. Once the thin end of the tubing reached the other end of the plate, 
the rest of the capillary was pulled through, creating a PMMA based LSC-PM 
(see Figure 5.11). 

 

Figure 5.11 Red PMMA based LSC-PM with a capillary fitted in the hole drilled in the 
PMMA slab. 
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LSC-PM with and without capillary 
The chemical compatibility of PDMS-based LSC-PM was rather limited. In Fig-
ure 5.12 Based on the data from Whitesides and co-workers,34 the swelling ratio 
of PDMS in different solvents is plotted, alongside the solvent refractive index. 
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Figure 5.12 List of common solvents for organic synthesis, plotted according to their 
PDMS swelling ratio and their refractive index, two important properties for their use 
in PDMS-based LSC-PM. Solvents with high swelling ratio are incompatible with the pol-
ymeric matrix with the original LSC-PM design, featuring a direct contact between the 
lightguide and the solvent. Solvents that can be tolerated in capillary-free PDMS-based 
devices are found in the area highlighted in grey. Solvents with a refractive index lower 
than the lightguide’s one might result in less efficient light transmission from the light-
guide to the reaction media. 

To evaluate the impact of adding capillaries to the LSC-PM design, a comparison 
between devices with and without capillaries, and with different capillary ma-
terials was performed. Firstly, the impact of the refractive index, n, of the capil-
lary was evaluated. Since the material to be used needed to be highly 
transparent and chemically resistant, the following polymers were selected: 

• High-purity perfluoroalkoxy (PFA): n=1.34. PFA is a well-known tubing 
material for photochemical applications in microreactor technology be-
cause of its excellent optical properties for both near-UV and visible 
light and good chemical stability. 



Chapter 5 — Capillary-based LSC-PMs 
 

124 

• Ethylene tetrafluoroethylene (ETFE), commercial name Tefzel: n=1.40, 
which is close to the refractive index of PDMS (1.41). 

According to the information provided by the manufacturer, the transparency 
of both PFA and Tefzel is higher than 90%. 

The impact of the capillary material in PDMS-based LSC-PM 
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Figure 5.13 Impact of the capillary material and inner diameter. The conversion of 
9,10-diphenylanthracene to the corresponding endoperoxide was used as a model re-
action once again. In this case, a concentration of methylene blue of 0.2 mM was used, 
resulting in faster kinetics in smaller capillaries due to the better light penetration. The 
reaction kinetics was decreased by decreasing the LED strip emitted power to accentu-
ate the differences (red LED strip set to 9.22 V, compared to the nominal 12V). All the 
results refer to a single channel immerse in the middle of an LR-305 doped (200 ppm) 
PDMS LSC-PM. 

In Figure 5.13 the reaction kinetics for the methylene blue-catalyzed photooxy-
genation of DPA is used as a model reaction to measure the photon flux received 
by the reaction mixture flowing in the capillaries, as previously reported.35 

It can be observed how the capillary material plays a minor role in determining 
the photon flux transmitted to the reaction media (that is, slightly better per-
formances are observed at every inner diameter (ID) with Tefzel as opposed to 
PFA as capillary material). Notably, this difference is constant with the different 
ID, suggesting that the transparency of the material is not significantly different 



Experimental Section 

125 

5 

(the wall thickness for the 250 µm ID capillary is thicker than the 1 mm ID given 
that their outer diameter in both cases is 1/16”, i.e. 1.59 mm). 

In this case, higher conversions are observed in the capillaries with smaller IDs. 
This can be either due to the lower inner volume of such reactor or due light 
penetration issues. Given that a relatively high concentration of photocatalyst 
used (methylene blue 0.2 mM), to reduce the effect of the light penetration pro-
file, the experiments were repeated with a 10-fold decreased concentration of 
methylene blue (0.02 mM), at which the calculated amount of light reaching the 
center of the tubing with different diameter was more uniform (see Table 5.1 
and Figure 5.14). 

For this reaction, the LSC-PM reactors were placed in the center of a 3D-printed 
cylinder serving as holder for the blue LEDs (Paulmann, 702.11, 3.12W) used as 
irradiation source. The intensity of the LEDs was tuned by adjusting the applied 
voltage, based on the relationship between applied voltage and emitted power 
(as shown in Figure 2.15). Notably, a difference in the kinetic profile was still 
present between the different inner diameters, even though less notable than 
before, suggesting that both light limitation and the ratio between amount of 
reactant and photons have an impact on the reaction kinetic. Furthermore, the 
fact that all the capillaries showed faster rate than the device without capillary 
suggests that the transparency of the capillary is not an issue. 

Table 5.1: Calculations of the amount of light traveling through a reaction 
mix-ture containing methylene blue at different concentrations (either 0.2 or 
0.02 mM), based on the Beer-Lambert-Bouguer law. 

Tubing inner 
diameter 

(µm) 

Theoretical amount of light reaching 
the centre of the tubing 

0.2 mM 0.02 mM 
250 58 % 95 % 
500 33 % 90 % 
750 19 % 85 % 

1000 11 % 80 % 
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Comparison between LSC-PMs with and without capillaries in PDMS 
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Figure 5.14 Comparison between the Tefzel capillary-based LSC-PM and the design 
without capillary, both in PDMS. The same conditions of Figure 5.13 were used, with 
the exception of the photocatalyst concentration, decreased to 0.02 mM and the LED 
applied voltage, increased to 12V. 

Comparison between PDMS and PMMA LSC-PMs 
By adopting a capillary-based design for the LSC-PM, the choice of the material 
for the dye matrix is not linked to considerations based on the reaction compat-
ibility. Furthermore, by switching the manufacturing process away from soft-
lithography, the need for PDMS as the polymeric matrix was lifted. This allowed 
us to use a more traditional material for the LSC lightguide: polymethylmethac-
rylate (PMMA). PMMA is superior to PDMS for LSC-PM applications,36 as it of-
fers: 

• a higher refractive index (1.49 vs. 1.41), resulting in superior optical effi-
ciencies as the escape cone is reduced; 

• wider luminophore compatibility (PMMA plates doped with several dif-
ferent fluorescent dyes are commercially available); 

• lower price (from 280 € per kg of PDMS to 13€ per kg from our suppli-
ers); 
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• improved mechanical properties: unlike PDMS, PMMA is not flexible 
and its use results in less fragile devices; 

• higher stability for the embedded dye, up to 17 years with less than 10% 
decay for Lumogen Red-305 in PMMA.16 

Regarding this last point, the dye stability of the PDMS-based device had proven 
sub-optimal. The discoloration of the samples after 1 year was evident even by 
the naked eye when compared to fresh samples with the same doping. For this 
reason, an accelerated UV weathering test was performed. PDMS-based sam-
ples of different dye doping were exposed to UV light in an Atlas SunTest XXL 
powered by a Xenon lamp. After exposition to a dose of 100 MJ/m2 (equivalent 
to about 10 months of continuous outdoor solar exposure), a decrease in the 
device absorption of about 20% was observed, as shown in Figure 5.15. On the 
other hand, the stability of PMMA-based LSC with LR305 is well established in 
the literature. 
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Figure 5.15 PDMS-based LSC-PM dye degradation under accelerated weathering test. 
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To compare the lightguide materials, two simple 5×5 cm2 LSC devices were pre-
pared (i.e. LSC-PMs without any channels) and their edge emissions upon irra-
diation with one sun (AM 1.5G) were measured. 

For the edge emission measurements, a 300 W solar simulator equipped with 
filters to approximate the 1.5 air mass (AM 1.5) solar spectrum (LS0110-100, 
L.O.T.-Oriel GmbH & Co.), and a 10 inch integrating sphere (Labsphere, Inc. LMS 
1050) equipped with a diode array detector (RPS900, International Light) with 
a sample holder matching the device sizes (5×5×0.3 cm3) were used. 
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Figure 5.16 Comparison between PDMS and PMMA-based LSC. Despite the lower dop-
ing, the PMMA device was characterized by higher edge emission due to its greater re-
fractive index and, consequently, smaller emission light escape cone. Interestingly, 
despite the luminophore being the same (LR-305), different red-shifts in the emission 
spectra were noted for the two lightguides, a combined effect of reabsorption events 
and matrix-effect. 

As expected, due to its higher refractive index, the use of PMMA resulted in 
more efficient lightguides, as observed in Figure 5.16 by the larger area of its 
edge emitted photon flux. Unsurprisingly, the superior performance of the 
PMMA-based devices also translated in higher photon fluxes in the reaction me-
dia, once again made visible by the accelerated reaction kinetics in the model 
reaction. 
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Figure 5.17 Kinetic profile of the DPA oxidation in PMMA- and PDMS-based LSC-PM 
with similar dye doping. The PMMA devices are associated with more efficient use of 
the incident photons. In this case, PFA capillaries were used for the LSC-PM devices. The 
conversion of 61% in 8 seconds with the PMMA device, compared with the 62% in 11 
seconds of PDMS without capillary and 60% in 11 seconds of the capillaries in PDMS 
translates in an acceleration of 37.5%. 

The impact of the capillary material in PMMA-based LSC-PM 
PMMA devices with PFA, ETFE and ethylene chlorotrifluoroethylene (ECTFE) 
capillaries were manufactured. The ECTFE capillary was ordered from Ad-
vanced Polymer Tubing GmbH (Neuss, Germany). 

Table 5.2 Refractive index of different transparent polymeric 

Capillary material Commercial 
name 

Refractive 
index 

High purity PFA -- 1.34 
ETFE TefzelTM 1.40 

ECTFE Halar® 1.44 
 

As highlighted in Figure 5.18, the role of the refractive index of the capillary was 
believed to be important not to create a barrier for the photon transmission 
from the lightguide to the reaction media. However, when comparing the im-
pact of the different materials in PMMA-based devices, the differences observed 
in PDMS were not obvious, as evident from the comparison in Figure 5.19. Based 
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on these results, we decided to use PFA as capillary material for all the following 
PMMA-based LSC-PMs. 

 

Figure 5.18 Overview of the refractive indexes of the LSC-PM components. 
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Figure 5.19 Kinetic profile of the DPA oxidation in PMMA-based LSC-PMs with different 
capillary materials, compared to PDMS-based devices. In PMMA the impact of the capil-
lary material becomes negligible, while the PMMA-based LSC-PM as a group outper-
forms the PDMS-based devices with the same dye doping. To ensure conditions where 
the kinetics is light-limited and to highlight the difference between the different condi-
tions, a methylene blue concentration of 0.02 mM and an LED applied voltage of 10.15 
V were used. 
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Device modeling 
The Monte Carlo ray-tracing approach described in chapter 3 was adopted to 
model the capillary-based LSC-PMs. To do so, a new object, the capillary, was 
introduced in the simulation code together with the reactor geometries and the 
optical data of the different luminophores. All the simulations were performed 
by generating 1 million photons incident on the device with a spectral distribu-
tion approximating the solar spectrum (AM 1.5G) in the 350-700 nm range. For 
the green and blue dyes, no information about their quantum yield in PMMA 
were available in the literature, therefore the same value (0.95) reported for 
Lumogen F Red305 was assumed. It was not possible to measure the quantum 
yield from the samples in our possession, since LSC slabs with significantly 
lower dye-doping are needed for quantum yield calculations, to neglect the in-
ternal reabsorption losses.1 

Red LSC-PM with methylene blue 
The reaction conditions for the boronic acid hydrolysis (see page 135) were used 
to simulate the optical behavior of the red LSC-PM (that is, methylene blue con-
centration of 1.2 mM in acetonitrile, 3 mm thick LSC-PM doped with BASF Lumo-
gen F Red 305 with a dye-doping of 126 ppm, matching the absorption measured 
for the commercial Evonik plates used to manufacture the reactor) and that of 
a simple capillary used in the experiments as control reactor to measure the 
acceleration caused by the LSC-PM. 

                                                            
1 The minimum batch size for the custom-manufacturing of fluorescent PMMA plates at 
Limacryl are 5 pieces of 3×1.8 m2

, while from Evonik no custom dye doping are possible. 
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Figure 5.20 Ray-tracing simulation results of red LSC-PMs of different sizes and simple 
capillaries. The performances of the LSC-PM is constant over different sizes, with a mi-
nor increase in efficiency on scaled-up devices due to the reduced edge losses. 

Based on the graph above, the calculated increase in the photon flux reaching 
the reaction media flowing in the LSC-PM capillary was between 4.4 and 5.16 
(depending on reactor size), as shown in Table 5.3. 

Table 5.3 Simulation results for the red LSC-PM while using methylene blue as 
the photocatalyst (1.2 mM in acetonitrile). 

Green LSC-PM with eosin Y 
The reaction conditions for the oxidation of benzylamine (see page 141) were 
used to simulate the optical behavior of the green LSC-PM with eosin Y (that is, 
eosin Y concentration of 1 mM in dimethylformamide, 4 mm thick LSC-PM 
doped with DFSB-K160 matching the characteristics of the plates produced by 
Limacryl, used to manufacture the reactor). 

Reactor Percentage of photons 
to reaction media 

Photon flux 
increase 

100 cm2 Red LSC-PM 7.59 % 4.40 100 cm2 capillary 1.73 % 
400 cm2 Red LSC-PM 8.50 % 4.81 400 cm2 capillary 1.77 % 
900 cm2 Red LSC-PM 8.96 % 5.16 900 cm2 capillary 1.74 % 
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Figure 5.21 Ray-tracing simulation results of green LSC-PMs of different sizes and sim-
ple capillaries. The performances of the LSC-PM is constant over different sizes, with a 
minor increase in efficiency on scaled-up devices due to the reduced edge losses. 

Based on the graph below, the calculated increase in the photon flux reaching 
the reaction media flowing in the LSC-PM capillary was between 3.81 and 4.40 
(depending on reactor size), as shown in Table 5.4. 

Table 5.4 Simulation results for the green LSC-PM while using eosin Y as the 
photocatalyst (1 mM in dimethylformamide). 

Green LSC-PM with rose Bengal 
The reaction conditions for the oxidation of benzylamine (see page 141) were 
used to simulate the optical behavior of the green LSC-PM with rose bengal (i.e. 
rose bengal concentration of 2 mM in ethanol, 4 mm thick LSC-PM doped with 
DFSB-K160 matching the characteristics of the plates produced by Limacryl 
used to manufacture the reactor). 

Reactor Percentage of photons 
to reaction media 

Photon flux 
increase 

100 cm2 Green LSC-PM 3.56 % 3.81 100 cm2 capillary 0.94 % 
400 cm2 Green LSC-PM 4.02 % 4.19 400 cm2 capillary 0.96 % 
900 cm2 Green LSC-PM 4.18 % 4.40 900 cm2 capillary 0.95 % 
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Figure 5.22 Ray-tracing simulation results of green LSC-PMs of different sizes and sim-
ple capillaries. The performances of the LSC-PM is constant over different sizes, with a 
minor increase in efficiency on scaled-up devices due to the reduced edge losses. 

Based on the graph above, the calculated increase in the photon flux reaching 
the reaction media flowing in the LSC-PM capillary was between 3.78 and 4.57 
(depending on reactor size), as shown in Table 5.5. 

Table 5.5 Simulation results for the green LSC-PM while using rose bengal 
as photocatalyst (2 mM in ethanol). 

Blue LSC-PM with Ru(bpy)3Cl2 
The optical behavior of the blue LSC-PM was simulated assuming the presence of 
a solution of Ru(bpy)3Cl2 in acetonitrile in the capillary. 

Reactor Percentage of photons 
to reaction media 

Photon flux 
increase 

100 cm2 Green LSC-PM 4.38 % 3.78 100 cm2 capillary 1.16 % 
400 cm2 Green LSC-PM 4.98 % 4.32 400 cm2 capillary 1.15 % 
900 cm2 Green LSC-PM 5.28 % 4.57 900 cm2 capillary 1.15 % 
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Figure 5.23 Ray-tracing simulation results of blue LSC-PMs of different sizes and sim-
ple capillaries. The performances of the LSC-PM is constant over different sizes, with a 
minor increase in efficiency on scaled-up devices due to the reduced edge losses. 

Based on the graph above, the calculated increase in the photon flux reaching 
the reaction media flowing in the LSC-PM capillary was between 2.06 and 2.16 
(depending on reactor size), as shown in Table 5.6. 

Table 5.6 Simulation results for the blue LSC-PM while using Ru(bpy)3Cl2 as the 
photocatalyst (1 mM in acetonitrile). 

Reactor Percentage of photons 
to reaction media 

Photon flux 
increase 

100 cm2 Green LSC-PM 1.35 % 2.06 100 cm2 capillary 0.66 % 
400 cm2 Green LSC-PM 1.40 % 2.10 

400 cm2 capillary 0.66 %  
900 cm2 Green LSC-PM 1.45 % 2.16 900 cm2 capillary 0.67 % 

General procedures 
Boronic acid hydrolysis 
Two separate solutions were prepared and put in two syringes. One contained 
the starting material (phenylboronic acid, 1.2 mmol) and decafluorobiphenyl as 
internal standard (0.5 eq.) in an acetonitrile:water 4:1 mixture, 10 ml). The sec-
ond solution contained the amine (DIPEA, 6 mmol) and the photocatalyst 
(methylene blue, 0.012 mmol) in solution (CH3CN:H2O, 4:1, 10 ml). The two solu-
tions were loaded into two syringes and mounted on a syringe pump. The two 
streams were then mixed in a T-mixer. This combined liquid flow was trans-
ported through a capillary covered with aluminum foil to a second T-mixer, 
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which was connected to the oxygen stream, controlled by a mass flow control-
ler. A gas:liquid ratio of 3:1 was used, which created a stable slug flow entering 
the reactor. This gas-liquid stream was used then exposed to solar simulated 
conditions (KHS Solar Constant 1200 equipped with a Philips MSR 1200 HR 
metal-halide 1200 W lamp) in the LSC-PM or in a simple capillary for the control 
experiments. All the fluidic parts after the first T-mixer (with the exception of 
the reactor) were covered with aluminum foil to prevent irradiation outside of 
the reactor area. The yield was calculated by GC-FID (Nproduct/NIS = 2.2355 Aprod-

uct/AIS, R2: 0.9998). The GC-MS peak of the product was matching that of an au-
thentic sample of phenol. 

LSC-PM Acceleration 

 

Figure 5.24 Kinetic profile for the methylene blue-catalyzed phenylboronic acid hy-
drolysis in the red LSC-PM and in simple capillary holders under solar simulated condi-
tions An acceleration of about 2-fold in the reaction kinetics is observed (34% yield 
achieved in 90 seconds in the LSC-PM vs. 32% in 180 seconds for the bare capillary). 

Solar productivity calculations 
The productivity is based on quantitative yield obtained in 240 seconds in the 
30×30 cm2 LSC-PM. The flow rates for these conditions are 308 µl/min for O2 and 
102.6 µl/min for the liquid stream (sum of the two syringes flow rate, 51.3 µl/min 
each). Combined with a substrate concentration of 0.06 M, this results in 
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6.156∙10-3 mmol/min (≈ 0.37 mmol/h). Divided by the irradiated area of 0.09 m2 
it results in a 4.1 mmol/(m2∙h) productivity. 

α–terpinine oxidation 
To a 100 ml volumetric flask 5.448 g (40 mmol, 0.4 M) of the substrate α-ter-
pinine (Acros Organics, 90%) and 904 mg (4 mmol, 0.04M) of the internal stand-
ard, hexadecane, are added and diluted to 100 ml with ethanol. A second 100 ml 
volumetric flask is loaded with 390 mg (0.4 mmol, 1 mol%) of rose bengal and 
diluted with ethanol. The two solutions were transferred into two 20 mL plastic 
syringes (BD Discardit) and combined in a T-mixer (1/16″, IDEX Health & Sci-
ence, Part no. P-632) through a syringe pump (Chemyx Fusion 200). The result-
ing liquid stream was subsequently merged in a second T-mixer with gaseous 
dioxygen whose flow rate was adjusted by means of a mass flow controller 
(Bronkhorst Nederland BV, F-201CV-020-RAD-22-K up to 25 ml/min O2) to 
achieve a gas:liquid ratio of 5:1, resulting in the formation of a slug flow. This 
gas-liquid stream was used then exposed to simulated solar conditions (KHS 
Solar Constant 1200 equipped with a Philips MSR 1200 HR metal-halide 1200 W 
lamp) in the LSC-PM or in a simple capillary for the control experiments. All the 
fluidic parts after the T-mixer (with the exception of the reactor) were covered 
with aluminum foil to prevent irradiation outside of the reactor area. 

The product (ascaridole) was isolated by flash chromatography on silica gel 
(CyHex/EtOAc 0-10%) as a yellowish oil matching the literature data. 24 

1H NMR (400 MHz, Chloroform-d) δ 6.48 (d, J = 8.5 Hz, 1H), 6.40 (d, J = 8.5 Hz, 1H), 
2.07 – 1.97 (m, 2H), 1.91 (hept, J = 7.0 Hz, 1H), 1.53 – 1.48 (m, 2H), 1.36 (s, 3H), 0.99 
(d, J = 7.0 Hz, 6H). 

13C NMR (101 MHz, Chloroform-d) δ 136.4, 133.0, 79.8, 74.4, 32.2, 29.5, 25.6, 21.4, 17.3, 
17.2. 
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LSC-PM Acceleration 

 

Figure 5.25 Kinetic profile for the rose bengal-catalyzed ascaridole synthesis in the 
green LSC-PM and in simple capillary holders under solar simulated conditions An ac-
celeration of about 2.66-fold in the reaction kinetics is observed (56% yield achieved in 
6 seconds in the LSC-PM vs. 53% in 16 seconds for the bare capillary). 

Solar productivity calculations 
The productivity is based on the 81% yield obtained in 8 seconds in the 20×20 
cm2 LSC-PM. The flow rates for these conditions are 4.56 ml/min for O2 and 912 
µl/min for the liquid stream. Combined with a substrate concentration of 0.2 M 
this results in 0.1824 mmol/min (≈ 10.9 mmol/h). Divided by the irradiated area 
of 0.04 m2 it results in a 273.6 mmol/(m2∙h) productivity. 

(L)-Methionine oxidation 
A solution of methionine (0.2 M) and methylene blue (1 mM, 0.5 mol%) in water 
was pumped with an HPLC pump (Knauer P 2.1S) and mixed in a T-mixer with 
the oxygen stream before entering the reactor. After the reactor, a back-pres-
sure regulator of 80 psi (constituted by 2 cartridges of 40 psi, 2.8 bar, IDEX 
Health & Science, Part no. P-785) was connected before the outlet. 

The photocatalyst could be easily removed by either a short plug of silica or 
activated charcoal, the solution concentrated under reduced pressure and the 
product recrystallized with isopropanol as anti-solvent. The 1H-NMR spectra of 
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the product, obtained as a mixture of diastereoisomers, matched the literature 
data.20 

1H NMR (400 MHz, Deuterium Oxide) δ 3.89 (dt, J = 7.8, 6.3 Hz, 1H), 3.18 – 2.89 (m, 
2H), 2.75 (s, 3H), 2.37 – 2.28 (m, 2H). 

13C NMR (101 MHz, Deuterium Oxide) δ 173.2, 53.49, 48.2, 36.6, 23.8. 

LSC-PM Acceleration 

 

Figure 5.26 Kinetic profile for the methylene blue-catalyzed (L)-methionine oxidation 
in the Red305 LSC-PM and in simple capillary holders under solar simulated conditions. 
An acceleration of about 6-fold in the reaction kinetics is observed (37% yield achieved 
in 10 seconds in the LSC-PM vs. 38% in 60 seconds for the bare capillary). 

Solar productivity calculations 
The productivity is based on the 96% yield obtained in 30 seconds in the 30×30 
cm2 LSC-PM. The flow rates for these conditions are 2.74 ml/min for O2 and 547 
µl/min for the liquid stream. Combined with a substrate concentration of 0.2 M, 
this results in 0.1094 mmol/min (≈ 6.56 mmol/h). Divided by the irradiated area 
of 0.09 m2 it results in a 73 mmol/(m2∙h) productivity. 
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Outdoor experiment 

 

Figure 5.27 Photographs of the experimental setup for the outdoor experiment. A) 
View on the trolley and oxygen cylinder B) Naked capillary and LSC-PM, side by side C) 
transparent reaction media at the charcoal cartridge outlet, showing complete meth-
ylene blue removal, D) view of the HPLC pumps (bottom right) and mass flow controller 
(MFC) (bottom left) connected to the two reactors E) sampling vials F) sky conditions 
during the experiment. 

The outdoor experiment was performed on September 22nd, 2017, at the SEAC 
(Solar Energy Application Center) SolarBEAT (Solar Building Elements Appli-
cation Test site), located on the rooftop of the building Vertigo (Eindhoven Uni-
versity of Technology). The data on the irradiance conditions were kindly 
provided by Minne M. De Jong (SEAC) and are based on pyranometers installed 
on site. 

A red LSC-PM 30×30 cm2 and a capillary reactor of equal size were placed side 
by side, horizontally, on a movable trolley. The reaction conditions were analo-
gous to that used for the lab experiments under solar simulated irradiation (see 
above), with a theoretical residence time of 60 seconds.  The only addition was 
the use of two charcoal cartridges (one per reactor) to remove the photocata-
lyst and quench the reaction in line. Two Biotage SNAP cartridges KP-SIL 25g 
were emptied and loaded with granular activated charcoal (Merck 1.02514.1000, 
granular activated charcoal 1.5 mm extra pure). Preliminary lab tests proved 
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that such a cartridge is capable of fully removing methylene blue from the aque-
ous reaction stream, as evident from the transparent color of the reaction mix-
ture at the cartridge outlet. Due to the dead volume of the cartridge and the 
length of the capillary used to connect the reactor with the cartridge and the 
cartridge outlet to the collection vials, a significant delay between the solar ir-
radiance trend and the reaction yield was observed; for this reason a wider 
timeframe for the solar irradiance values is provided than the actual time in 
which the samples were collected. A failure in one of the BPR affected the LSC-
PM results for the first few hours of the experiment until it was replaced. 

Benzylamine coupling 
Two stock solutions were prepared: one with benzylamine (0.5461 mL, 5 mmol) 
and internal standard (n-hexadecane, 146.4 μ, 0.5 mmol) in 25 mL of anhydrous 
DMF, the other with eosin Y (33 mg, 0.05 mmol) in 25 mL anhydrous DMF. Both 
were pumped via a syringe pump, mixed with pure oxygen with a 5:1 gas:liquid 
ratio and irradiated under solar-simulated conditions either in the LSC-PM re-
actor or in a simple capillary. The reaction yield was calculated by GC-FID 
(Nproduct/NIS = 0.9005 Aproduct/AIS, R2: 0.9997). 

For the product isolation, the reaction mixture was extracted with ethyl acetate 
and brine, the organic phase dried over MgSO4 and concentrated at reduced 
pressure. The extraction was purified by flash chromatography (cyclohex-
ane:ethyl acetate 10:1) yielding a light-yellow oil matching the literature data.37 

1H NMR (400 MHz, Chloroform-d) δ 8.45 (s, 1H), 7.90 – 7.85 (m, 2H), 7.51 – 7.46 
(m, 3H), 7.45 – 7.40 (m, 4H), 7.37 – 7.31 (m, 1H), 4.90 (d, J = 1.4 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 162.0, 139.3, 136.2, 130.8, 128.6, 128.5, 
128.3, 128.0, 127.0, 65.0. 
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LSC-PM Acceleration 

 

Figure 5.28 Kinetic profile for the eosin Y -catalyzed benzylamine coupling in the green 
LSC-PM and in simple capillary holders under solar simulated conditions. An accelera-
tion of about 3.3-fold in the reaction kinetics is observed (56% yield achieved in 12 sec-
onds in the LSC-PM vs. 55% in 40 seconds for the bare capillary). 

Solar productivity calculations 
The productivity is based on the 78% yield obtained in 18 seconds in the 20×20 
cm2 LSC-PM. The flowrates for that conditions are 2.02 ml/min for O2 and 405 
µl/min for the liquid stream. Combined with a substrate concentration of 0.1 M, 
and considering the reaction stoichiometry this results in 0.0203 mmol/min (i.e. 
≈ 1.22 mmol/h). Divided by the irradiated area of 0.04 m2 it results in a produc-
tivity of 30.4 mmol/(m2∙h). 

Mesitylene trifluoromethylation 
Two stock solutions were prepared, one with Ru(bpy)3Cl2 and hexafluoroben-
zene as internal standard and the other one with the substrate (mesitylene), 
pyridine N-oxide and trifluoroacetic anhydride. In particular, 149 mg (0.5 mol%, 
0.2 mmol) of Ru(bpy)3Cl2 and 2.306 ml (0.5 eq.) of hexafluorobenzene were dis-
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solved with acetonitrile in a first 50 ml volumetric flask and 5.516 ml of mesity-
lene (1 eq., 40 mmol) 7.6 g (2 eq.) of pyridine N-oxide and 12.23 ml (2.1 eq.) of 
trifluoroacetic anhydride were dissolved in a second 50 ml volumetric flask. 

The two stock solution were loaded in 20 ml disposable syringes, placed on a 
syringe pump and the two stream, mixed with a T-mixer, and pumped in the 
blue LSC-PM reactor under solar simulated irradiation (KHS Solar Constant 
1200 equipped with a Philips MSR 1200 HR metal-halide 1200 W lamp). The yield 
of the samples collected at the reactor outlet was calculated by 19F-NMR. 

The product was purified by flash chromatography (pure cyclohexane) and 
matched literature data.28 

1H NMR (399 MHz, Chloroform-d) δ 6.89 (s, 2H), 2.44 (q, J = 3.5 Hz, 6H), 2.29 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 141.0, 137.4, 131.0, 21.5, 21.0. 

19F NMR (376 MHz, Chloroform-d) δ -55.96. 

Reaction Control System 
For the reaction control system, a light sensor was attached to the device edge, 
with the help of a 3D-printed holder. In particular, an i2c light sensor (TSL 2591) 
connected with an Arduino microcontroller was used with 100 ms integration 
time and “LOW GAIN” settings. To get the kinetic profiles for lower irradiance 
values, a less intense light source (4 × 48 W white LEDs mounted on a 50 × 50 
cm2 aluminum plate) was used. 

 

Figure 5.29 A) Photo of the TSL 2591 light sensor before welding its pin header and B) 
light sensor attached to the LSC-PM edge with help of a 3D-printed holder that ensures 
that the light sensor is aligned with the device edge. 
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Outdoor experiment 
The outdoor experiment for the trifluoromethylation of mesitylene was per-
formed on November the 23rd 2018, in a partly sunny day. A setup constituted by 
the LSC-PM reactor, the reaction control system connected to the light sensor 
and to the syringe pump was assembled on a movable trolley placed next to the 
Helix building (Eindhoven University of Technology) under direct solar irradi-
ation (see Figure 5.30). 

 

Figure 5.30 Photos from the outdoor experiment for the trifluoromethylation of mesit-
ylene. A) movable trolley and sky conditions B) close-up of reactor, collection vials, sy-
ringe pump and reaction control box C) LSC-PM with light sensor. 

The reaction control system was set on a target yield for the mono-substituted 
of 50%. The reaction was started at 10:00 in the morning and the first sample 
was taken after 1 hour (the residence time was varying between 30 min and 45 
during the first hour, when light intensity was higher, see Figure 5.4). After that 
a sample was taken every 5 minutes. The samples were collected in the dark 
and analyzed by 19F-NMR (results in Table 5.7). 
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Table 5.7 Monitoring of the yield of the trifluoromethylation of mesitylene under nat-
ural sunlight conditions controlled by the reaction control system. 

Sample # Yield 
mono-CF3 

Yield 
di-CF3 

Total 
yield Selectivity 

1 29.0% 1.4% 30.4% 95.6% 
2 43.3% 1.7% 45.0% 96.3% 
3 51.5% 1.8% 53.3% 96.7% 
4 44.1% 1.6% 45.7% 96.6% 
5 40.1% 1.5% 41.6% 96.4% 
6 40.0% 1.7% 41.7% 96.0% 
7 43.9% 1.9% 45.8% 95.9% 
8 40.2% 1.7% 41.9% 96.1% 

AVG 41.5% 1.6% 43.1% 96.2% 
 

Morpholine arylation 
Two stock solutions in anhydrous DMSO were prepared in two 50 mL volumet-
ric flask, one with Ru(bpy)3Cl2 (5.6 mg, 0.06 mol%, 0.0075 mmol), 1,4-diazabicy-
clo[2.2.2]octane (DABCO, 2.524 g, 1.8 eq., 22.5 mmol) and morpholine (1.617 ml, 1.5 
eq., 18.75 mmol) and the second one with NiCl2∙glyme (137 mg, 5 mol%, 0.625 
mmol) and the substrate, p-bromobenzotrifluoride (1.725 ml, 1 eq., 12.5 mmol) 
under argon. 

The two stock solution were loaded in 10 ml disposable syringes, placed on a 
syringe pump and the two stream, mixed with a Tee mixer, were pumped in the 
blue LSC-PM reactor (or in a bare capillary reactor for the control experiments) 
under solar simulated irradiation (KHS Solar Constant 1200 equipped with a 
Philips MSR 1200 HR metal-halide 1200 W lamp). The yield of the samples col-
lected at the reactor outlet was calculated by 19F-NMR (collection of about 100 
µl, diluted with 300 µl of CDCl3). 

The product was purified by flash chromatography (0-10% ethyl acetate in cy-
clohexane) and matched literature data.26 

1H NMR (400 MHz, Chloroform-d) δ 7.50 (d, J = 8.5 Hz, 1H), 6.91 (d, J = 8.5 Hz, 1H), 
3.86 (t, J = 4.8 Hz, 2H), 3.22 (t, J = 4.8 Hz, 2H). 
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13C NMR (100 MHz, Chloroform-d) δ 153.4, 126.4 (q, J = 3.8 Hz), 124.8 (q, J = 270.6 
Hz), 120.8 (q, J = 32.6 Hz), 114.3, 66.6, 48.1. 

19F NMR (376 MHz, Chloroform-d) δ -61.28. 

Solar productivity calculations 
The productivity is based on the 70% yield obtained in 10 minutes in the 30×30 
cm2 LSC-PM. The flowrates for these conditions is 164 µl/min (sum of two sy-
ringes at 82.1 µl/min). Combined with a substrate concentration of 0.25 M this 
results in 0.029 mmol/min (≈ 1.72 mmol/h). Divided by the irradiated area of 
0.09 m2 it results in a 19.1 mmol/(m2∙h) productivity. 

Dihydroartemisinic acid oxidation 
A solution was obtained dissolving 10 mmol of dihydroartemisinic acid (DHA, 
2.36 g, 1 eq.) and 0.1 mmol of methylene blue (MB, 35 mg, 1 mol%) in a 2:1 mixture 
of acetone and acetonitrile. This solvent mixture was chosen since DHA is insol-
uble in pure acetonitrile but soluble in acetone, while methylene blue is soluble 
in acetonitrile. All the starting material intermediate and products (as observed 
by solubility testing of artemisinin sample) were however soluble in 2:1 ace-
tone:acetonitrile mixtures for concentrations up to 0.1 M. 

The liquid stream pumped with an HPLC pump (Knauer Azura 1.2) was mixed 
(gas:liquid ratio 4:1) with the oxygen feed regulated by a mass flow controller 
(Bronkhorst Nederland BV, F-201CV-020-RAD-22-K up to 25 ml/min O2) in a tee 
mixer and flowed in the LSC-PM. The reaction conversion selectivity and yield 
were calculated by 1H-NMR as reported in the literature.31 The residence time 
reported are calculated dividing the reactor volume by the total flow rate and 
are uncorrected. The actual residence time are longer due to gas compression. 

Solar productivity calculations 
The productivity reported is based on the integral of the instantaneous 
flowrates over the collection time of each sample, multiplied by the H-NMR 
yield and the substrate concentration (0.1 M) and divided by sampling time and 
LSC-PM exposed area. 
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Outdoor experiment 
The window ledge experiments were performed in the morning of the June 26th 
and 29th 2018, so that direct sun irradiation would shine on the reactor. A setup 
constituted by the LSC-PM reactor, the reaction control system connected to the 
light sensor, to the HPLC pump and to the mass flow controller was assembled 
on a desk next to the window in the Max Planck Institute for Colloids and Inter-
faces, and exposed to direct solar irradiation coming through the window (see 
Figure 5.31). In this case, an empirical polynomial correlation between the light 
intensity and the measured conversion was used to calculate the residence time 
in the reaction control system. 

Figure 5.31 Photos from the window-ledge experiment at MPIKG for the photooxida-
tion of dihydroartemisinic acid. The light sensor is connected to the right edge of the 
LSC-PM, and provides data to the reaction control system (white box, bottom right) that 
controls the HPLC pump via serial connections (top left) and the mass flow controller 
(not visible in the picture). The gas and liquid stream are mixed in the T-mixer (left of 
the LSC-PM), introduced in the LSC-PM and the outlet is collected in a vial kept in the 
dark (near the reaction control system). 
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Summary 
The development of Luminescent Solar Concentrator Photomicroreactors 
to enable solar photochemistry 

In this thesis, the innovative merger of luminescent solar concentrators (LSC) 
and microflow photochemistry was investigated for applications in solar 
photochemistry. 

In chapter 2, the first attempt of combining LSC and microreactor technology 
was presented. In particular, a PDMS-based approach was selected to 
manufacture the first LSC-PM devices. This was chosen based on two reports of 
polydimethylsiloxane (PDMS) based LSCs already present in the literature and 
because of the ease of PDMS microreactor manufacturing via soft lithography. 
In particular, a modified soft-lithography procedure was employed that used 
3D-printed molds, a change resulting in a lower resolution but enabling faster 
iteration cycles, ideal for the prototyping phase. Furthermore, the use of 3D-
printed molds removed the needs for a cleanroom dedicated to microreactor 
manufacturing. 

With this first implementation of the LSC-PM concept completed, crucial 
experiments proving that both spectral conversion and waveguiding actually 
takes place as assumed in the device were carried out. Together, the two 
mechanisms resulted in a 4.5 fold increase in the reaction kinetics of a dye-
doped device compared to a non-doped analog reactor under solar simulated 
conditions. 

The original LSC-PM design was essentially a PDMS-based LSC with a hollow 
channel in which the reaction mixture flowed. Despite presenting limitations in 
term of chemical stability, this design was chosen for its simple optical 
behavior. The photon efficiency of the device is indeed a crucial aspect. For this 
reason, a thorough description of the optical behavior of the device, based on 
Monte Carlo ray-tracing simulations of the photons reaching the device, was 
performed as presented in chapter 3. A preliminary version of the code, 
however, had already aided the development of the original design, suggesting 
the importance of the channel height for the efficient capture of the lightguided 
photons. 
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One of the most important results obtained with the simulations presented in 
chapter 3 is the observation that the optical efficiency of the large-scale LSC-PM 
devices could be equal or better of that of smaller versions, further validating 
the results of chapter 2 obtained with a 5×5 cm2 device. Notably, this is unlike 
conventional LSCs, whose scaling up negatively affects the edge emission 
efficiency. An aspect that could be investigated in further research is 
constituted by the impact of different channel patterns in the device. The 
current approach to LSC-PM employs parallel channels, as they are the easiest 
to manufacture. However, it was shown in chapter 3 that this approach is not 
the most efficient. The grid layout proposed in the chapter constitutes an 
idealized optimal solution but it cannot be used as a flow reactor. However, 
channel pattern based on space-filling curves (e.g. Peano, Hilbert, Moore or 
Gosper curves) should result in a less anisotropic and more efficient behavior. 
As an alternative to keep the current channel pattern, the luminophore 
emission could be directed towards the channels with the use of liquid crystals 
induced dye alignments. 

In the fourth chapter, the problem of solar irradiance fluctuations was 
addressed. This constitutes one of the most significant limitations the 
development of continuous processes based on solar photochemistry. 
According to the simulation presented in chapter 3, it is known that the majority 
of the photons reaching the reaction mixture are luminescent photons 
generated in the LSC matrix (as opposed to solar photons reaching the channels 
directly). Fluctuations in the solar irradiance change the number of luminescent 
photons generated and, therefore, the photon flux transmitted to the reactor 
channels. However, among the luminescent generated photons, the fraction of 
those that end up in reaction channels or those that leave the device at its edges 
remains constant. Therefore, it was possible to use the LSC-PM edge emission 
(i.e. the photons leaving the device on the side edges) to acquire information on 
the relative intensity of the irradiation in the channels. Based on the knowledge 
of the reaction kinetic profile in different irradiance conditions, it is possible to 
dynamically modify the residence time in the reactor to reflect the variations in 
solar energy input so that the reaction conversion remains constant over time.  
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Finally, the fifth chapter deals with the improvement of the LSC-PM design in 
terms of its chemical stability. In its original LSC-PM implementation, the scope 
of chemistry that could be performed in the device was rather limited. The poor 
chemical stability of PDMS prevented the application of the LSC-PM to the 
majority of the photochemical reaction reported in the literature. To address 
this issue, perfluorinated transparent polymeric capillaries were embedded in 
an LSC matrix, resulting in a more stable LSC-PM architecture. This novel design 
also allowed to switch the lightguide matrix to PMMA resulting in several 
advantages: higher optical efficiency, lower cost, extended dye stability and 
compatibility with more luminophores. This last element was crucial in the 
widening of the LSC-PM concept beyond the generation of low energy red 
photons. Green and blue LSC-PM were designed for use with photocatalysts 
absorbing in those wavelength ranges. Furthermore, several photochemical 
reactions were performed in conditions that were not compatible with the 
original LSC-PM implementation to prove its improved applicability. 

In conclusion, a conceptually innovative reactor design has been proposed for 
solar photochemistry, based on the synergistic combination of existing 
technologies from two different fields: microreactor technology and solar 
power. After a few design iterations, a widely applicable, inexpensive and 
robust design has been identified that can transform chemicals with sunlight in 
a sustainable and photon efficient way. The performance of other novel systems 
based on the LSC-PM design (featuring different luminophores) can be 
predicted with the ray-tracing algorithm developed. Autonomous operations 
under natural solar irradiance are possible with the use of a reaction control 
system that compensates the fluctuations in solar light intensity. Ultimately, 
significant steps were made toward an industrially relevant solution for solar 
photochemistry. 
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List of abbreviations 
2CzPN 1,2-bis(carbazol-9-yl)-4,5-dicyanobenzene 
ABS Acrylonitrile butadiene styrene 
APPTD Average photon path traveled in the device  
AM 1.5G Global air mass 1.5 
ASTM American Society for Testing and Materials 
BiPV Building-integrated photovoltaics 
CO2 Carbon dioxide 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DMSO Dimethylsulfoxide 
DPA Diphenyl anthracene 
E Einstein (1 mol of photons) 
ECTFE Ethylene chlorotrifluoroethylene 
ETFE Ethylene tetrafluoroethylene 
ETR Extra-terrestrial radiation 
GC-FID Gas Chromatography – Flame Ionization Detector 
GC-MS Gas Chromatography – Mass Spectrometry 
HIPS High-impact polystyrene 
HPLC High-Pressure Liquid Chromatography 
ID Inner diameter 
IR Infrared (>700 nm) 
(L)-Met Methionine 
LED Light Emitting Diode 
LR305 BASF Lumogen F Red 305 
LSC Luminescent Solar Concentrator 
LSC-PM Luminescent Solar Concentrator-based photomicroreactor 
MB Methylene blue 
Mes-Acr+ 9-Mesityl-10-methylacridinium
MFC Mass flow controller
NMR Nuclear Magnetic Resonance
NREL National Renewable Energy Laboratory
OD Outer diameter
PDMS Polydimethylsiloxane
PFA Perfluoroalkoxy alkane
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PMMA Poly(methylmethacrylate) 
PV Photovoltaic 
RS-232 Recommended Standard 232 
Ru(bpy)3Cl2 Tris(bipyridine)ruthenium(II) chloride 
SMARTS Simple model of the atmospheric radiative transfer of sunshine 
TTL Transistor-Transistor Logic levels 
UV Ultraviolet light (<350 nm) 
UVC Deep ultraviolet (<280 nm) 
VIS Visible light (250−700 nm) 
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