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In both batch and continuous-flow reactor technology,
photochemical processes due to setup variability. One major contributor to this issue is the lack of

reproducibility can be challenging for

standardized reactor solutions, particularly in academic laboratories where cost is often a prohibitive factor
to purchase commercially-available reactor technology. However, advancements

technologies and the availability of high-intensity light sources present an opportunity to develop cost-

in 3D printing

effective laboratory equipment. In this work, we present a diverse set of open-source reactor designs
aimed at democratizing photochemistry while reducing the barrier of expensive technology. We introduce
three new reactor designs: the UFO reactor for batch reactions, the Uflow reactor for seamless transition
to flow processes, and the Fidget reactor for scale-up. After detailing the design principles and rationale
behind these configurations, we characterize and evaluate their performance through simulations and
experiments. These designs offer a standardized and affordable point of entry for researchers interested in

rsc.li/reaction-engineering

Introduction

In recent decades, the field of photochemistry has
undergone remarkable expansion, driven by the widespread
adoption of visible light photocatalysis."”* This resurgence in
interest stems from the diverse array of innovative
transformations it facilitates, alongside its enhanced
selectivity.” Such methodologies have revolutionized the
construction of challenging chemical bonds under
remarkably mild reaction conditions, often at room
temperature and through visible light activation.*
Simultaneously, advancements in technology have met
chemists' demands for high-intensity, energy-efficient, and
precisely controllable light sources, notably through LED
technology.”® This transition not only streamlines routine
operations but also substantially reduces the costs
associated with photochemical processes.” Moreover, the
adoption of continuous-flow reactor technology, employing
transparent capillaries with small diameters, has addressed
scalability = challenges  inherent in  photochemical

Flow Chemistry Group, Van't Hoff Institute for Molecular Sciences (HIMS),
Universiteit van Amsterdam (UvA), 1098 XH Amsterdam, The Netherlands.

E-mail: t.noel@uva.nl

+ This work is dedicated to Prof. Dr. Klavs F. Jensen (Dept. of Chemical
Engineering, Massachusetts Institute of Technology) in honor of his 70th birthday.
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4re00081a

2218 | React. Chem. Eng., 2024, 9, 2218-2225

exploring batch and flow photochemistry.

transformations.'® The convergence of these cutting-edge
technologies, alongside the growing appeal of the field, has
propelled the widespread adoption of photon-driven
chemistry in laboratories worldwide.

The accessibility of assembling homemade
photochemical setups has led to a proliferation of various
designs,  often lacking adequate  characterization.
Consequently, this diversity poses challenges to the
reproducibility of photochemical transformations.'* It is
important to realize that photons serve as the central
reactant initiating these reactions, thereby rendering both
reaction kinetics and reagent stability closely dependent on
light intensity. Moreover, according to the Lambert-Beer
law, light intensity diminishes rapidly as it traverses
through the reaction mixture, resulting in zones of over-
irradiation conducive to byproduct formation and under-
irradiation where photochemistry is impeded. Thus, it
becomes evident that reactor characterization and
standardization are pivotal for ensuring reproducibility in
photochemical reactions. While purchasing off-the-shelf
reactor technology presents a potential solution, the high
associated costs, particularly in academic settings, often
hinder the acquisition of such expensive equipment.
Additionally, the need to separately procure solutions for
batch or flow technology further exacerbates the financial
burden associated with initiating photochemical activities.
Furthermore, most commercially available solutions are

This journal is © The Royal Society of Chemistry 2024
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non-customizable, posing a significant
tailoring them to specific applications.

However, 3D printing technologies offer a promising
solution to overcome most, if not all, of these challenges.lz’21
The advancement of additive manufacturing, particularly
fused deposition modeling (FDM), presents a compelling
option for laboratory settings where customized solutions are
often required promptly.”>>* These processes cater to the
global scientific community by enabling the design,
modification, enhancement, production, and repair of small-
scale systems.'* Notably, these technologies not only ensure
precise replication of designs multiple times but also
expedite the dissemination of innovations, enhancements,
and reproductions among fellow scientists.

Our research group has been integrating 3D printing
technology with innovative reactor design for several
years.>*?® Despite having access to commercially available
reactor designs, the popularity of our 3D-printed reactor
designs within our group surged notably. This was primarily
due to the elimination of waiting queues and the ability to
have multiple setups per person, facilitating the accelerated
acquisition of research data. Furthermore, these designs
garnered interest from colleagues in the field, prompting us
to frequently donate setups and share our blueprints. In an
effort to further democratize access to our cost-effective
reactor designs for photochemical applications, this paper
aims to provide a comprehensive blueprint, along with
characterization and experimental validation of these
designs; see the Data availability section for access to the
open-source files.

Our 3D printed reactor systems have been tailored
around the widely-used, high-intensity LEDs developed by
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Kessil.””*> These light sources offer diverse wavelength
options along with tunable intensity settings, ensuring
precise control over a wide range of photochemical
reactions. To validate the efficacy of the proposed designs,
a comprehensive assessment of the reactors' performance is
conducted. This assessment encompasses standard
photochemical transformations as well as thorough
simulations of photon pathways within the systems to verify
the irradiation efficiency. Presented herein is a versatile
batch system engineered to expedite and ensure
reproducible  screening of  photochemical reaction
conditions. Additionally, we introduce two continuous-flow
systems employing the same light sources. These systems
facilitate more uniform irradiation of the reaction mixture,
reduce reaction time, enable straightforward scale-up, and
expedite the evaluation of continuous reaction variables
such as reaction time and light intensity. Collectively, these
systems represent invaluable tools for efficiently screening
batch conditions, extrapolating to continuous-flow systems,
and scaling up towards large-scale production. Finally, a
brief comparison between the 3D printed reactors and
state-of-the-art commercially available systems is provided
for context.

3D printed batch and continuous-
flow photochemical reactors: design
Our objective was to develop a versatile array of reactors

capable of guiding researchers through various stages of
process development. Typically, initial exploration of

photochemical reactions occurs in batch mode, exploiting
high-throughput

its potential for experimentation to

Fig. 1 A) Sliced schematic design of the UFO batch reactor system with air flow and light path directions indicated. B) Assembled 8-vial UFO
reactor being operated, mounted on a custom clamp support to fit IKA magnetic stirring plates.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A) Sliced schematic design of the Uflow reactor system with air flow and light path directions indicated. B) Assembled reactor system in
operation. C) Assembled reactor system showing the capillary coil with a biphasic reaction mixture.

simultaneously investigate multiple discrete variables such
as solvents, bases, and ca\talysts.33 For this purpose, we
devised the UFO reactor—a batch reactor featuring multiple
inserts for test tubes—customized for efficient and
reproducible screening.

As chemical processes progress, scaling up becomes
imperative, necessitating the adoption of continuous-flow
technologies for photochemical reactions.> Thus, we
introduce our second reactor design: the Uflow reactor,
equipped with a single Kessil lamp, facilitating screening of
continuous variables and enabling the production of a few
mmol of product. However, as the goal shifts towards
achieving substantial product quantities during scale-up,
more photons are required to ensure high throughput
capacity. This trade-off led us to develop a third design, the
Fidget reactor, featuring three high-intensity Kessil lamps
arranged around a central capillary reactor mounted on a
fidget-resembling holder.

UFO batch reactor design

The UFO batch reactor§ design incorporates several
reflectors, coated with reflective tape to efficiently
redistribute irradiation (see Fig. 1). This intuitive

redistribution strategy aims to achieve uniform irradiation
across multiple reaction tubes while minimizing the
formation of potential hotspots. Additionally, to maintain
stable operational temperatures within the system and
thereby prevent undesired thermal effects on the targeted
photochemistry, an axial fan is strategically positioned on the

§ The term ‘UFO reactor’ is coined within our research group, inspired by its
resemblance to science fiction UFOs. While not an acronym, this nickname has
become ingrained in our discussions and usage.
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opposing side of the lamp. This configuration facilitates the
inflow of air from the reactor's base, promoting the cooling
of both the reaction mixture and the reactor chamber.
Typically, the latter stabilizes around 28 °C (refer to ESIi).
The cooling air is then evacuated through ventilation holes,
ensuring optimal thermal conditions.

The system operates with the lamp oriented vertically to
maintain fixed positions of the lamp and tubes while
occupying minimal space on the operator's workbench. The
reaction tubes are arranged in a circular configuration
surrounding the lamp. The inclined orientation of these
tubes facilitates effective agitation of the reaction mixture
using magnetic stir bars, as they are positioned above the
magnetic stirring plate. Since mixing is a crucial factor for
photochemical transformations, the position of the tube is
essential to ensure uniform stirring across all tubes.
Inhomogeneous stirring can result in physical limitations
and reduce the performance of the reactions.**> Moreover,
the slightly tilted positioning of the test tubes provides ample
surface area for effective irradiation of the solution. Various
reactor lid designs are available for inserting 4, 8, or 12
tubes. In this work, disposable reaction tubes (7.5 mL, 13 x
100 mm, Pyrex, Corning) were used; however, modifications
can be made to adapt the system to any reaction tube. Opting
for more available tube positions allows for increasing the
number of parallel experiments using a single light source,
albeit at the expense of reducing the received radiant power
per tube.

Continuous-flow reactors

When converting a photochemical process from batch to
continuous flow, maintaining consistent reaction parameters

This journal is © The Royal Society of Chemistry 2024
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is crucial for a seamless transition.® However, altering the
light source may introduce undesired variability in light
intensity and/or wavelength distribution, thereby introducing
a critical parameter that varies between systems. The
challenge prompted us to develop a standardized flow system
that facilitates a seamless transition from our initial batch
setup. Dubbed Uflow reactor, this system integrates the same
light source, used in the batch configuration, directly into
the flow setup without requiring additional hardware
adjustments (see Fig. 2). In this setup, the vertically
positioned lamp irradiates a reflective cone, redirecting the
light towards the interior of the coiled transparent capillary
reactor tube. Similar to the batch system, the use of reflectors
assists in redistributing incident irradiation, thereby
minimizing potential hotspots. Likewise, a fan is incorporated
to maintain a stable internal temperature within the reactor
chamber, typically stabilizing around 30 °C (see ESIf).

Due to the direct correlation between reaction Kkinetics
and the received irradiation, photochemical systems are often
constrained by the quantity of photons reaching the reaction
mixture.” To augment the photon availability in our system,
we modified the existing design to accommodate three Kessil
lamps for process intensification and thus increased
throughput, resulting in the Fidget reactor design (see Fig. 3).

The Fidget reactor necessitated a different reactor holder
design to facilitate a revised coiling of the capillary
microreactor, aimed at preventing the formation of hotspots.
To tackle this challenge, we conducted ray-tracing
simulations utilizing a validated 3D model of the Kessil
lamp®” (see ESI}) and incorporated the optimal curvature of
the reactor coil. This fidget-curvature was pivotal in achieving
uniform irradiation along the illuminated surface. The tubing
was intricately wound around brass and transparent PMMA
pillars to achieve the desired shape while minimizing
shading effects on the tubing. Additionally, the triangular
configuration ensured that any light not absorbed during its
initial passage through the coil had an additional
opportunity to be absorbed upon striking the back of the
capillary. Temperature measurements revealed that cooling
with the axial fan alone was insufficient to dissipate the heat
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generated by the three lamps. Consequently, the reactor
chamber underwent redesign to facilitate compressed air
cooling, resulting in satisfactory outcomes as the temperature
stabilized around 27 °C (see ESI).

3D printed batch and continuous-flow
photochemical reactors:
characterization

The characterization of the three reactors involved both ray-
tracing simulations and experimental assessments.

Central to the ray-tracing simulations of all three reactor
designs is the irradiation profile from the utilized Kessil light
source. The linear reflector within the Kessil lamps results in
an anisotropic angular distribution of the light emission
pattern, as indicated in the datasheet provided by the
manufacturer.*® Consequently, the light emission profile is not
circularly symmetrical, potentially leading to variations in
irradiation characteristics among different reaction tube
positions within the UFO reactor or different reaction zones
within the coiled capillaries for the Uflow and Fidget reactors.
This variation requires detailed investigation for proper
comparison between different reaction mixtures. While this
effect is crucial for kinetic studies of photochemical reactions,
it may be negligible for systems where photons are in excess
and do not limit the overall reaction rate. However, such a
scenario is rarely encountered in most photochemical
transformations reported in the literature, as they mostly
operate in a photon-limited regime. A virtual representation of
the general Kessil lamp design was previously developed by our
team and validated using ray-tracing. This representation is
utilized here for characterizing the irradiation profiles of the
complex reactor geometries.*

The simulations for the UFO reactor using the 4-vial
reactor lid are validated through chemical actinometry (see
ESI}), serving as the foundation for further simulated
irradiation profiles. For the flow reactors, the wrapped coil is
simply modeled as a flat surface, as this represents the
generic collecting surface, making simulations more

Fig. 3 A) Sliced schematic design of the Fidget reactor system with air flow and light path directions indicated. B) Assembled reactor system built
and ready for operation, showing the wound capillary in its custom holder. C) Top view of the opened Fidget reactor equipped with the 3 Kessil

lamps.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Simulated irradiation profiles mapped on the irradiated surfaces for the 4-vial UFO reactor (A), the Uflow reactor (B) and the Fidget reactor
(C). These profiles were generated for one Kessil PR160L-370 nm at 100% intensity setting, three lamps in the Fidget reactor simulation. The
wireframe visualization shows the general geometry of the reactors as per design.

generalized and independent of the specific capillary's
dimensions. The generated irradiation profiles, depicted in
Fig. 4, illustrate the potential hotspots, dark areas, and
homogeneously irradiated regions within the different reactor
designs. Surface integration of these irradiation profiles
provides the expected maximum radiant power that can be
absorbed by the reaction mixture. Since all the reactors
utilize Kessil lamps, the simulations of these reactors have
broad applicability. Not only can the power setting be
adjusted, but also the wavelength option, enabling informed
decisions to set a desired radiant power experienced by the
reaction mixture using our simulation data. Further details
and tabulated data are available in the ESL.}

To assess the effectiveness of the presented reactor
designs, we conducted a photocatalytic hydrogen atom
transfer (HAT)-enabled Giese-type alkylation reaction
(Scheme 1), facilitating the coupling between cyclohexane
and dimethyl maleate catalyzed by tetrabutylammonium
decatungstate (TBADT).***?

To compare photon exposure across tubes in different
positions, we deliberately maintained a relatively low
conversion rate by utilizing a Kessil PR160L 390 nm lamp at
only 25% of its maximal power, as depicted in Fig. 5. As
described in the reactor configuration, variations in yields
were observed between configurations A and B due to the
lamp's two planes of symmetry, with the blue ellipse
representing the lamp orientation. While these differences
may be insignificant during extended reaction times when

4

Kessil COMe
TBADT 0.5 mol%
7~ “co,Me =
CO,Me
EOMs MeCN 2
1 2 3

Scheme 1 Photocatalytic hydrogen atom transfer enable Giese-type
alkylation reaction: the coupling of cyclohexane with dimethyl
maleate, catalyzed by tetrabutylammonium decatungstate (TBADT),
used as a benchmark transformation to assess the performances
across different reactor designs.

2222 | React. Chem. Eng., 2024, 9, 2218-2225

photons are abundant (i.e., when the transformation reaches
full conversion), they could pose challenges in precise data
comparison, particularly in kinetic studies or when byproduct
formation occurs at increased light intensities. To mitigate
this concern, we devised a reactor insert with four equivalent
positions, ensuring uniform photon exposure to all tubes, as
illustrated in Fig. 5C.

We further investigated the performances of our different
flow reactor designs wusing the same photocatalytic
benchmark transformation (Scheme 1). Our aim in this
assessment was to evaluate the maximum performance of the
systems under optimal reaction conditions. To achieve this,
we conducted the transformation at 100% light intensity,
utilizing Kessil PR160L 370 nm Gen2 lamps. This choice
allowed for comparison with commercially available systems,
such as the Vapourtec UV-150 photochemical reactor and the
Signify Eagle reactor, which typically employ 365 nm LED
light sources.”**** By sampling at various time intervals
(see method in the ESIf), we generated the graphs depicted
in Fig. 6A and B.

As expected, the intensified photon flux of the Fidget reactor
resulted in faster photon-induced conversion compared to the
Uflow reactor system, which utilizes only a single lamp and
thus lower light intensity. Analyzing the reaction composition
over time enabled us to determine the initial rate of the
reaction in both reactors. By manipulating the power input of
the lamps, we assessed the initial rate of the reaction in
relation to the optical power. Comparing these output powers
provided a means to evaluate and contrast the reactor designs
based on the chosen reaction parameters.

To ensure fair comparisons, we screened the light
intensity in both the Signify Eagle and the Vapourtec UV-150
systems. However, due to the exceptionally high-power light
sources in the Signify Eagle system (144 W optical power), it
was necessary to reduce the intensity setting to 10-20% for
comparable temperatures and reaction rates. This adjustment
aimed to provide better insight into the effect of photons on
the initial rate, particularly challenging in a photon-saturated
system encountered at higher light intensities.

Comparing the initial reaction rates achieved in the Fidget
reactor and the Uflow system under similar optical power

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 A) Reaction yields at different positions for 8 vials with the lamp in an aligned conformation (top view). B) Reaction yields, after 30 minutes
irradiation, at different positions for 8 vials with the lamp in an unaligned conformation. C) Reaction yields at different positions for 4 vials for

kinetic measurements.
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Fig. 6 A) Evolution of the reaction composition (molar fraction based on reagent 2 and product 3) at different reaction times in the Uflow reactor.
B) Evolution of the reaction composition (molar fraction based on reagent 2 and product 3) at different reaction times in the Fidget reactor. C)
Initial rate of the chemical transformation at different optical power for the different reactor designs.

conditions allowed us to draw conclusions about the design
efficiency of both systems. Fig. 6C illustrates that, for
equivalent optical power levels, the Fidget reactor yields a
higher initial reaction rate. This can be attributed to its
superior design resulting in a more homogeneous irradiation
pattern, thus minimizing photon losses from reflections and
preventing light rays from escaping the reactor.

It is important to note that both systems hold practical
value. The Uflow reactor offers a quick, easy, and cost-
effective means of screening reaction conditions, while the
Fidget reactor system excels in photon efficiency, scalability,
and intensifying reactions. Additionally, both the Uflow and
Fidget reactors demonstrate comparable performance to
commercially available photochemical flow reactors.
Consequently, we believe that our 3D printed designs serve
as an accessible starting point for research groups entering
the field of photochemistry, especially for those with limited
upfront financial investment capabilities.

Conclusion

Our study introduces three novel, 3D printed reactor designs
- coined the UFO batch reactor, the Uflow continuous-flow
reactor, and the Fidget continuous-flow reactor - that
effectively address key challenges in the field of
photochemistry. The UFO reactor is meticulously engineered

This journal is © The Royal Society of Chemistry 2024

to facilitate energy-efficient batch photochemical processes,
ensuring uniform irradiation and reproducible reactions. It
enables parallel execution of multiple reactions and is
particularly well-suited for screening discrete variables.

The Uflow reactor system serves as a seamless transition
from batch to continuous flow, offering a straightforward
evolution from its batch counterpart and facilitating the
evaluation of continuous variables with ease.

The Fidget reactor, optimized for photon-intensive
applications, demonstrates superior performance through
strategic design, ensuring uniform light irradiation of
the capillary and streamlining scale-up using three Kessil
light sources.

All of these 3D printed reactors, validated and
standardized through simulations, actinometry, and
experimental assessments, present cost-effective and versatile
solutions that can rival commercial counterparts. Their
demonstrated value wunderscores their practical utility,
making them invaluable assets for researchers seeking
affordable and robust photochemical setups.

We believe that this work will significantly contribute to
the popularization of photochemical processes within the
research community by eliminating high costs as the
primary barrier to the adoption of this technology and
ensuring reproducibility through its standardized design.
With these innovative reactor designs, we anticipate broader

React. Chem. Eng., 2024, 9, 2218-2225 | 2223
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accessibility and utilization of photochemistry in diverse
research fields.

Data availability

Open-source 3D files are available in the online repository.
See:  https://github.com/Noel-Research-Group/3D-printed_
UFO_Reactors.
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