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Abstract
Dynamic irradiation is a potent option to influence the interaction between photochemical reactions and mass transport to
design high performant and efficient photochemical processes. To systematically investigate the impact of this parameter,
the photocatalytic reduction of nitrobenzene was conducted as a test reaction. Dynamic irradiation was realized through
provoked secondary flow patterns, multiple spatially distributed light emitting diodes (LEDs) and electrical pulsation
of LEDs. A combined experimental and theoretical approach revealed significant potential to enhance photochemical
processes. The reaction rate was accelerated by more than 70% and even more important the photonic efficiency was
increased by more than a factor of 4. This renders imposed dynamic irradiation an innovative and powerful tool to intensify
photoreactions on the avenue to large scale sustainable photochemical processes.
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Introduction

Light driven reactions are highly attractive for the devel-
opment of sustainable chemical processes. Recent devel-
opments presented photochemical alternatives for the
green production of drugs such as the antimalarial drug
artemisinin [1, 2], wastewater and air treatment [3] and
organic synthesis [4]. Photons are traceless reagents that
cause formation of electronically excited species opening
reaction paths that are not accessible through ground state
chemistry. By this, reaction sequences can be shortened
and energy can be saved. Photoreactions are highly selec-
tive and the availability of high power light sources, often
in combination with continuous operation, has increased
the attractiveness of photochemistry significantly during the
last years. [5–11] Photochemical reactions follow the prin-
ciples of green chemistry to improve sustainability of the
overall process by increasing e.g. atom economy, energy
efficiency and prevention of chemical waste. [12–17]

While being highly attractive from a birds’ perspective,
the development of photochemical processes has to include
reaction engineering in order to be economical feasible.
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Compared to thermal reactions, the radiation field has
to be considered additionally. This single aspect causes
severe implications to the reaction engineering demands.
[18] Providing a sufficiently high photon flux to the
reaction mixture is the most critical point that must
be addressed. [19, 20] This task becomes even more
important for photocatalytic reactions involving suspended
heterogeneous matter. In addition to the absorption of
light, scattering and reflection influence the radiation
field in such systems. [21–23] Furthermore, transport
processes must be considered and synchronized with the
reaction kinetics. Other aspects relevant for conducting
heterogeneous photocatalytic reactions include the stability
of the suspension and the separation of the photocatalyst
from the reaction mixture after the reaction. [24–26]

The interaction of mass transport with photocatalytic
reactions is seldom in the focus of research on photocataly-
tic reactions. The available literature on mass transport effects
focuses on the acceleration of the transport of gaseous
reactants to enhance the overall reaction rate. [27–32] Given
that the intrinsic rate of a photocatalytic process depends
on the photon flux, a time dependent change of the incident
light intensity represents another option to synchronize the
timescales of transport processes and reaction.

Basically, every photocatalytic reaction that is conducted
in a stirred vessel or a recycle reactor with suspended
catalysts is prone to an unsteady radiation field. This is a
direct result of the exponential decay of the light intensity
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by interaction with matter. High intensities are present at the
reactor window while the intensity quickly decreases with
the distance to the window. Suspended particles move in and
out an irradiated section, almost independent of the actual
reactor setup. Intense mixing is often found to accelerate
the apparent reaction rate. Most frequently, this is attributed
to a better suspension quality or a better macroscopic mass
transport. [22, 33–36]

Considering this, it is especially surprising that the
feasibility of using imposed dynamic irradiation to enhance
photocatalytic reactions has hardly been investigated till
now. The use of pulsed XeCl-excimer radiation or pulsed
laser LEDs are rare examples. [37–41] This is even
less comprehensible when considering that photochemical
conversions often use solar light that is intrinsically
unsteady during the course of the day as well as the year.
Consequently, there is a knowledge gap on the impact of an
unsteady irradiation on photocatalytic transformations. This
knowledge is of high relevance for application as well as the
development of photocatalytic active materials.

The photocatalytic synthesis of quinoline is a prime
example for the application of the principles of green
chemistry. In contrast to conventional multi-step, thermal
syntheses such as the Skraup-, Friedländer and Doebner-
Miller-syntheses, the photocatalytic synthesis can be con-
ducted as one-pot reaction using UV-A-light (λ = 365 nm)
at room temperature [42–44]. Contemplating the reaction
network, the crucial step is the photocatalytic reduction of
nitrobenzene by a photocatalyst, typically titanium dioxide.
Through the electron-hole-pairs formed upon irradiation at
the catalyst, surface oxidation and reduction reaction are ini-
tialized simultaneously. In this consequence, nitrobenzene is
reduced by a 6-electron transfer to aniline. The correspond-
ing oxidation product is acetaldehyde, which is generated by
oxidation of ethanol. Ethanol is also used as the solvent. In
subsequent reaction steps aniline and acetaldehyde undergo
acid-catalyzed cyclization reactions to finally reveal the
quinoline derivative (see Fig. 1). [45]

With aniline as a member of top 100 utilized chemical
synthesis components and quinoline as an important build-
ing block for various pharmaceuticals, the photocatalytic
quinoline synthesis shows significant potential for a future
application in chemical industries [46–48].

For photoreactions in particular, flow chemistry has
revealed as a versatile tool for organic synthesis [49–51].

Flow systems offer unique features such as enhanced mass
transport and a precise control of residence and irradi-
ation time, by simply adjusting the overall flow rate.
Combined with the controlling options of modern LED-
emitters, this can be key to a deeper understanding of
the underlying molecular and microscopic fundamentals,
especially of photocatalytic systems. A fundamental under-
standing is essential for the development of up-scaling
concepts. [52, 53]

In this work, the impact of a dynamic irradiation field
on the photocatalytic reduction of nitrobenzene as the first
step of the quinoline synthesis is investigated in a flow
reactor. A temporal change of irradiation incident on a
photocatalyst particle is realized by either the implicit
creation of secondary flows, the use of several light sources
or pulsed operation of the light source by utilizing rapid
prototyping principles. The results show that dynamic
irradiation can significantly accelerate the apparent reaction
rate of nitrobenzene conversion.

Methods

Experimental

For manufacturing the reactor models, a Fused-Deposition
Modeling (FDM) 3D-printer (X400 v3, German Reprap
GmbH, Germany) was used. Specific components of the
printer were modified to address particular requirements for
the manufacturing of photoreactors. The original extruder
was replaced by a separately acquired model (Titan-ext-
ruder, E3D-Online Ltd, UK). Additionally, to increase print
quality, a radial fan was installed to cool printed objects. To
guarantee adhesion of polypropylene (PP) filament to the
printing bed, an adhesive agent (Wolfbite Ultra, AIRWOLF
3D PRINTERS, USA) was applied. A 1.75mm diameter,
transparent PP filament (Verbatim GmbH, Germany) was
used. The top part of the reactor was printed on a MK3S
3D-Printer (Prusa Research a.s., Czech Republic) utilizing
1.75mm poly lactic acid (PLA) filament (Prusament, Prusa
Research a.s., Czech Republic). An overview of the main
printing settings can be found in Table 1.

The reactor was positioned in a fume hood utilizing
milled holdings out of aluminum. As a light source, a
365 nm LED emitter (LZ1-00UV00, LED Engin, Inc.,

Fig. 1 Chemical equation of the
photocatalytic reduction of
nitrobenzene

NO2
TiO2,
RT,
365 nm

EtOH N

NH2

+ 3 O

Acid

496 J Flow Chem (2021) 11:495–513



Table 1 Applied 3D-printing settings for both utilized materials (PP and PLA) and printers (X400 and MK3S)

Parameter Setting PP (X400) Setting PLA (MK3S)

nozzle diameter 0.4mm 0.4mm

extrusion multiplier 1.03 0.95

top layers 5 5

bottom layers 5 4

perimeters 5 5

extrusion width 0.5mm 0.48mm

infill percentage 100% 20%

infill pattern rectilinear rectilinear

nozzle temperature 230 ◦C 210 ◦C

bed temperature 120 ◦C 60 ◦C

standard printing speed 25mm s−1 50mm s−1

OSRAM, Germany) was utilized equipped with a star-
shaped aluminum cooler. The cooler was connected to the
reactor with elastic fastening bands.

The O-ring gasket of the reactor was constructed from
milled parts of aluminum and a 3mm thick fluorocarbon-
based fluoroelastomer (FKM) O-ring (C. Otto Gehrckens
GmbH & Co. KG, Germany). To cope with the abrasive
character of TiO2 a self-constructed peristaltic pump based
on a commercial pumping system (CP-86, Gemketechnik
GmbH, Germany) using a 3D-printed case with a chemical
resistant tubing (Norprene Chemical, Saint-Gobain Perfor-
mance Plastics Inc., USA) was used. The inner tubing
diameter was 4.8mm and the outer diameter was 8.0mm.

For analytics, a deuterium-halogen lightsource
(AvaLight-DH-S-BAL, Avantes BV, Netherlands) was
used. UV-vis measurements were conducted using fused
silica glass cuvettes (inner length: 1 cm) in a 3D-printed
holder and a connected UV-vis spectrometer (AvaSpec-
3648, Avantes BV, Netherlands). For solid separation, a
centrifuge (CM-70M.07, neoLab Migge GmbH, Germany)
was applied.

Chemicals used for nitrobenzene reduction experiments
are listed in Table 2. A reaction mixture consisted of
nitrobenzene (0.1mol L−1), trifluoromethanesulfonic acid
(1mol L−1) and titanium dioxide (0.625gL−1) dissolved in
absolute ethanol. Thereby, the raw reaction mixture con-
sisted of only nitrobenzene and trifluoromethanesulfonic
acid. 160 mL of this raw solution was transferred to the
reservoir and pumped through the system for 5 min. Sub-
sequently, 100 mg of the catalyst were added. To avoid
catalyst agglomerations and precipitations, the suspension
was pumped for another 15 min with a flow rate of V̇ = 175
mL min−1. Before switching on the LED (I = 0.2A), a ref-
erence sample for an irradiation time of 0 min was taken.
After the start of irradiation, samples were taken out of the
reservoir every 5 min. To analyze the samples with UV-vis-
spectroscopy, the catalyst was removed by centrifugation at

7000min−1 for 30 min. Afterwards samples were measured
in a low volume fused-silica-glass cuvette.

Actinometric measurements were conducted with the
ferrioxalate actinometer according to literature. [54, 55]
Firstly a 0.04mol L−1ferrioxalate solution was prepared
by dissolving iron(III)chloride and potassium oxalate
monohydrate in a 0.05mol L−1 aqueous solution of sulfuric
acid. 160 mL of the actinometer solution were transferred to
the reservoir of the reactor and pumped through the system.
The experiment was started by switching on the LED for
0s, 60s, 105s, 150s, 225s and 300s. After irradiation, a 1
mL sample was taken and diluted in 24 mL of a 0.05mol
L−1 aqueous sulfuric acid solution. 5 mL of the diluted
sample were transferred to 15 mL of a 0.006mol L−1 1,10-
phenanthroline solution in 0.05mol L−1 aqueous sulfuric
acid. Subsequently, the samples were left for 1 h and
analyzed utilizing UV-vis-spectroscopy at a wavelength of
510 nm. By the use of a Python script, the photon flux was
calculated from the absorbance values. [54, 55]

Placing all devices on the sample port of an 150mm
integrating sphere (MSP UK150P-REFLTRANS, Mountain
Photonics GmbH, Landsberg am Lech, Germany) allowed

Table 2 Chemicals used for nitrobenzene reduction experiments and
actinometric measurements.

Chemical Supplier

nitrobenzene 99.5% Acros Organics

ethanol 99.98% VWR Chemicals

2-propanol 98% VWR Chemicals

TiO2, Aeroxide P25 Acros Organics

iron(III)chloride 98% Merck

potassium oxalate hydrate 99% Alfa Aesar

1,10-phenanthroline 99% Alfa Aesar

sodium acetate 99% Sigma Aldrich

sulfuric acid 95% to 97% Merck
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for measuring the transmission and consequently the
determination of the extinction coefficient. The integrating
sphere was connected to a spectrometer (Ava-Spec-
ULS2048CL-EVO-RS, Avantes BV, Netherlands). First
absolute ethanol was pumped through the system and
measured as a reference by switching on the LED of the
photoreactor. Subsequently, ethanol was removed through
the reservoir and a 0.625gL−1 suspension of TiO2 in ethanol
was inserted. The suspension was pumped through the
system while the light transmission through the reactor was
measured.

Computational fluid dynamics

OpenFOAM v8 with the standard solver pimpleFoam was
used for the numerical investigations. [56] The transient
application solver was utilized for an incompressible fluid
in the laminar flow regime. The presented numerical results
are based on the evaluation of the Navier-Stokes equations
given in vector form:

∂u
∂t

+ (u · ∇)u = − 1
ρ
∇p + ν∇2u (1)

∇ · u = 0 , (2)

where u denotes the velocity field, ρ the constant density of
the fluid, ν the constant kinematic viscosity of the fluid and
p the pressure. The Nabla and Laplace operator are defined
as:

∇ =
(

∂

∂x
,

∂

∂y
,

∂

∂z

)
, ∇2 = ∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2
. (3)

The spatial fluid regime was defined by three different
boundary patches: inlet, outlet and wall. The inlet was
initialized for a given flowrate in y-direction, the pressure
was forced to follow the Neumann boundary condition. The
outlet patch set the pressure to be zero and the velocity to
follow the Neumann boundary condition. No slip conditions
were applied on all wall patches. As fluid ethanol was
taken with a kinematic viscosity of ν = 1.5122 · 10−6

m2s−1. A first order implicit Euler method was used for
time integration together with the adjustable time stepping
technique to guarantee a local Courant number (CFL)
of CFL < 1. The general first order setup for space
discretisation was used. As numerical solvers “GAMG” was
chosen for the pressure and “smoothSolver” for the velocity
with absolute tolerances of 1 · 10−6.

The meshes were generated by the OpenFOAM utility
snappyHexMesh. The hexahedral background mesh con-
tained 0.27 million cells. The amount of cells for a solution
independent mesh for the different mixing elements varied
between 2.68 and 3.07 million. No layer insertion was used.
A fine grid near the walls was achieved by surface refine-
ment. All meshes passed the OpenFoam utility checkMesh
without error.

Reactor concept andmanufacturing

The impact of dynamic irradiation was investigated in a
flow-through reactor with dedicated irradiation sections.
For continuous operation, several constraints had to be
considered to allow for a thorough analysis of the dynamic
irradiation. For continuously operated reactors, a well-
defined flow field must be ensured. This requirement was
met with laminar flow conditions.

Operating the reactor in a recycle mode through
connecting the inlet and outlet to the same reservoir resulted
in a differential reactor that gives good access to the
reaction kinetics and allows to investigate the effect of
different irradiation modes. Furthermore, the flow velocities
in sections that are not irradiated should be high to avoid
catalyst precipitations. This was realized by using large
cross-sectional areas in the irradiation section and reduced
cross-sections in all other parts of the setup. For this, a
diffuser-nozzle design was chosen for the reactor, involving
a central linear unit. The reaction mixture coming from the
tubing entered the reactor via an inlet and subsequently the
diffuser-unit. To minimize the risk of a developing vortex
at the inlet, opening angles of the diffuser were kept as
low as possible. However, due to geometrical limitations
of the used 3D-printer, the diffuser was made of two
sections. The first section was significantly shorter than the
second section, resulting also in a larger opening angle.
The extended second diffuser section should also work
as a buffer, reducing the effect of eventually occurring
vortices on the flow conditions in the irradiation zone. The
diffuser was connected to the linear part of the reactor. In
this section, static mixing elements could be installed and
irradiation was conducted. In a standard setup, a 15mm
by 15mm window was installed directly behind the mixing
element. The total length of the linear part was 100mm,
allowing various mixing elements to be installed (Fig. 2).

In a modified setup, a second window (15mm by 15mm)
could be positioned at the end of the linear part with a
distance of 70mm to the end of the first window. In the
rear part of the reactor a confuser was installed which is
an exact mirror of the inlet diffuser. A CAD-drawing of
the assembled reactor is depicted in Fig. 3. In Fig. 4 the
reactor placed inside the complete experimental setup is
shown. Figure 5 illustrates a P&I diagram of the setup.
The total reactor volume without any installation placed
inside was 62.43 mL. At a standard flow rate of 175 mL
min−1, assuming a plug flow behavior, the residence time
in the linear part of the reactor was calculated to be 10.29s,
resulting in a residence time of 1.54s inside the irradiation
zone below the window.

To increase reproducibility of the measurements, pre-
cipitations should be ideally fully avoided, not only in the
reactor itself but in the reservoir as well. For this, a cyclone
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Fig. 2 Fully disassembled reactor. From left to right: Stainless steel
top a) and bottom part b) of the sealing, utilized 365 nm-LED c),
FEP-film d), 3D-printed PLA-holding for the LED e), 3D-printed
PP-reactor and a 3D-printed mixing installation f )

shaped reservoir with tangential inflow and an axial outflow
was designed and manufactured (see Fig. 6). The induced
rotation causes sufficient convection in the reservoir and
a stable suspension quality. With this, precipitations could

LED on star-shaped 
heat sink

Flow direction

Fig. 3 CAD-drawing of the utilized reactor with inserted “horizontal
plates” installation (highlighted in orange). The irradiation area is
highlighted in violet

Fig. 4 Experimental setup of the photocatalytic reduction of nitroben-
zene. The reaction mixture was pumped from the reservoir in the
reactor. Flowing vertically through the reactor, the suspension is
guided subsequently from the reactor outlet to the reservoir again.
Samples were taken from the reservoir

365 nm

Exhaust

Reservoir

Fig. 5 P&I-diagram of the experimental setup
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Fig. 6 Cross-section of the new designed and 3D-printed reservoir

be avoided almost completely. Furthermore, no magnetic
stirrer is required, simplifying the whole setup. Finally, to
shield the reaction mixture from malicious environmental
influences, the reservoir could be sealed by a cap sealed with
an O-ring.

Fused-depostion-modelling with polypropylene (PP) was
used for the manufacturing of the reactor and the reservoir
to allow for an easy adaption of the reactor right from the
beginning. PP provides a sufficient chemical resistance to
e.g nitrobenzene. For reactor models consisting of several
parts manufactured out of PP, sealing becomes a crucial
point. Compatibility issues with nitrobenzene in the reaction
mixture prohibited gluing of the components. Therefore,
an O-ring sealing using a chemical resistant fluorinated
rubber was installed in the reactor. Additionally, as a side
effect, reactor models could be easily reopened to change
for example the static mixers and in this way reused.

For photoreactors, a transparent window has to be
installed to enable irradiation of the reaction mixture and
hence becomes a crucial component. The geometry and
composition of the window determines if and how many
photons can enter the reactor. For the reactor prototype
multiple window types were tested including a fused silica
glass, a 3D-printed PP-window and an extruded FEP-foil.
Utilizing fused silica glass would have required gluing
the glass window into a 3D-printed mounting to reduce
the risk of glass breakage. For this again the problem

of contaminating the reaction mixture by adhesive agents
would arise. A UV-transparent, 3D-printed PP window
could not be used due to milli- or micrometer grooves
resulting from the printing process that led to random
leakages. [57] Alternatively, an extruded FEP-foil was used.
The smooth surface of the extruded foil avoided leakages.
Finally, to clearly define the irradiation area, an additional
PLA-printed cover was installed on top of the FEP-foil that
contained holding structures for the LED, allowing for a
precise positioning of the light source. With respect to the
spatial radiation pattern of the LED and in order to catch a
majority of emitted photons, for all reactions the LED was
placed in a distance of 6.3mm, corresponding to a maximum
beam angle of 100◦.

A photon flux of q = 833nmol s−1 was measured with
actinometry in the reactor when a single LED was operated
with an electrical current of I = 0.2A. The emitted photon
flux scaled linearly with the used electrical current.

Dynamic irradiation was realized by three approaches: i)
by different hydrodynamic flow patterns, ii) by installation
of multiple spatially separated LEDs and iii) by pulsation of
the light source. All approaches were meant to provide an
unsteady irradiation field to each suspended photocatalyst
particle.

The irradiation section is defined by the size of the
irradiation window (15mm by 15mm) and the depth of
the channel at this point (20mm). A representative particle
resides in the irradiation section for a certain time. The
period during which a particle is irradiated is defined by
the residence time in the section as well as the distance of
the particle from the irradiation window. Irradiation stops
either when the particle moves outside the window in axial
direction of the channel or when the particle moves to a
depth in which no light is incident anymore. The impact
of these effects might be different since the first case is
comparable to switching the light on and off, while the
second case goes along with a changing intensity. The
simplest way to change the irradiation time is a variation of
the flow rate, directly changing the residence time in axial
direction. With respect to suspensions stability, this option
was not investigated to avoid problems with sedimentation
of catalyst particles at lower flow rates. Influencing the flow
field is a second option that allows to induce movement
of particles in lateral direction as well. [58–64] This was
realized with installation of static mixers. To create different
flow profiles and with this irradiation patterns, several
static mixers were investigated, namely a wall and three
cross-shaped mixers.

As first static mixer a wall was investigated that causes
a reduction of the cross-sectional area of the channel
and consequently an increase of the flow velocity directly
behind the wall (referred to as “wall”, see Fig. 7a).
Additionally, a vortex is expected to form behind the wall.
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Fig. 7 CAD-drawings of the
utilized mixing elements that
were 3D-printed out of PP. a
depicts the ‘wall’ structure
containing a 14mm high wall
obstacle. b and c show single
cross-shaped mixers. The
structures were combined with a
90◦ rotation. d depicts the
‘double mixer’ that is a
combination of both single
cross-shaped mixers

It is known that cross-shaped mixers, consisting of
two crossed plates, are able to generate such helical flow
patterns [58, 59, 65–69]. To investigate the impact of
such a helical flow, crossed plates were installed in two
arrangements, either to induce a vertical or a horizontal
movement of the flow (see Fig. 7 band c). This was realized
by rotating the crossed plates by 90◦. These installations are
referred to as “vertical” and “horizontal” plates, indicating
the intended main direction of fluid movement. For a third
model, both structures were combined and arranged one
after the other to generate a more intense rotation (referred
to as “double mixer”, see Fig. 7d).

The dimensioning of the mixing elements had to respect
the limits of the size of the reactor as well as limitations
of the 3D-printing process that were given by the nozzle
diameter and the minimum printing height. For this, mixing
plates had to provide a certain thickness to reveal stable
models. Since the mixing elements had full contact to
nitrobenzene, the models were manufactured from PP.

Unsteady irradiation was further realized by pulsation of
the light source. For this, a 365 nm UV LED was used.

Transmissionmeasurements

Suspensions of photocatalytic particles cause absorption
and scattering of the incident light. Consequently, the
absorption coefficient is not sufficient to describe the
interaction of light with matter. A more realistic description
can be obtained by determining the extinction coefficient β
of the used suspension.

Making use of rapid prototyping capabilities, the reactor
was adapted such that a second window was installed
in the bottom opposite to the first window to enable
transmission measurements. Furthermore, the reactor was
additionally manufactured with channel heights of z =
10mm and z = 5mm. The results are depicted in Table 3.
No linear correlation was found when considering all

501J Flow Chem (2021) 11:495–513



Table 3 Absorbance measured for different channel heights and
calculated extinction coefficient β at 365nm for a TiO2-suspensions
with a loading of 0.625gL−1

z/mm A365nm/1 A365nm/m−1

20 2.633 232

10 2.324

5 1.536

measured optical depths, indicating that at least the 20mm
measurement is within analytical limits. Consequently, only
optical depths of z = 10mm and z = 5mm were used to
determine the extinction coefficient to β ≈ 232m−1. With
this extinction coefficient it can be estimated that around
0.5% of the light is transmitted after an optical depth of
10mm.

Results on computational fluid dynamics

Flow patterns

Figure 8 depicts 81 representative streamlines for each
of the four investigated mixers starting from the outlet
backwards. For each mixing element, a 3D view of the
streamlines is shown, as well as a side and top view of the
reactor. The irradiation window is colored in orange.

The main flow moves in the y-direction starting from −y

ending at +y. A common characteristic flow pattern can
be identified for all investigated mixers. After entering the
reactor, the majority of streamlines move to either the top or
the bottom of the reactor in the first diffusor part and spreads
out along the x- and y-direction. An unsteady flow pattern
emerges because the fluid cannot form a fully developed
flow in the diffusor part, causing the streamlines to be
present either at the top or bottom. The velocity decreases
along the length of the diffusor due to the expansion of
the cross-section. The actual position depends on the setup
under investigation.

The simulations show that installation of a simple wall
leads to the desired effect of directing the fluid towards
the irradiation window combined with a reduction of the
cross-section (see Fig. 8a). Behind the wall, the fluid
velocity decreases and due to kinetic energy loss, the flow
destabilizes and forms axial vortices. In general, a chaotic
movement of the fluid is observed in the region behind the
wall.

The intended formation of a secondary helical flow is
found for the vertical plates, the horizontal plates and the
double mixer, depicted in Fig. 8b, c, d. For the vertical
plates mixer, many streamlines can be found near the
irradiation window, similar to the wall mixer. The helical

flow starts behind the mixing element and develops after the
fluid passed the window. In contrast, the rotation is much
more localized behind the mixing element when installing
horizontal plates. Helical movement quickly stops behind
the irradiation section.

The combined use of horizontal and vertical plates causes
an even more intense helical movement of the fluid directly
after the mixer as well as an initial guidance of the fluid
towards the irradiation window.

Statistical evaluation of streamlines

Due to significant differences in the flow fields and the
requirement to consider the position of the irradiation
window, a quantitative comparison of the flow behavior
between the different setups is complex and must reflect
the impact of the flow field on the irradiation pattern.
Such an insight can be gained by statistically evaluating the
streamlines, representing the pathway of a fluid element or
particle through the reactor projected on the yz-plane at x =
0 m. The vertical position of the streamlines (z-direction/
height of the reactor) as well as the time on the streamline
can be correlated to the irradiation field that affects the
particle. For the evaluation, the frame of reference was
defined such that the reactor bottom was positioned at z =
0 m and the irradiation window at z = 0.02 m.

Around 900 streamlines were started equally spaced at
the outlet of all shown devices and calculated backwards to
ensure a sufficient number of streamlines behind the mixers.
The course of all streamlines that were present behind the
mixing elements was evaluated (y > -0.0115 m for the
double mixer and y > -0.0295 m for all others). Figure 9
depicts two representative streamlines of the double mixer.
Figure 9a illustrates the helical movement of the fluid and
Fig. 9b shows a streamline that does not participate in the
helical movement.

To gain a general and quantitative insight into the
flow patterns, a statistical evaluation of the properties of
maxima in z-direction of all streamlines was conducted.
Maxima were chosen as they reflect the positions closest
to the irradiation window. The extrema were identified
by calculating the first derivative of the z-position and
identification of points were the sign changes. The presence
of multiple maxima is a simple indicator for streamlines
that show secondary flow. If only one or no maximum is
present, the streamline follows a straight course through
the reactor, which is similar to the flow pattern when no
mixer is installed (compare Fig. 9b). Such streamlines do
not contribute to an unsteady irradiation by hydrodynamic
means. To reduce the dataset, the following restrictions
were applied: i) to consider the results in “Transmission
measurements”, z-coordinates smaller than 10mm were
excluded, ii) to filter very small variations in height, an
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(a)

(b)

(c)

(d)

Fig. 8 Representative streamlines obtained from CFD simulations for a the wall, b the vertical plates, c the horizontal plates and d the double
mixer. The fluid enters the reactor from the top and flows in positive y-direction. The irradiation window is shown in orange. Streamlines are color
coded with the velocity in y-direction
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Fig. 9 Representative results of
the streamline evaluation for the
double mixer, showing the
movement in z-direction and the
fraction of light transmitted to
the streamline. a illustrates a
streamline participating and b a
streamline not participating in
the helical movement. The lower
chart illustrates the transmission
on the streamlines
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absolute amplitude of the difference in height between two
points of |�z| > 0.001 m was required, iii) evaluation of
maxima was restricted to the first 0.1m behind the end of
the mixer and iv) only streamlines with more than 2 maxima
were considered.

The distribution of the mean values of the duration
between maxima of each streamline represents a fingerprint
of the intensity of helical vertical movement and the

irradiation pattern for each device. Figure 10a depicts the
results for all setups. In general, a broad distribution of
the mean duration is found. As simple metrics for the
comparison of the different devices, the mean � and median
�̃ period of all depicted streamlines were calculated (see
Table 4). For the wall mixer, a very broad distribution is
found. Due to a frequent occurrence of very short durations
between maxima, the median value is much smaller than
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Fig. 10 a: Average time on
streamlines between two
maxima in z-direction (height).
b: Average z-position (height) of
maxima on streamlines. z =
0.02m represents the position of
the window. c: Average
transmission on the streamlines
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Table 4 Metrics for the streamline evaluation for the investigated mixers

Mixer �/s �̃/s z/m z̃/m T /1 T̃ /1

Wall 4.82 2.55 0.0165 0.0166 0.182 0.162

Vertical Plates 2.29 2.15 0.0131 0.0130 0.039 0.031

Horizontal Plates 2.18 2.06 0.0133 0.0135 0.027 0.017

Double Mixer 2.17 2.20 0.0131 0.0134 0.026 0.018

� represents the period and z the mean z-position of the maxima of the helical flow. T equals the mean transmission on the streamlines. The mean
and the median˜values of all calculated streamlines were calculated for the respective metrics

the mean value. This is a result of the acceleration of the
fluid by reducing the cross-sectional area by the wall in
combination with extented axial rotations. For the other
mixers, the distributions are crowded around the mean
value. The longest periods between maxima were found for
the wall mixer with � = 4.82 s, followed in descending
order by the vertical plates, horizontal plates and the double
mixer, all showing � ≈ 2.2 s.

Beside the period, the position of the maxima in
z-direction is relevant to elaborate on the impact of
the incident photon flux. The mean z-position of every
identified maxima on every streamline was calculated and is
given in Fig. 10a. A broad distribution is found for the wall
mixer, while the other devices show a narrower distribution.
A comparison of the mean (z) and median (z̃) values shows
the following ascending order: vertical plates mixer, double
mixer, horizontal plates mixer and wall mixer (Table 4). The
results for the first 3 mixers are almost identical. The mean
z-position of the wall mixer is with z = 0.0165m larger than
for the other mixers with values around z = 0.013m.

Maxima only represent a snapshot of the irradiation
conditions but the “temporal” evaluation of the irradiation
field for a moving particle is relevant for the reaction
performance as well. To analyze this, the mean transmission
T on the course of every streamline behind the static
mixer geometry was calculated with the Beer-Lambert
law by using the experimentally determined extinction
coefficient (“Transmission measurements”) and the z-
position of the streamline. The results are depicted in
Fig. 10c. For comparison, the mean (T ) and median
(T̃ ) values of the distribution were calculated. Resulting
from the exponential decrease of the light intensity, all
setups except for the wall mixer show a pronounced
occurrence of low transmission values (0.026 ≤ T ≤
0.182). The highest mean transmission is found for the
wall mixer, followed by the vertical plates mixer, the
horizontal plates mixer and the double mixer. For the
wall mixer, a very broad distribution of the transmission
is found.

Results for nitrobenzene reduction

The initial reaction rate

r0 = dn

dt
(4)

was calculated for all experiments by linear regression of the
results of the first 10 min. To express the apparent efficiency
of the reaction, the initial photonic efficiency

ξ0 = r0

q0
p,n

(5)

was calculated by normalizing the initial reaction rate
with the incident amount based photon flux q0

n,p. For
experiments with pulsed irradiation the time averaged
incident photon flux was used.

The conversion of nitrobenzene was calculated with

X = n0 − n30 min

n0
, (6)

where n0 and n30 min is the amount of nitrobenzene at the
start of the experiment and after 30 min, respectively.

To simplify discussion, the absolute values of the initial
reaction rate will be discussed in the following. Data for all
conducted experiments are summarized in Table 5.

The reaction progress is illustrated below for further
analysis by drawing the temporal evolution of the amount of
nitrobenzene. The presented time span represents the period
when the LED emitter was switched on.

In the next sections, the following abbreviations are
used: “no mixer” - reactor with no mixer installed; “H-
P” - horizontal plates mixer; “V-P” - vertical plates mixer,
“wall” - wall mixer; “double mixer” - double mixer; “2
LEDs” - reactor irradiated with 2 spatially separated LEDs;
“xxx/yyy” - pulsed irradiation with irradiation pulses of
xxx ms and pauses of yyy ms; “@ x A” - LEDs were
operated with an electrical driving current of x ampere
(A); if no reactor is indicated, the empty reactor was
used; combinations of these abbreviations indicate the
combination of different techniques to provide a dynamic
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Table 5 Experimental results for the photocatalytic reduction of nitrobenzene

Setup r0/nmols−1 ξ /% X/%

no mixer 11.8±0.3 1.41±0.03 81

H-P 11.9±0.6 1.43±0.07 84

V-P 13.0±0.3 1.56±0.04 85

wall 13.3±0.4 1.60±0.05 87

double mixer 13.3±0.2 1.59±0.03 89

H-P +15 mm 13.1 1.57 84

V-P +15 mm 13.9 1.67 80

V-P +30 mm 14.4±0.7 1.73±0.08 83

2 LEDs@0.1 A 15.9±0.3 1.91±0.04 89

2 LEDs 20.0±0.3 1.20±0.02 87

150/150 7.8±1.3 1.87±0.30 72

3.9/18 9.5±0.6 6.41±0.08 71

3.9/18@1 A 12.1±0.5 1.62±0.07 84

H-P 150/150 8.2 1.97 68

V-P 150/150 9.1±0.5 2.18±0.11 77

H-P 150/150@0.4 A 10.6 1.27 85

V-P 150/150@0.4 A 12.2 1.47 83

2 LEDs 6.25/6.25 10.1±0.8 1.21±0.10 75

2 LEDs 3.125/3.125 10.4 1.25 74

If not stated otherwise, LEDs were operated with an electrical current of I = 0.2A. Results are clustered according to the course of discussion
and sorted by r0 in ascending order. If not explicitly mentioned, the typical experimental error determined for r0 was in the range of 0.05nmols−1.
This translates to an error of 0.06% for ξ

irradiation. If no electrical driving current is indicated, an
electrical current of 0.2A was used.

Unsteady irradiation through variation of the flow
field

The results for the reduction of nitrobenzene for the
different mixers are shown in Fig. 11. As a base case,
the reaction was conducted in a reactor without any mixer
installation. The reaction rate in this setup was found to
be the slowest of all shown experiments. The reaction rate
increases in the order no mixer, horizontal plates mixer,
vertical plates mixer, double mixer and wall mixer, while
the first two devices and the latter three devices show very
similar performance. The initial reaction rate increases from
11.8nmol s−1 to 13.3nmol s−1 s. (Table 5).

Correlating the experimental results with the flow fields
(see Fig. 8) reveals that high reaction rates correlate with
a more intense convection. A comparison between the
horizontal plates and the vertical plates mixer shows that
the helicity of the streamlines in the vertical plates mixer is
more pronounced than in the horizontal plates mixer.

Since the streamlines depicted in Fig. 8 represent only a
share of the streamlines, the streamline analysis given above
(see Section 1) complements the evaluation. Interestingly,
the period of oscillation is slightly shorter for the horizontal

plates mixer than for the vertical plates mixer. This metric
correlates the axial to the radial movement of the forming
helical flow. Because the superficial velocity was the same
in both devices, shorter periods are linked to a more intense
radial convection. The slightly faster helical movement does
not correlate with the photocatalytic performance. Already
from the streamlines depicted in Fig. 8 it is obvious that
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Fig. 11 Amount of nitrobenzene over time of different static mixing
elements installed in the flow through reactor. The LEDs were operated
with an electrical current of I = 0.2A
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the amplitude of the vertical movement is different for
both setups but this feature is not reflected in the statistical
evaluation as the mean z-position of the maxima is similar
for both mixer. Hence, from the statistical evaluation of the
helical flow, a differentiation between both mixers is not
possible.

For the vertical plates mixer, the majority of the
streamlines shown in (Fig. 8b) enter the reaction section
from the top of the reactor and with this close to the
irradiation window, while the streamlines are found to be
more homogeneously distributed for the horizontal plates
mixer Fig. 8c. Considering the starting rotation of the main
flow, particles are faster removed from the window for the
vertical mixer as for the horizontal mixer setup. The vertical
movement of the streamlines is much more pronounced in
the vertical plates mixer. The similar reaction performance
of the horizontal plates mixer and the no mixer setup
indicates that minor vertical movement of the particles is
the common characteristic of these two setups. This leads
to the conclusion that vertical movement and with this a
shortening of irradiation periods by vertical movement of
the particles is important to achieve high reaction rates.

This interpretation is further supported by an evaluation
of the mean transmission “incident” on the complete
streamlines. A lower mean as well as median transmission
is found for the horizontal plates mixer (T = 0.027) as for
the vertical plates mixer (T = 0.039). It is concluded that
convection mainly occurs in regions far away from the light
source for the horizontal plates mixer and with this does not
support the generation of short irradiation periods.

The initial reaction rate of the double mixer is similar to
that of the vertical plates mixer. An even more pronounced
helical flow occurs in the double mixer. Since the second
element of the double mixer is similar to the vertical
plates mixer, the majority of the streamlines are present
near the irradiation window and are moving away from
the window. Vertical movement starts shortly behind the
mixing element and is also present further downstream.
The determined period of the helical movement as well
as the mean z-position of the maxima are similar to the
horizontal and vertical plate mixer. It is noteworthy that the
mean transmission of the streamlines of the double mixer is
similar to the horizontal plates mixer and with this lower as
for the vertical plates mixer. The observed higher catalytic
performance compared to the horizontal plates mixer gives
additional evidence that a fast movement of the particles
away from the irradiation window is important.

For the wall mixer, the higher flow velocities due to
the reduced cross-sectional area have to be considered
additionally. A more intense rotation in axial direction and
larger velocities lead to a shortening of the irradiation
period compared to the simple pass-by irradiation in a
reactor without any mixer installed and consequently to

an acceleration of the reaction. The impact is similar as
for the vertical plates mixer. Analysis of the streamlines
revealed the longest period of oscillation of all setups. This
results from the extended axial rotation in combination with
low velocities near the bottom of the reactor and close to
the wall. The mean height of the maxima is the highest
of all mixers. Furthermore, the highest mean transmission
was found. Since the type of convection is significantly
different from the other mixers, a more detailed analysis is
not meaningful.

A comparison of the period of oscillation determined for
the different setups with the calculated residence time inside
the irradiation section shows that the period of oscillation
is always much longer than the residence time. Hence, only
a fraction of the movement in z-direction occurs in the
irradiation zone and a fast vertical movement becomes more
important. Considering the required time scale, the results
indicate that the irradiation period should be much shorter
than the mean residence time below the irradiation window
τ ≈ 1.5s.

The intensity of the helical flow behind the mixing
elements depends on the distance between the static mixer
and the irradiation window. Consequently, this parameter
was investigated with reactors that had a shifted position of
the irradiation window. The standard position of the window
was directly behind the mixing element at a distance of
0mm. Additionally, the window was installed 15 or 30mm
behind the mixing element. The results are depicted in
Fig. 12 and Table 5.

Shifting the irradiation window for the horizontal and
vertical plates mixer leads to an increase of the initial
reaction rate. This effect is more pronounced for the
horizontal plates mixer, increasing the absolute reaction rate
from 11.9nmol s−1 to 13.1nmol s−1, comparable to the
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Fig. 12 Amount of nitrobenzene over time for different window
positions. The LEDs were operated with an electrical current of I =
0.2A
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performance of the vertical plates mixer. Comparison with
Fig. 8c indicates that an increased vertical movement is
the reason. Repositioning of the irradiation window for the
vertical plates mixer increased the reaction rate to 13.9nmol
s−1 and 14.4nmol s−1 for a distance of 15mm or 30mm,
respectively. Since vertical movement is already intense
directly behind the mixer, the impact on the reaction rate is
minor.

Unsteady irradiation bymultiple spatially
distributed LEDs

Installation of two LEDs at different positions is another
option to provide pulsed irradiation to the catalyst particles.
This was realized by manufacturing another reactor with
two irradiation windows, one at the beginning and one at
the end of the linear part. To exclude the influence of lateral
mixing, no mixing elements were installed.

The catalytic results are depicted in Fig. 13 and Table 5.
The reaction rate is significantly increased by the use
of two spatially separated LEDs. Initial reaction rates of
r0 = 15.9nmol s−1 or even r0 = 20 nmol s−1 were
found when operating the LEDs with electrical currents
of 0.1A or 0.2A, respectively. The reaction progresses
almost two times faster than in the empty reactor with a
single LED and still faster than in the double mixer. It
must be noted, that the incident photon flux is doubled
when operating the LEDs with an electrical current of
0.2A. To consider this, the photonic efficiency ξ must
be compared. Operating two LEDs with 0.1A or 0.2A
yields ξ = 1.91% or ξ = 1.20%, respectively.
While the absolute reaction rate is increased by a higher
photon flux, the photonic efficiency is decreasing. These
values compare to photonic efficiencies of ξ = 1.41%
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Fig. 13 Amount of nitrobenzene over time for different pulse
sequences. If not stated otherwise, LEDs were operated with an
electrical current of I = 0.2A

or ξ = 1.60% for the reactor without any mixer installed or
the wall mixer installed, respectively.

From the geometry and positions of the irradiation
windows as well as the flow rate, the duration of irradiation
can be estimated to around 1.5s together with an irradiation
pause of 7.2s.

Unsteady irradiation by pulsation of LEDs

Pulsation of the light source is an alternative option to
generate an unsteady radiation field and was investigated as
well. The results are depicted in Fig. 13. As a base case,
irradiation pulses of 150ms with similar pause duration were
chosen. Following the interpretation above, the duration
represents 10% of the pulse duration estimated for the
2-LED setup. A reaction rate of around r0 = 7.8nmol s−1

was found, being slower than for the steady irradiation of
the empty reactor r0 = 11.8 nmol s−1. A slower reaction
rate is to be expected since the incident photon flux is halved
by the pulsed operation. Notably, the photonic efficiency
increases from ξ = 1.41% to ξ = 1.87% through the
pulsed irradiation. Using a short irradiation pulse of 3.9ms
together with a long dark period of 18ms yields a reaction
rate of around r0 = 9.5nmol s−1, even higher than for the
experiments with longer and symmetric pulses. The ratio
of irradiation and pause duration was chosen similar to the
ratio found in the 2-LED setup. Since the time averaged
photon flux is significantly lower when using this irradiation
sequence, the photonic efficiency significantly increases to
ξ = 6.41%. Operating the LEDs with the same pulse
sequence but an electrical current of 1A provides a five
times higher photon flux to the reactor but does not lead to
the expected strong increase of the reaction rate. A reaction
rate of r0 = 12.1nmol s−1 is found. Consequently, the
photonic efficiency drops to ξ = 1.62%.

Combination of methods for unsteady irradiation

The combination of pulsation of the light source with
unsteady irradiation through the flow field was investigated
for the vertical and horizontal plates mixer for 150ms
pulses (see Fig. 14). The reaction rate increases through this
combination from r0 = 7.8nmols−1 to r0 = 8.2nmols−1

and r0 = 9.1nmols−1 for the pulsed no mixer configuration,
horizontal plates and vertical plates device, respectively.
The same order in performance is found as for the steadily
irradiated experiments. A further increase of the reaction
rate can be realized by increasing the electrical driving
current of the LEDs from 0.2A to 0.4A. Compared to
experiments with steady irradiation, the absolute reaction
rates are in most cases lower. Evaluation of the photonic
efficiency reveals high efficiencies of up to 2.18% for
experiments with electrical driving currents of 0.2A. Similar
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Fig. 14 Amount of nitrobenzene over time for different mixing
elements combined with pulse irradiation. If not stated otherwise,
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to all other experiments, the use of high photon fluxes goes
along with a decreasing photonic efficiency.

Using two LEDs with pulses of 3.125ms or 6.25ms and
equivalent pauses led to a decrease of the reaction rate.
Compared to the steady irradiation case, the reaction rate
was almost halved. The photonic efficiency was found to be
slightly higher for 3.125ms pulse as for the steady case. The
opposite was the case for the 6.25ms pulse.

General analysis

To allow for a general analysis of the observed effects,
the initial reaction rates and the photonic efficiencies are
plotted in Fig. 15. The results are clustered according to the
above discussion and sorted in ascending order within these
clusters.

An intense convection generally increases the reaction
rate, independent if an unsteady irradiation is provided
through switching LEDs or not (see Fig. 15a). The
discussion above clearly showed that movement of catalyst
particles away from the light source is required. This has
to be ensured through suited flow patterns. When utilizing
provoked secondary flows, the position of this section has
to be aligned with the hydrodynamics.

The use of spatially distributed LEDs can further increase
the initial reaction rate. Operating LEDs in a pulsed mode
generally decreases the reaction rate since a lower time
averaged photon flux is provided to the reactor. Combining
unsteady irradiation by different flow patterns and pulsed
light sources can be used synergistically to accelerate the
reaction. Short irradiation together with longer dark periods
was found to be beneficial. In general, operating LEDs with
larger electrical driving currents leads to higher reaction
rates.
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Fig. 15 a Initial rate constants r0 and b photonic efficiency ξ of the
investigated setups results are clustered according to the discussion in
the text and sorted in ascending order within the clusters. If not stated
otherwise, LEDs were operated with an electrical current of I = 0.2A

Focusing on the photonic efficiencies it becomes evident
that providing an unsteady irradiation field to the catalyst
particles leads to an increase of the efficiency (see
Fig. 15b). Controlling the hydrodynamics is an effective
option to increase the photonic efficiency. Since the
combination of pulsed operation of the LEDs and provoked
secondary flows and operation of the LEDs with very
short irradiation pulses yielded even higher efficiencies,
it can be concluded that very short irradiation pulses in
the range of several milliseconds are required to gain
the highest photonic efficiencies. The results indicate that
hydrodynamic removal of particles from the irradiation zone
is not sufficiently fast for a high performance.

For a thorough interpretation of the observed effects, it
has to be considered that photocatalytic processes involve
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the formation of electrons and holes upon excitation. These
charge carriers recombine on a very short time scale if
a reaction is not possible. It is known that the quantum
yield under periodic irradiation increases to a value equal
to that observed for the same (lower) average incident
photon flux under continuous irradiation. [70, 71] In the
complex reaction network of the nitrobenzene reduction, it
is further possible that mass transport effects play a role. If
charge separation is induced by excitation but the product
blocks the access to the catalyst surface, recombination
will occur, leading to a lower photonic efficiency. When
increasing the incident photon flux, the rate of charge
separation and with this the density of electrons and
holes increases. Two counter-acting effects occur for this
situation. The probability of inducing a reaction increases
due to the larger charge density but with this the probability
of charge recombination as well. If the removal of the
product from the surface is slow, an additional rate limiting
step occurs and consequently, the photonic efficiency
decreases.

Realization of unsteady irradiation by hydrodynamic
means and the use of multiple light sources are concepts that
are very promising for the development of high performance
photoreactors. This is nicely illustrated for the setup with
2 LEDs operating with an electrical driving current of
I = 0.1A. For the same incident photon flux, this setup
shows an about 30% higher initial reaction rate and with
this also a higher photonic efficiency compared to the no
mixer setup. While realization of unsteady irradiation by
pulsing the light sources leads to an overall reduction of the
incident photon flux and with this capacity of the reactor,
the aforementioned concepts do not show this limitation.
Instead, the temporal irradiation profile for individual
particles can be tuned independent of the time-dependent
light emission of the light source. This opens new degrees
of freedom for the design of photoreactors.

Conclusion and outlook

While being a white spot in the field of photochemical
reaction engineering, unsteady irradiation of photocatalysts
proved to be a very potent approach to accelerate the overall
reaction rate of photoreactions. The presented combined
theoretical and experimental approach shows for the first
time that hydrodynamic manipulations of the flow field
can be used to generate an imposed unsteady radiation.
A short irradiation period was found to be crucial for
the investigated photocatalytic reduction of nitrobenzene.
Optimized irradiation conditions lead to an increase of the
reaction rate by 70% related to the reference case of steady
irradiation with no mixing element installed and even more
important to an enhancement of the photonic efficiency by

a factor larger than 4. For the reduction of nitrobenzene,
the required irradiation period should be rather short,
namely in the lower milliseconds range. Since, the highest
reaction rates were not associated with the highest photonic
efficiency, further systematic investigations are required to
achieve the necessary synchronization on a macro scale.

It is plausible that the need for synchronizing the irradi-
ation profile with the microscopic rate determining step is
the most important point for all heterogeneously catalyzed
photoreactions. The relevant step strongly depends on the
reaction under investigation, including electronic process,
electron transfer, adsorption, desorption or diffusion. This
renders dynamic irradiation, independent of the way it is
realized, a powerful tool to exploit the huge potential of
photochemical reactions. A thorough understanding of the
interaction of all involved processes with photoreactions is
required to identify optimal irradiation patterns as well as
reactor designs and scale-up concepts.
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V, Palmisano L (2018) Heterogeneous photocatalysis for selec-
tive formation of high-value-added molecules: Some chemi-
cal and engineering aspects. ACS Catal 8(12):11191–11225.
https://doi.org/10.1021/acscatal.8b03093

34. Shidpour R (2015) A power-law relationship between char-
acteristics of light source and quantum yield in photo-
catalytic systems. J Phys Chem C 119(39):22425–22431.
https://doi.org/10.1021/acs.jpcc.5b02318

35. Camera-Roda G, Loddo V, Palmisano L, Parrino F (2017) Guide-
lines for the assessment of the rate law of slurry photocatalytic
reactions. Catal Today 281:221–230. https://doi.org/10.1016/j.
cattod.2016.06.050

36. Rehm TH (2020) Flow photochemistry as a tool in organic syn-
thesis. Chem Eur J 26(71):16952–16974. https://doi.org/10.1002/
chem.202000381

37. Silvares AFM, do Nascimento CAO, Oliveros E, Boss-
mann SH, Braun AM (2007) Pulsed XeCl excimer radiation

512 J Flow Chem (2021) 11:495–513

https://doi.org/10.1038/nchem.2261
https://doi.org/10.1016/j.apcatb.2011.09.009
https://doi.org/10.1016/j.tetlet.2006.06.153
https://doi.org/10.3762/bjoc.8.229
https://doi.org/10.1016/j.chempr.2016.08.002
https://doi.org/10.1016/j.chempr.2016.08.002
https://doi.org/10.1016/j.jphotochemrev.2016.10.002
https://doi.org/10.1039/C5RE00042D
https://doi.org/10.1002/cite.201600191
https://doi.org/10.1016/j.cattod.2017.11.009
https://doi.org/10.1021/cr0680336
https://doi.org/10.1007/978-1-4020-8457-7_8
https://doi.org/10.1039/b810594d
https://doi.org/10.1016/j.tet.2009.11.021
https://doi.org/10.1039/b918763b
https://doi.org/10.1039/b918763b
https://doi.org/10.1002/cite.201800035
https://doi.org/10.1002/amp2.10044
https://doi.org/10.1038/s41467-019-13988-4
https://www.nature.com/articles/s41467-019-13988-4
https://doi.org/10.1016/0009-2509(78)80012-8
https://doi.org/10.1021/ie00046a001
https://doi.org/10.1021/ie00046a001
https://doi.org/10.1016/j.cattod.2019.06.008
https://doi.org/10.1016/0009-2509(86)87087-7
https://doi.org/10.1016/0009-2509(86)87087-7
https://doi.org/10.1002/ejoc.201601591
https://doi.org/10.1016/s0920-5861(99)00107-8
https://doi.org/10.1016/s0920-5861(00)00252-2
https://doi.org/10.1016/s0920-5861(01)00257-7
https://doi.org/10.1163/1568567053956572
https://doi.org/10.1002/chem.201204558
https://doi.org/10.1021/op500181z
https://doi.org/10.1021/acscatal.8b03093
https://doi.org/10.1021/acs.jpcc.5b02318
https://doi.org/10.1016/j.cattod.2016.06.050
https://doi.org/10.1016/j.cattod.2016.06.050
https://doi.org/10.1002/chem.202000381
https://doi.org/10.1002/chem.202000381


for optimizing the polydispersity of methyl methacrylate
pre-polymers. Indust Eng Chem Res 46(23):7436–7447.
https://doi.org/10.1021/ie070129i

38. Ouchi A, Sakai H, Oishi T, Kaneda M, Suzuki T, Saruwatari
A, Obata T (2008) Photochemical reduction of flavone
with nabh4 in batch and micro-channel reactors using
excimer lasers. J Photoch Photobio A 199(2-3):261–266.
https://doi.org/10.1016/j.jphotochem.2008.05.024

39. Ouchi A, Hyugano T, Kaneda M, Suzuki T, Liu C (2014) Two-
step laser photolysis of flavone and NaBH4at organic–aqueous
liquid interface using a microchannel reactor: A method to avoid
secondary thermal side reactions. J Flow Chem 4(4):190–194.
https://doi.org/10.1556/jfc-d-14-00025
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Hofmann C, Löb P, Ziegenbalg D (2017) Optimization of
a split and recombine micromixer by improved exploita-
tion of secondary flows. Chem Eng J 334:1996–2003.
https://doi.org/10.1016/j.cej.2017.11.131

64. Lin C-M, Chang Y-W (2020) Optimization designation of static
mixer geometry considering mixing effect. Microsyst Technol.
https://doi.org/10.1007/s00542-020-04962-y

65. Myers KJ, Bakker A, Ryan D (1997) Avoid agitation by selecting
static mixers. Chem Eng Prog 93(6):28–38
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