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Abstract

In the past two decades, we have witnessed a rapid emergence of new and
powerful photochemical and photocatalytic synthetic methods. Although
these methods have been used mostly on a small scale, there is a grow-
ing need for efficient scale-up of photochemistry in the chemical industry.
This review summarizes and contextualizes the advancements made in the
past decade regarding the scale-up of photo-mediated synthetic transforma-
tions. Simple scale-up concepts and important fundamental photochemical
laws have been provided along with a discussion concerning suitable reac-
tor designs that should facilitate scale-up of this challenging class of organic
reactions.
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INTRODUCTION

In the past two decades, we have witnessed a new wave in the field of synthetic organic chem-
istry: Increasing reports of synthetic protocols rely on the use of photons to produce value-added
molecules, including pharmaceuticals, agrochemicals, and materials (1). The reason for such a
widespread interest in photochemistry and photocatalysis lies in the provided new synthetic op-
portunities, as well as the associated mild reaction conditions, such as the use of visible light, the
absence of hazardous redox reagents, and room-temperature reaction conditions.

Photochemistry is the branch of chemistry concerned with the chemical effects of light (2, 3).
The interaction between photons and molecules generally results in a transition of one electron
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). This affords electronically excited-state molecules, which are totally different reactive
species compared to their ground-state analogs (4). These excited intermediates possess different
electronic distributions, energies, and lifetimes and can be engaged in various synthetic processes,
thus providing access to products that are otherwise challenging to make, e.g., cyclobutanes via
[2 + 2] cycloadditions (5). Unfortunately, this direct activation of organic molecules is limited
by the generally large HOMO–LUMO gap. As a consequence, dangerous, high-energy UV ir-
radiation is required to access these excited states. Furthermore, organic molecules are generally
characterized by a low molar attenuation coefficient, thus limiting the amount of light absorbed
by the molecule at a given wavelength.

To tackle these issues, an alternative bimolecular strategy, called photocatalysis, has been de-
veloped. This approach relies on the use of photon-mediator compounds (e.g., transition-metal
complexes, organic dyes, and polyoxometalate compounds). These compounds, which can absorb
light in the near-UV or visible light range and possess high molar attenuation coefficients, can
activate surrounding molecules mainly through three distinct mechanisms: electron transfer (6),
energy transfer (7), and hydrogen atom transfer (8).

Both synthetic photochemistry and photocatalysis have enabled the exploration of new chem-
ical space by fostering novel radical-generating strategies, thereby solving longstanding synthetic
challenges. Indeed, the extremely mild conditions required for the production of these open-shell
species has spurred the recent renaissance of radical chemistry (9). Moreover, the use of photons
to drive chemical reactions can be considered green and sustainable, especially when compared to
the need for high reaction temperatures or for stoichiometric amounts of radical-inducing agents
for the conventional synthetic processes (10–12). This is reinforced by the fact that photocatalysts
are generally used in very low catalytic amounts and can even activate C–H bonds within organic
molecules (8), thus obviating the need for functionalized starting materials.

However, many of these new synthetic transformations are run solely on a small laboratory
scale. This includes those examples carried out in the pharmaceutical and agrochemical indus-
tries, where photochemistry is used mainly for the small-scale, high-throughput preparation of
active compounds (13). Indeed, the transition from small scale to larger processes on pilot and in-
dustrial scales remains challenging for photon-induced processes (14). Owing to photon transport
limitations (i.e., attenuation effect), the typical scale-up strategy of dimension enlargement of the
reactor vessel is not effective for photochemistry. The use of larger-diameter reactors would re-
sult in low penetration of the crucial irradiation, thus leading to longer reaction times and possible
by-product formation. In contrast, flow chemistry (15) has proven to be a powerful ally to scale
such processes (16, 17). The main reason can be found in the reduced optical path and its ability
to increase the throughput via continuous introduction of starting materials.

This review summarizes the different scale-up strategies that can be used to scale photochem-
ical reaction conditions. As shown herein, in the past few years, the academic and industrial
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communities have made huge technological strides toward realizing scale-up of this challeng-
ing activation mode. In all cases, the balanced combination of chemistry, reactor technology, and
suitable light source is critical.

CONCEPTS OF SCALE-UP IN PHOTOCHEMISTRY

As recent developments in photochemistry indicate an apparent shift from batch to continuous
flow, it is important to understand exactly why this shift is desired en route to larger-scale pro-
duction. Even up to now, small-scale production is generally performed in batch. Major reasons
for this focus on batch processing are the traditional practices in teaching and laboratory envi-
ronments (with a focus on round-bottom flasks), a lack of in-depth knowledge of flow chemistry
and chemical engineering, and most importantly the perceived limited necessity of flow chem-
istry in this small-scale setting. For small-scale production, batch operating parameters are often
easily controlled and varied, and the produced quantities suffice for the intended purposes. How-
ever, when larger quantities are required, the scalability problems of batch photochemistry arise
quickly, and at this stage flow chemistry cannot be ignored (18).

Notably, the use of micro- and milli-flow reactors can already improve productivity, safety of
operation, and selectivity through enhanced mass and heat transfer on a small scale (19). More-
over, the continuous nature of flow reactors allows for consistent product quality and overall more
sustainable operation and screening possibilities through process analytical technological capabil-
ities compared to batch processes (20). There are several well-established strategies for scaling
up micro- and milli-flow processes, as well as ongoing research efforts into solving remaining
scalability issues (21–23). The common strategies to scale up reactor volume (V ) can be divided
into two main categories: numbering up and sizing up (Figure 1), both of which have been de-
scribed in great detail elsewhere (21) but are summarized briefly here because of their importance
to the scaling of photochemical processes. The scaled-up reactor volume can be approximated for
tubular/capillary plug flow reactor (PFR) types using Equation 1:

V = π

4
·N · L ·D2, 1.

Figure 1

Visualization of scale-up strategies for capillary/tubular reactors.
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whereN ,L, andD are the number of channels, channel length, and channel diameter, respectively.
Simply put, the numbering-up strategy is concerned with increasingN , whereas sizing up revolves
around enlarging the L and D terms. Often, a combination of both strategies is applied.

The numbering-up strategy is usually regarded as the simplest of the two because it involves
multiplication of a system or setup to increase productivity any number of times. Simply copying
an entire system (also called external numbering-up) ensures straightforward increased productiv-
ity, but the main downside to this approach is the high associated cost of multiplication. Internal
numbering-up increases only the number of reactor units within the system (e.g., channels, mi-
croreactors). This can increase productivity without the additional costs for ancillary equipment
(e.g., pumps, control units) but introduces a new challenge in the form of equal flow distribution
(equipartitioning). Whereas external numbering-up can ensure identical operating parameters
across the separate devices, the governing issue for internal numbering-up is that small pressure
differences in the feeding or collection zones can cause maldistribution of the flow, resulting in
different residence times experienced across the internally reproduced reactor units (24).

The second strategy, sizing up, makes use of dimension enlarging, whereby reactor channel
diameters or lengths can be increased. Contrary to numbering-up, changing these parameters can
strongly affect the processing effectiveness of a system, because it affects the hydrodynamic be-
havior and the mass-, heat-, and photon-transfer properties. Elongating reactor channels while
maintaining identical residence times positively influences mixing and mass/heat transfer in the
systembut increases the pressure drop. In contrast, increasing the diameter can reduce the pressure
drop but will diminish the advantages of micro- and millireactors, such as short diffusion lengths
and isothermal operation due to a lower surface-to-volume ratio. However, there is an impor-
tant reason that sizing up the diameter is an attractive approach: the quadratic relation between
diameter and volume (e.g., doubling the diameter quadruples the available reactor volume). Con-
sequently, many approaches are possible in sizing-up strategies, each with their own advantages
and disadvantages, making the ideal scale-up approach dependent on case-by-case considerations.

When we shift the focus from general scale-up strategies to photochemical applications
specifically, an additional factor must be considered, i.e., light irradiation. Similar to the well-
known transport phenomena required for traditional chemical transformations, in photochemistry
photon-transport phenomena must be taken into account. The overall effectiveness of photo-
chemical transformations depends on the ability of photons to reach the reaction mixture and
effectively contribute to these transformations. Therefore, an important aspect in scaling-up pho-
tochemistry is the quantification or reliable comparison of light irradiation between different
setups and scales and an understanding of the underlying principles that govern photochemical
reaction rates. A comprehensive overview of these fundamental laws and principles of photochem-
istry is given by Edwards and coauthors (25) and briefly summarized and visualized in Table 1
and Figure 2.

All these fundamental laws simultaneously create an intricately defined system of consider-
ations. To successfully carry out any photochemical transformation, the Grotthuss–Draper law
highlights the importance of light source selection. Impropermatching of the emitted wavelengths
to the absorption spectrum of reactionmedia results in poor light absorption,which is the essential
first step to any photochemical transformation.

Another important aspect in optimizing photochemical transformations derived from the
Stark–Einstein law is the determination of the quantum yield. The quantum yield (φ) is defined as
the number of formed molecules per number of absorbed photons. This quantity is generally be-
tween 0 and 1, given relaxation/quenching of the excited state can occur via multiple desirable and
undesirable pathways. Of note, seemingly contradictory to the Stark–Einstein law, its value can
exceed 1 for radical chain processes (27). Knowing the quantum yield of a certain photochemical
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Table 1 A brief overview of the fundamental laws of photochemistry

1 Grotthuss–Draper law For any photochemical transformation to take place, light must first
be absorbed.

2 Stark–Einstein law Often called the law of photochemical equivalence, this law states
that one photon can solely activate a single molecule.

3 Bunsen–Roscoe law According to this law, only the total supplied energy dose is
significant for photochemical transformations. This energy dose
is defined as the product of light intensity and irradiation time
(I × t = constant).

4 Inverse-square law The light intensity originating from a light source is inversely
proportional to the distance from the source squared.

5 Bouguer–Lambert–Beer
law

This law relates the decrease in light intensity through a medium
due to attenuation of light (A = εcl = log10

I0
I = −log10T ).

reaction can contribute not only to understanding the underlying mechanism but also to deter-
mining whether light irradiation and intensity should be key considerations moving forward.This
light intensity reaching the reaction mixture depends heavily on the selected light source in terms
of emission spectrum, distance from the reaction medium, attenuation through the medium, and
initial light intensity at the source. The effective output of light sources can be characterized using
integrating sphere measurements or chemical actinometry. Chemical actinometry makes use of a
reaction with a known quantum yield to calculate the photon flux generated by the light source
and also allows for determination of the quantum yields for other photochemical transformations
(28, 29).

The Bunsen–Roscoe law highlights an interesting concept in photochemistry that is uniquely
relevant for scale-up. The higher the light intensity is, the faster the reaction rates and the higher
the throughput can be, thus enabling large-scale production. This is generally true and often
results in the use of high-power light sources to realize the required shift from small-scale batch to

Figure 2

A qualitative and simplified visual representation of fundamental steps in a photochemical setup. A point
source placed at r = 0 with input power Pin, efficiency η, and optical power Pout irradiates a sample. The light
intensity, I(r), indicated by the red curve, decreases according to the inverse-square law at increasing distance
r away from the point source. The light reaches the sample with an intensity of I0, and this intensity I(l )
decreases along the traveled path l within the sample according to the Bouguer–Lambert–Beer law,
dependent on the molar attenuation coefficient ε of the absorbing species and its concentration c. The
reaction rate rA of a simple A → B transformation within the sample is governed by the quantum yield φ and
the local absorption rate (26), which is in turn dependent on the local light intensity.

www.annualreviews.org • Scaling Up of Photochemical Reactions 287
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larger-scale flow setups. However, this law does not consider undesired sequential photochemical
reactions, where local high-intensity light can result in by-product formation.

The inverse-square law makes use of the idea that the further the reactor is from a light source,
the lower the intensity will be in the reaction mixture. The greater the distance, the more the radi-
ant power is spread across an increasingly large surface.This is inversely proportional to the square
of the distance, which translates to the conventional unit of light intensity inW/m2. The example
depicted in Figure 2 uses an omnidirectional light source, which makes this surface equivalent to
a perfect sphere.However, for focused/directional light sources (e.g., laser), this absolute intensity
loss can be less extreme due to smaller equivalent irradiated surfaces.

Finally, the attenuation of light by a chemical species in solution as a function of the traveled
path length is commonly described using the Bouguer–Lambert–Beer law. This dependence of
received light intensity on the path length is what strongly affects the feasibility of reactor designs
for scale-up. The conventional dimension-enlarging strategies significantly influence the irradia-
tion homogeneity, where the highest intensities are found at the reactor walls and dark zones are
encountered at the reactor center. The larger the reactor diameter, the larger the dark zone will
become, which influences by-product formation, reaction times, and overall process control. This
dimensional limitation can be considered the main reason for the interest in continuous-flow pro-
cesses to scale up photochemical transformations. Notably, the small dimensions found in micro-
and milli-flow reactors enable homogeneous irradiation across the entire reactor volume, thus
ensuring that similar reaction kinetics are obtained.

Considering these laws and principles, several unique approaches can contribute to an overall
understanding of what is important in scaling up. The Stark–Einstein law inspired the method of
viewing photons as traceless reagents that require a certain stoichiometry and can therefore be ex-
pressed as a number of equivalents relative to the substrate (i.e., photon equivalents) (30).Chemical
actinometry is often used to identify the role of photons in a system and can help identify what lim-
its productivity. For instance, increasing reaction rates by intensifying light irradiation will reach a
point where the reaction mixture is saturated with photons, and thus where focus should be turned
toward enhancing other elementary steps, such as mass-transfer and reaction kinetics (31). Using
these types of approaches in identifying which step in the overall system limits productivity can
shift the primary focus of the scale-up strategy. Consequently, numerous photochemical reactors
have been reported for scale-up, ranging in sizes, design principles, and application intent (32–34).

In general, scaling up photochemical systems is an intricate balance between light irradiation,
the chemicals used, and reactor materials and geometry (35), resulting in trade-offs between ki-
netics, transport phenomena, and cost. To fully appreciate and grasp the essential factors of this
field, an overview of some interesting developments and novel design efforts is discussed in the
following sections.

RECENT ADVANCES AND WORK

In continuous-flow processing, tubular/capillary PFR-type reactors are frequently used to enable
scale-up. A selected overview of some seminal works and recent advances in the field of scale-up
is presented here, including some designs that deviate from this PFR-type standard to highlight
the versatility and possibilities within the field.

Booker-Milburn and coworkers (36) detailed the design of a photochemical flow reactor capa-
ble of carrying out large-scale reactions (>500 grams per day) in a single pass.This reactor consists
of fluorinated ethylenepropylene tubing [internal volume 210 mL, inner diameter (ID) 2.7 mm]
coiled around a Vycor immersion well, irradiated from within the reactor assembly (Figure 3a).
The choice of material, for both the tubing and the glass reactor, is crucial to avoid absorption of

288 Zondag • Mazzarella • Noël
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Figure 3

(a) Capillary flow reactor with illumination from the inside. (b) The [2 + 2] photocycloaddition in flow. (c) The trifluoromethylation in
flow. (d) Capillary flow reactor with illumination from the outside. (e) The photocatalytic dehydrogenation of indoline. ( f ) The
hydrogen atom transfer process for the synthesis of hydrazine derivatives in flow. Abbreviations: LED, light-emitting diode; tBPB:
tert-butyl peroxybenzoate.

the emitted wavelengths, namely in the UV-B/A and visible regions. The immersion well reactor
can be cooled easily by directing water through its cooling jacket, and the lamp could potentially
be replaced with one of a different nature.To prove the efficiency of this design, the authors carried
out a [2 + 2] photocycloaddition (Figure 3b) using a medium-pressure mercury lamp (400W) to
photoexcite the maleimide reaction partner. Under the optimized reaction conditions, this design
afforded the corresponding target molecule in a residence time of 26 min and a projected 24-h
production of 685 g.

Stephenson and coworkers (37) used a similar design to enable a multigram scale-up of the
photocatalytic perfluoroalkylation of aromatic compounds with pyridine N-oxides. Specifically,
the authors used a set of blue light-emitting diodes (LEDs) to match with the absorption spectrum
of the photocatalyst and used perfluoroalkoxy (PFA) tubing as reactor (internal volume 150mL, ID
1.6 mm). The targeted trifluoromethylated pyrrole (Figure 3c) could be obtained in a residence
time of 30 min, leading to a productivity of 600 g/day.

A collaboration between the Knowles group and Merck used capillary flow technology to per-
form a scale-up of a light-triggered dehydrogenation of indoline for the synthesis of elbasvir (38)

www.annualreviews.org • Scaling Up of Photochemical Reactions 289
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(Figure 3e). This reactor is characterized by blue light illumination from the outside of the PFA
capillary (Figure 3d). The reactor coil was wrapped around an Ace glass condenser (internal vol-
ume 150 mL, ID 3.1 mm), which was kept at a temperature below 0°C to avoid racemization of
both starting material and product.Using this reactor, they obtained the targeted dehydrogenated
product employing only 0.1 mol% of the iridium-based photocatalyst and 2 equivalents of tert-
butylperbenzoate as oxidant. With a residence time of 60 min, a 24-h production of ∼500 g was
projected with almost negligible erosion on the enantiopurity (99.8%ee).

All the aforementioned procedures use reactors characterized by a rather large volume (150–
210mL).More recently, a collaboration between theNoël research group and Signify has resulted
in a photoreactor capable of performing reactions in a very short residence time and with re-
duced reactor volume due to the high photon flux provided by a powerful illumination source
(optical power output 144 W) (39). This reactor design consists of a metal support coiled with
PFA tubing (ID 0.7 mm) and irradiated by 6 UV-A chip-on-board LEDs, each attached to a heat
dissipation element and a fan. By using this reactor, the authors carried out a photocatalytic hy-
drogen atom transfer procedure to convert alkane substrates into the corresponding protected
hydrazine derivatives in a capillary reactor of only 11 mL with a productivity of 2.15 kg/day (40)
(Figure 3f ).

Researchers from Merck recently showed that capillary PFR reactors can be used to support
pilot-scale production (41). Hereto, a fluorinated ethylenepropylene–based tubular reactor (in-
ternal volume 830 mL, ID 7.1 mm) was coiled and housed between two glass plates, which could
be cooled (Figure 4a). The reactor was irradiated with high-intensity LED chips (total power

Figure 4

(a) The housing containing the coiled tubular reactor and this reactor placed inside the LED skid. Adapted with permission from
Reference 41; copyright 2022 American Chemical Society. (b) Benzylic bromination in flow. (c) Schematic representation of the Firefly
reactor. Adapted with permission from Reference 42; copyright 2016 American Chemical Society. (d) The intramolecular [2 + 2]
photocycloaddition in flow. Abbreviations: DBDMH: 1,3-dibromo-5,5-dimethylhydantoin; LED, light-emitting diode; PEEK,
polyether ether ketone.
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input 800 W, LED panels were glycol cooled). This setup enabled the scaling of the benzylic
photobromination of a key indane intermediate for the preparation of belzutifan (Figure 4b):
50 kg of indane derivative could be converted in 32 h (1.5 min residence time, 38 kg/day
productivity), yielding the target brominated compound in an assay yield of 93%.

Booker-Milburn and coauthors (42) developed another design to increase productivity in which
the reaction mixture is introduced into parallel-positioned tubes. This design, also known as par-
allel tube flow reactor and coined the Firefly reactor (Figure 4c), was conceived with the aim of
producing more than one kilogram of product per day, while not increasing the overall footprint
of the reactor or the size of the light source with respect to the previous capillary designs. To
realize this goal, the authors decided to use more durable and UV-transparent quartz tubes (in-
ternal volume 120 mL), positioned around the central mercury lamp in a parallel fashion. The
individual tubes were subsequently connected in series. Additionally, a double cooling system was
integrated within the reactor to avoid overheating: The reactor tubes were encapsulated within
a fluid-cooled annular cavity, and a fan was located at one of the sides of the reactor, providing
additional cooling. A metal reflector was placed around the reactor to maximize the exposure of
the reaction mixture to the UV light. As a result, the authors could carry out a benchmark [2 + 2]
photocycloaddition (Figure 4d) with a productivity of 8 kg/day.

Due to their simplicity, adaptability, and low cost, capillary microreactors are the most-used
reactor type for scaling up light-promoted reactions. However, other reactor designs also have
been used, such as microstructured reactors. As an example, Alcazar and coauthors (43) used a
commercially available glass plate reactor, i.e., the Corning Advanced-Flow Reactor (AFR) G1, to
scale the visible light–induced two-step Negishi cross-coupling process (Figure 5a). This strategy
consists of the light-enhanced nickel-catalyzed coupling between an aryl bromide and an organo-
zinc reagent, which was prepared by directing an alkyl halide–containing solution over a column
filled with zinc powder (Figure 5b). The photochemical reactor is the result of a sizing-up ap-
proach in which five glass-based fluidic modules of 8.2 mL each were connected in series [also
called numbering-up in series (21)]. To ensure proper illumination, each module was irradiated
from both sides with a 405-nm LED panel. By using reaction conditions almost identical to those
used on a laboratory scale (44), a seven- to tenfold increase in productivity was obtained (5.6 g/h).
This enhanced throughput is due not only to a fourfold increase in the reactor volume but also to
the higher light intensity, which ensures effective irradiation of the reaction mixture.

Kappe and colleagues (45) also used the Corning-type flow reactors to carry out a photochem-
ical benzylic bromination. The process relies on the in situ generation of Br2 in flow by reacting
concentrated HBr and NaBrO3, which is subsequently combined with 2,6-dichlorotoluene and
introduced into the photochemical G1 Low Flow reactor (internal volume 2.5 mL) (Figure 5c).
The use of this type of reactor proved crucial due to its increasedmixing ability: TheCorning AFR
G series is characterized by several heart-shaped cells containing internal obstacles that function
as static mixers and improve mass transfer (Figure 5a). After leaving the photochemical reactor,
the reaction stream is quenched in a second G1 Low Flow reactor by a sodium thiosulfate solu-
tion, ensuring complete conversion of Br2 and thus reducing the risks associated with handling of
this hazardous compound. By using this reactor, a good projected throughput of ∼6 kg/day was
obtained inside the reactor assembly with an internal volume of only 5 mL for the photochem-
ical step. Similarly, the authors proved that by using the Corning G3 reactor (∼50 mL internal
volume) under reoptimized conditions, an increased throughput of ∼96 kg/day could be realized
(46).

Most of the reactors discussed so far exploit passive mixing principles; i.e., the flow energy
delivered by the pumps is used to enable mixing of the reaction mixture (48, 49). Mixing behavior

www.annualreviews.org • Scaling Up of Photochemical Reactions 291
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Figure 5

(a) The G1 photoreactor with heart-shaped fluidic modules. Adapted with permission from Reference 47;
copyright 2016 Corning Inc. (b) The photochemical Negishi cross-coupling in flow. (c) The photochemical
benzylic bromination in flow. Abbreviations: dtbbpy, 4,4′-di-tert-butyl-2,2′-dipyridyl; glyme, dimethyl glycol.

in this class is intensified by reactor orientation and shape, such as the static mixing units, sharp
bends, or local constrictions. However, some reactors combine both passive and active mixing
principles to intensify the mass- and heat-transfer phenomena. This is useful particularly for
multiphase reaction mixtures, where mass transfer between two or more phases must be ensured.
Active mixing involves the supply of additional energy to increase mixing. Examples are the use
of pulsations, ultrasound energy, or mechanical stirring.

A first example involving both active and passive mixing is the HANU reactor, developed by
Creaflow (Figure 6a). The HANU microstructured reactor is an oscillatory flow reactor, which
uses static mixing elements in combination with a pulsated flow (50). Notably, these oscillations
also allow one to sustain a slurry without the occurrence of reactor clogging (51), a common issue
encountered in continuous-flow capillaries (52). The reactor was benchmarked using a photocat-
alytic nickel-catalyzed C(sp2)–C(sp3) reductive cross-coupling between methyl 4-bromobenzoate
and 4-bromotetrahydropyran with Na2CO3 as an inorganic solid base (Figure 6b). The residence
time was reduced from 6 h in batch to 30 min in flow. The final productivity was 0.87 g/h, com-
pared to only 0.014 g/h in batch. The scale-up potential of the HANU reactor was demonstrated
further for a homogeneous photocatalytic C(sp3)–H alkylation using TBADT (53), photocatalytic
C–N cross-coupling reactions using the heterogeneous photocatalyst graphitic nitride (54), and
photocatalytic atom transfer radical addition reactions (55).

292 Zondag • Mazzarella • Noël



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
16

0.
80

.2
5.

79
 O

n:
 W

ed
, 1

5 
Ja

n 
20

25
 1

0:
20

:1
3

CH14CH12_Noel ARjats.cls May 20, 2023 12:22

Figure 6

(a) Schematic representation of the HANU HX 15 reactor setup. Adapted with permission from Reference 51; copyright 2020
American Chemical Society. (b) The photocatalytic reductive cross-coupling in flow. (c) Schematic representation of the ultrasonic
photochemical reactor. Adapted with permission from Reference 56; copyright 2022 Elsevier. (d) The triphasic photochemical
photooxidation in flow. Abbreviations: BPR, back pressure regulator; dtbbpy, 4,4′-di-tert-butyl-2,2′-dipyridyl; glyme, dimethyl glycol;
LED, light-emitting diode; USMR, ultrasonic millireactor.

Noël and colleagues (56) developed an ultrasonic (US) photochemical reactor, which was
operated by simultaneous irradiation of the glass capillaries with ultrasound and visible light
(Figure 6c). US irradiation of reaction mixtures can cause various physical phenomena, of which
cavitation bubble formation and subsequent collapse are the primary effects of interest. US irra-
diation can intensify mixing and break up particle agglomerations, thereby preventing clogging
of capillaries and providing another method for solids handling in flow. The US reactor was cus-
tom designed and includes a transducer that generates the soundwave, which is then propagated
through a sonotrode and large irradiating cylinder. This assembly is responsible for the trans-
formation of standing waves in the longitudinal direction through the sonotrode into the radial
direction of the cylinder. The glass capillary (ID 2.2 mm, 13 mL) is coiled around this cylinder,
enabling the direct internal US irradiation of the reaction mixture (22.6 kHz, 60 W) while leav-
ing the external part available for light irradiation (365-nm LEDs, 65 W input power). Despite
the compressed air cooling, a large temperature rise of the reactor mixture was observed during
continuous US irradiation, necessitating a shift toward pulsed on–off sonication. A triphasic pho-
tooxidation of 4-(trifluoromethyl)benzyl alcohol to the corresponding aldehyde with oxygen and
the heterogeneous photocatalyst titanium dioxide (Figure 6d) was performed to showcase the in-
tensified mixing and solids-handling capabilities of the setup, resulting in a significant increase in
conversion and preventing clogging.

Another classic example of active mixing is the commonly used continuous stirred-tank reactor
(CSTR), in which a stirrer (e.g., magnetic, propeller) agitates the reaction mixture. In principle,
CSTRs are stirred batch reactors but with an in- and outflow. The vessel itself is typically larger
than the previously discussed PFRs. Researchers from AbbVie demonstrated that a photochemical
CSTR platform can facilitate scaling of photochemical transformations (57). Their setup makes
use of a fiber-optic laser (25Woutput power, 450 nm) that irradiates a 100-mL vessel from the top
through a beam expander to cover the entire top surface with light (Figure 7a).Contrary to diffuse

www.annualreviews.org • Scaling Up of Photochemical Reactions 293



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
16

0.
80

.2
5.

79
 O

n:
 W

ed
, 1

5 
Ja

n 
20

25
 1

0:
20

:1
3

CH14CH12_Noel ARjats.cls May 20, 2023 12:22

Figure 7

(a) Schematic representation of the laser-driven photochemical continuous stirred-tank reactor. Adapted with permission from
Reference 57; copyright 2019 American Chemical Society. (b) The photocatalytic nickel-catalyzed C–N cross-coupling in flow. (c) The
photocatalytic trifluoromethylation using dissolved CF3I gas in flow. Abbreviations: DABCO, 1,4-diazabicyclo[2.2.2]octane; TMG,
1,1,3,3-tetramethylguanidine.

LED irradiation, a laser offers high-intensity focused light, allowing placement of the light source
further away from the reaction mixture than is necessary for diffuse light sources. This decouples
the heat generated by the light source from the reactor part and thus does not affect the internal
reactor temperature. The high-power laser enables irradiation through the reactor for the entire
5-cm optical path depth in the vessel, and agitation is achieved by a magnetic stirrer positioned at
the bottom of the vessel. With the inlet placement at the bottom and outlet as an overflow at the
top, the RTD experiments showed almost ideal CSTR behavior. The reactor platform showcased
a photocatalytic nickel-catalyzed C–N cross-coupling (Figure 7b) resulting in 1.8 kg of product in
32 h, yielding a productivity of 1.2 kg/day in the 100-mL device. Next, researchers from AbbVie
and Asymchem developed and demonstrated a fully continuousmultistep process in which the first
photochemical step, i.e., the trifluoromethylation of 2-chlorothiophenol with dissolved CF3I gas
(Figure 7c), was performed in a large-scale laser-driven CSTR (1 L, 300 mL irradiated volume)
(58). The fully continuous process included a consecutive oxidation of the trifluoromethylated
product, intermediate washes, and settlers/separators. Performing the photochemical step in the
jacketed laser-driven CSTR resulted in an overall process productivity of 50 kg/day.

The working principle of an ideal CSTR is intrinsically different from those of batch reac-
tors or ideal PFRs. In a CSTR, the ideal mixing ensures that reagent/product concentrations are
homogeneous throughout the entire reactor. In batch reactors and PFRs, the conversion of the
starting material varies over time or along the reactor length, respectively. Due to this difference,
CSTRs generally require a larger reactor volume than PFRs to achieve the targeted conversions.
A classical method to mitigate this issue and to ensure high conversions is to connect multiple
smaller-volume CSTRs in series (59), emulating the gradual change in conversion of the PFR.
For their laser-driven CSTR platform, the researchers at AbbVie also theoretically envisioned
this concept using a so-called Levenspiel analysis to reduce the required reactor volume in order
to enhance projected productivity of the C–N cross-coupling product from 1.2 to 3.9 kg/day by
operating two CSTRs (100 and 38 mL in volume) in series, with a separate laser each (57).

Jensen and coworkers (60) also exploited this CSTRs-in-series concept. The setup consists of
5 sequential mini-CSTRs, each equipped with a stirring bar (5.3 mL total reactor volume). The
setup is irradiated by 3× 40-W blue LED light sources (440 nm) focused through condenser
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lenses. Emulating PFR behavior with this setup has one major advantage over a PFR: Given
the overall larger dimensions, the risk of clogging can be minimized. The authors demonstrated
this during an extended run of 13 h, in which 1 g of the cross-coupling product between 4-
bromotetrahydropyran and methyl-4-bromobenzoate (see Figure 6b for reaction scheme) could
be isolated. Interestingly, the solid base was fed into the system separately from the homogeneous
reaction mixture by a custom-made slurry pump.

Alternative reactor designs that are closely related to the traditional stirring methods used in
CSTRs exploit high-velocity rotating structures and can achieve highly efficient mixing and high
shear rates (61). These conceptually interesting reactors comprise a static part (called the stator)
and a rotating part (called the rotor), and these two components are separated by a narrow gap
(mostly a few millimeters). Due to fast rotation of the rotor, the fluid experiences high shear rates,
and turbulence and vortices are induced in the reaction mixture, which significantly increase mass
and heat transfer.

George, Poliakoff, and colleagues (62) applied this principle in the development of a so-called
vortex reactor. The reactor consists of a bored stainless-steel rod suspended from the top of the
reactor, serving as the rotor, and a jacketed glass tube, as the stator. The active irradiated reactor
volume (8 mL) is confined in the annular space between the rotor and stator (∼1 mm), which
is irradiated by white LEDs. Similar to overflow CSTRs, the reaction mixture was fed from the
bottom (through the bored center of the rotor) and collected at the top, which was open to air.
The photocatalytic oxidation of α-terpinene to ascaridole was used as the benchmark reaction
(Figure 8a), where the required oxygen was drawn from the air headspace at the top of the reactor.
High-velocity rotation of the rod caused local depressions, allowing the air to be drawn into the
annular volume, where Taylor–Couette vortices intensified mixing and facilitated dispersion of
air into the reaction mixture. Because this benchmark reaction can suffer from selectivity issues

Figure 8

(a) The photocatalytic oxidation of α-terpinene to ascaridole in flow. (b) Schematic representation and picture of the scaled-up vortex
reactor. Adapted with permission from Reference 63; copyright 2020 American Chemical Society. (c) Schematic representation of the
photochemical rotor-stator spinning disk reactor. Adapted with permission from Reference 64; copyright 2020 Elsevier. (d) The
photooxidation of β-citronellol in flow. Abbreviation: LED, light-emitting diode.
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with the undesired formation of p-cymene, and because the uptake of oxygen in the system is
highly dependent on the rotational speed, the rpm (revolutions per minute) was varied to find
optimal operating conditions. At optimal conditions, a productivity of 11 g/day toward the desired
ascaridole product was demonstrated.

Next, the same authors developed a scaled-up version of the vortex reactor (63) (Figure 8b).
This design abandoned the open-top concept, as well as the feed through the bored rod. Instead,
to allow for more feed control and scale-up possibilities, an open-ended jacketed tube/cylinder
was equipped with feed at the bottom, suitable for both liquid and gaseous feed, and collection of
the reaction mixture at the top. The rod was replaced with a rotating cylinder (diameter of 96 mm
versus 18 mm in the first generation), which requires overall lower rotational speeds to generate
comparable hydrodynamic behavior in the annular volume. This significantly larger vortex reac-
tor (2-mm gap, 280-mL annular volume) can be irradiated by LED blocks or medium-pressure
mercury lamps for visible-light or UV purposes, respectively. The (visible-light) photooxidation
of β-citronellol using pure oxygen was used as a benchmark for comparison between the two
generations (Figure 8d). Less than 10 g/day of product was achieved in the first generation,
whereas the productivity for the second generation exceeded 1.6 kg/day. A projected produc-
tivity of 7.5 kg/day for the (UV-irradiated) [2 + 2] photocycloaddition of a tricyclic dione to its
corresponding diketone was also reported (see reaction scheme in Figure 4b).

Another example of active mixing that exploits the rotor-stator concept is the photochemical
rotor-stator spinning disk reactor (pRS-SDR) developed by Noël, van der Schaaf, and colleagues
(64). This reactor concept consists of a cylindrical stator with a rotating disk as rotor. The axis of
the disk is connected solely at the bottom, leaving the flat top surface of the disk available to be
irradiated through the quartz top window (Figure 8c). The gas–liquid reaction feed is introduced
at the bottom of the stator, and the outlet is positioned in the center of the disk’s top surface,
escaping through the axis of the rotor. The high shear rates created by the rotational speed ef-
fectively disperse the co-fed gas into the liquid phase: The average gas bubble size reduces with
increasing rpm, resulting in a higher interfacial area. Interestingly, just as the theoretical aver-
age residence time in a CSTR is not influenced by its stirring speed, the residence time of the
pRS-SDR is independent of the rotational speed of the disk. This effectively decouples the mix-
ing and the hydrodynamic behavior from the used flow rates, allowing for excellent performance
tuning. The setup is irradiated through the quartz window, which resulted in an irradiated vol-
ume of 27 mL (∼2-mm gap) out of the full 64-mL internal reactor volume. This is due to the
nonirradiated volume below the disk. The photooxidation of α-terpinene to ascaridole was used
as a benchmark reaction (see Figure 8a), using high-power white LEDs. Increasing the rotational
speed significantly improved reaction selectivity and yield: The pRS-SDR achieved a productivity
of 1.1 kg/day at 2,000 rpm. Notably, this would require 71 capillary microreactors in parallel to
match the pRS-SDR productivity. Although supply of additional mechanical energy is required to
reach high rpm in these mechanically stirred reactors, it represents only 10% of the total energy
input in the pRS-SDR. In other words, the light source remains the strongest contributor to the
total energy balance and represents the most expensive aspect in scaling photochemical transfor-
mations. As this example shows, increasing the rotational speed strongly impacted the yield and
selectivity. Thus, it seems reasonable and economically wise to use active mixers to enable process
intensification in photochemical transformations.

The pRS-SDR was subsequently evaluated in a solids-containing heterogeneous photochem-
ical transformation, as a demonstration of its ability to process slurries (65). The benchmark
reaction was the aerobic photodegradation of aqueous methylene blue using titanium dioxide as a
solid photocatalyst. Because this transformation is performed withUV irradiation, the light source
was changed to a UV floodlight (365 nm, 175Wmaximum input power). The productivity of the
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pRS-SDR was compared in terms of volumetric processing rate to other reported setups and sur-
passed these. Due to the high shear on the reaction mixture, issues related to clogging, particle
agglomeration, or settling were not observed.

SUMMARY AND FUTURE OUTLOOK

Reactions that involve photons as energy carriers have long been thought to be unscalable. Con-
sequently, photochemistry has been mostly avoided in the chemical industry, and thus limited or
no expertise has been built up to handle such transformations. However, due to the popularity of
photocatalysis in the past two decades and the decisive benefits it brings along for the prepara-
tion of medicines, agrochemicals, and other chemical building blocks, research activity concerning
scale-up of photochemical transformations has grown significantly.

Herein, we have shown that continuous-flow reactors are the solution to scaling photochemi-
cal transformations in both academia and industry. Successful scaling of photochemistry entails a
careful balance between a suitable light source, a proper continuous-flow reactor design, and care-
ful reaction engineering. Depending on the reaction scale and the nature of the reaction mixture,
various reactor types can be used in combination with additional active or passive mixing elements.
Furthermore, although a single reactor might not be sufficient, a combination of numbering up
and sizing up should enable process engineers to meet the production targets.

Although substantial reaction scales can be accessed nowadays, more work remains. Solving
the remaining issues will require a concerted effort from chemists, chemical engineers, and light
developers.

A first issue involves the development of cheaper and more energy-efficient light sources, es-
pecially in the UV-B and -C region where no suitable LEDs are yet available. Although for visible
light and UV-A excellent LED solutions with long lifetimes and good energy efficiency are on the
market, the cost of photons remains high. Hence, more efficient use of these photons is needed,
e.g., through the development of photochemical transformations that rely on radical chains (i.e.,
a single photon leads to many product molecules) and through better reactor design that reflects
nonabsorbed photons. Alternatively, solar light could be harvested as a free and sustainable energy
source. Notably, some specially designed reactors have been developed recently that can exploit
solar energy to drive photocatalytic transformations (66, 67).

Second, the combination of mass-, heat-, and photon-transport phenomena is undoubtedly
challenging, and thus more effective models, relations, and correlations are required to help
researchers understand and predict the overall photochemical reaction process. As more funda-
mental knowledge is built up, researchers in the chemical industry will become more confident in
implementing photochemical steps in their synthetic routes.

Third, standardized reactor units are required to ensure widespread implementation of pho-
tochemistry. As shown here, most companies develop internally customized scaled-up reactor
solutions for their photocatalytic transformations.Therefore, off-the-shelf reactor units with suit-
able and fully characterized light sources would be of high interest. Due to the continued efforts
of researchers in both academia and industry to streamline the scaling of photochemical trans-
formations, we anticipate that the use of such activation modes will become mainstream in the
chemical industry.
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