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The scale-up of photoreactions posses challenges due to the non-linear coupling of the radiation field with
reaction kinetics and mass transport. A knowledge-based scale-up requires a sufficiently detailed
theoretical description of these processes. In this work, a transient, two-dimensional photoreactor model is

proposed and used to systematically investigate mass transport limitations in photoreactors, including the
effect of transversal mass transport through static mixers and the self-shading effect of the studied
homogeneous photoisomerization of a spiropyrane. Simulation results of the proposed photoreactor
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model indicated that mass transport along the direction of light has a major impact. The transversal
dispersion would be increased by a factor of 6 by the installation of static mixers, which would allow for a
1.27 fold increase in conversion in an up-scaled photoreactor. A shrinking of the reaction zone was

identified when increasing the light power, eventually limiting the reactor performance. Furthermore, a

rsc.li/reaction-engineering

1 Introduction

The application of light-driven processes ranges from water
purification by photocatalysis, to synthesis of organic
chemicals and pharmaceutical products.'> The attractiveness
of photochemistry results from its ability to raise the
energetic state of a molecule to unlock unique mechanistic
reaction pathways.® Photochemical reactions are considered
building blocks of a sustainable chemistry, due to the non-
invasive activation by photons, and meet many principles of
Green Chemistry, such as improved safety, high energy
efficiency, and reduced waste.”

The exponential attenuation of the photon flux along the
direction of light rays represents the main aspect to be
addressed in photoreactors. The change in intensity results
in a similar steep gradient of reaction rate along the optical
pathlength and with these demands for a compensation by
mass transport. During the last decades, microstructured
photoreactors were used to address this design
challenge.'**

Modelling photochemical processes has been common
practice for analysing and designing (microstructured)
photoreactors for several decades.”**?° The intensification
of photochemical processes is inextricably linked to the
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model-based scale-up study emphasized the importance of mass transport for scaling photoreactors.

analysis of mass transport limitations.’** Recently, the

impact of heat transfer on the observed catalytic activity was
studied theoretically to differentiate photothermal from
photochemical effects.*® Modelling has also been established
for determining the absorbed photon flux density by
chemical actinometry.>**> Moreover, great progress has been
achieved in recent decades in the development of numerical
methods to calculate the dynamics of fluids, the radiation
transfer and chemical reaction networks. Both free and
commercial software packages were established, which
enabled the investigation of diverse photochemical
processes.**3°746

The scale-up strategy for micro-photoreactors typically
follows either an internal or external numbering-up
approach.”” While this concept is very promising at first
glance, it comes with a significant burden on the investment
costs and also has limitations for multiphase reactions when
large overall throughputs have to be realized. A (partial)
geometrical scale-up (scale-out) is therefore the next logical
step for the development of industrial scale photoreactors.*®
When leaving the microscale through  geometry
transformation, material and energy transport processes
change, dispersion effects are now of more importance and
thus the molecules encounter a different process
experience.” The situation becomes even more complex for
competitive photochemical reaction networks that exhibit
shading or involve (heterogeneous) photocatalytic systems,
leading to the non-linear coupling of the radiation field to
the concentration, temperature and flow fields.”®** The
installation of static mixers is a meaningful strategy to
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narrow the residence time distribution by accelerating
transversal mass transport, while at the same time improving
the reaction performance for a self-shading reaction, in
which the absorption of the product inhibits the reaction
progress.”>* Such reactions are not only of interest as
benchmark reactions to probe the efficiency of mass
transport enhancements but are industrially relevant, with
the photochemical production of vitamin D3 as the most
prominent example, which features a complex dynamic
equilibrium between four photoisomers and overlapping
absorption spectra.’>’

On the way to an industrial application, scale-up strategies
are required to transfer photoreactions from bench to mini-
plant and subsequently production scale. Reaction systems
can be classified into different scales: laboratory (V < 0.5 L),
mini-plant (V < 5 L) and production plant (V > 5 L).>® The
scale-up concept towards industrial photoreactors is typically
based on scaling the length of the light source and the
subsequent realization of a multi-lamp system (internal
numbering-up). Maintaining similar process experiences for
the reacting molecules throughout the scale-up is essential to
this concept.*® For this purpose, a fully characterized single-
photoreactor, the modular, industrial scalable,
continuously operated photoreactor (MISCOP), is designed to
bridge the gap between laboratory photoreactors (small
scale), and industrial photoreactors (large scale). To attain a
profound understanding of the interplay between mass
transport and reaction performance, and to further improve
the performance of photoreactors for demanding
homogeneous  reactions, such as self-shading or
photocatalytic reactions, a more comprehensive modelling
approach is needed that describes the following aspects of
real large-scale photoreactors:

e local reaction rate for involved reactants,

e convective mass transport based on the velocity profile,

o dispersive mass transport in transversal and axial
direction induced by static mixers,

¢ and the emission characteristics of the light source.

In this contribution, a novel transient, two-dimensional
photochemical model is presented that describes the before
mentioned aspects. The model was parametrized with
experimental and theoretically data previously obtained for
the mini-plant photoreactor (MISCOP) and subsequently used
to analyse the effect of mass transport enhancements in the
MISCOP system on the performance and efficiency as well as
a potential scale-up. For the theoretical assessment, four key
factors were identified for an effective modelling of the
MISCOP system: the Bodenstein number Bo, the photonic
utilization factor 7y, of the reactor, the absorption coefficient
of participating species, and the quantum yield @ of the
photochemical reaction. Thus, the photochemical reactor
model aims to complete the wunderstanding of the
performance of real photoreactors and the occurring mass
transport effects to support the development of scale-up
strategies. As a side aspect, the quantum yield for the studied
photoisomerization, which is required for all modelling
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approaches, was obtained with a model-based analysis of
experimental data measured in a capillary photoreactor.

2 Theoretical methods
2.1 Effective modeling approach for photoreactors

The fundamentals for the mathematical description of
photoreactors, namely radiation transport, kinetics, and the
conservation equations for mass, heat, and momentum
balance, remain essential, independent of the chosen
modelling approach. Nonetheless, numerous investigations
focus only on individual aspects because integrating all these
principles leads to highly intricate interdependencies. The
individual phenomena are essential for comprehending the
fundamentals of photoreactors and are mutually supportive,
yet frequently only partial aspects of the whole reactor system
are addressed. Experimental methods often have the
advantage of considering multiple physical influencing
factors (multiphysics) of the process in the reactor. However,
characterization  often through concentration
measurements at the reactor outlet. The limitation of these
studies is in the derived integral values, which prevent the
evaluation of specific local physical effects. Experimental
methods typically probe multiple physical influencing factors
at once (multiphysics). However, commonly integral
properties are measured such as concentrations at the reactor
outlet, limiting the evaluation of specific local physical
effects.

The MISCOP system is designed to serve as a foundation
for the further development of large-scale processes and
requires thorough characterization.

Studies on the implementation of static mixers in the
MISCOP system and the consequent alterations in
hydrodynamics and the radiation field, as detailed in prior
publications, are utilized to parameterize the photoreactor
model. Incorporating static mixers improves mass transport
in the reaction space but concurrently shades the reaction
zone from incident light. On the other hand, the studied
photoisomerization cause a self-shading effect, whereby the
light absorption of the product hinders the progress of the
reaction. Analyzing the impact of transversal dispersion on
the conversion of the MISCOP system necessitates a local
examination of both mass and photon transport. The
objective of the effective reactor modelling was to identify
and quantify the key influences of the MISCOP system with
static mixers for a self-shading photoreaction based on
continuum mechanical principles.

The following influences were considered: i)
decoupling of axial and transversal dispersion, ii)
competitive absorption of the product molecule, iii)
use of internal structures (static mixers), and iv)
exponential decrease of radiant power orthogonal to
main flow direction.

The modeling of the MISCOP system is based on
publications analyzing the residence time distribution of the
static mixers and the calculation of the radiation field.*>"*°
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Fig. 1 Representation of the dependencies of the basic principles of a
photoreactor and its effective integration into modeling approaches of
the 1Ds and 2Dt model.

Fig. 1 summarizes the dependencies of the 2D transient 2Dt
model developed for the MISCOP system and outlines the
direct dependence on the axial dispersion coefficient Dy, the
photon utilization factor 7, and the quantum yield @. All
three influencing factors describe fundamental aspects of
photochemical reaction engineering, namely mass transport,
photon transport, and photokinetics. These parameters are
essential input variables for a comprehensive photoreactor
model designed to support the development and scaling of
photoreactors.

Solving the 2Dt model for the MISCOP reactor requires
the determination of the quantum yield of species 2 in the
used solvent, i.e. technical grade ethanol. This was achieved
by estimation of the photokinetic parameters based on
experimental data obtained at suitable conditions and fitted
with a 1D steady state 1Ds model. This model is a
simplified version of the 2Dt model, to reduce
computational efforts. The validity of this approach was
then checked by using the complex model for the
prediction of and comparison against the experimental data
using the estimated quantum yield. Since the complex
model requires more parameters than obtainable with the
1Ds model, a thorough screening of unknown parameters
was conducted to proof the reliability of the estimated
quantum yield.

This was achieved by applying a 1D steady-state 1Ds
model for experimental conditions suited to obtain
photokinetic parameters. As a simplified version of the 2Dt
model, the 1Ds model was derived by reducing the level of
description to meaningful boundary cases, i.e. plug flow, no
axial dispersion and collimated irradiation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 a) Reaction scheme of the reversible ring-opening
photoisomerization of 1,3,3-trimethylindolino-6'-nitrobenzopyrylospirane
1 to its merocyanine form 2. b) Spectral Napierian absorption coefficient
of 1 and a mixture of species 1 and 2 dissolved in technical grade ethanol
after irradiation with light of a wavelength of 365 nm.

2.2 Photochromic reaction system

Fig. 2a illustrates the reversible reaction scheme of the ring-
opening photoisomerization of 1,3,3-trimethylindolino-6'-
nitrobenzopyrylospirane (6-NO,-BIPS), which was chosen as a
benchmark reaction to elucidate the potential impact of a
static mixer on mass transfer processes in the mini-plant
photoreactor (MISCOP). The main characteristic of this
photochemical reaction is a self-shading effect, which
demands sufficient mixing of the reaction solution to achieve
a high conversion, making this reaction suitable for studying
the effect of mass transport limitations.*® The spiropyrane 1
is referenced as closed form, the merocyanine 2 as opened
form. Upon irradiation with UV light (%, = 365 nm), the
colourless species 1 isomerizes to the coloured species 2,
which also absorbs light in the UV region (see Fig. 2b).>”*'
The spiropyrane is a photochromic compound of type T and
P, ie. the reversible back reaction (2 — 1) is induced either
by temperature increase of the reaction solution or by
irradiation with green light at a wavelength of about 540 nm.
Without UV irradiation, the reaction system equilibrates
thermally. Detailed information on the thermal back
reaction, the absorption spectra, and the photodegradation
were already published.*®

The unimolecular reaction <1£22> is induced by

monochromatic light of wavelength 4;,,, and is assumed to be
a single photochemical step. During photon absorption, the
rate of the photon activated step (primary event) is
proportional to the absorbed local photon flux density L;(?, t)
(local volumetric rate of photon absorption, LVRPA). The

React. Chem. Eng., 2024, 9, 3231-3247 | 3233
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proportionality constant of this relation is the primary
reaction quantum yield @.°>7°° The product of quantum yield
and absorbed local photon flux density, L?,(f, t) results in an
expression for the local reaction rate of the photochemical
step rp:

rp = O-Ly(X, ¢). (1)

For the kinetics of the photoisomerization, only the
photochemical forward reaction is considered. The
experimental reaction times are below 60 s, which is a short
enough timespan to neglect the thermal back reaction.’®
Degradation process were previously observed, but were
neglected in this study because the degradation was found to
only be relevant for long term irradiation experiments with a
recycle reactor.*® The quantum yield ¢ of a photochemical

reaction (1 i 2) at wavelength J;;, is defined as the number
of defined events, occurring per photon absorbed by the

system:®’

occuring events

@ = 2)

" photons absorbed

In applied photochemistry, determined quantum yields are
frequently influenced by other processes and are thus
usually describing the overall reaction and not only
elemental steps.

The absorbed local photon flux density L;@, t) (LVRPA)
represents the amount of photons that are absorbed per unit
time and unit reaction volume, and this property depends
linear on the radiation field and is expressed as:**

L;(}’ t) = a'Ep,o(}a t), 3)

with the linear Napierian absorption coefficient of the species
participating in the photochemical reaction:

I
a= Z’Ci'ch (4)
s

with the Napierian absorption coefficient «x; and
concentration c¢; of species i. Note, in case of the
isomerization of spiropyrane, only species 1 contributes to
the photochemical reaction rate r, (I = 1).

The photon fluence rate Ej, , (overall, o) is the integral over
the solid angle @ of the photon flux density L,(x, ¢) incident
from all directions onto a small sphere, divided by the cross-
sectional area of that sphere:

LP,Q(TC7 t)d.Q (5)

Q=4n

Eyol%, ©) = J

The photon flux density L, ﬂ(a_c), t) is obtained from the
photon transport equation. The derivation of the photon
transport equations is presented in the ESI} 2.1.

3234 | React. Chem. Eng., 2024, 9, 3231-3247
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Fig. 3 The reaction solution flows in y-direction through the balance
volume dV with the cross-section S, and is irradiated in x-direction
through the surface S;, with the incident fluence rate Eg,o. The z direction
is shown for the purpose of completeness, but is not used in the model.

2.3 Mathematical modelling

2.3.1 2D transient 2Dt photoreactor model. In general, a
reactor model should only focus on the relevant physical and
chemical influences, and ideally a reduction in the spatial
dimension is aimed for to cope with the numerical
challenges.®””®® For an annular reactor geometry, the
circumferential coordinate (z-direction) can be eliminated
from the simulation space due to symmetry, leading to a
simplified, rectangular shape of the balance volume (see
Fig. 3).*>7° This way the computational load that comes with
parametric studies, larger reaction networks or model
parametrization is reduced. Consequently, the transient, two-
dimensional (one dimension in time, two dimensions in
space) photochemical model can be used to determine the
degree of transversal mass transport of photochemical
processes, and enables an efficient scanning of the
parametric space of photochemical operating conditions, and
an investigation on the potential of scale-up scenarios. In the
following text, this model is referenced as “2Dt”.

Fig. 3 depicts the cuboidal balance volume dV, which
consists of a fluid of concentration c(t, x, y) = ¢ flowing
through the cross-section S with a velocity Z(x) in y-direction.
The balance volume is irradiated perpendicular to the flow
direction through area Sj,, with a homogeneously distributed
photon fluence rate E, = const.

The following model assumptions were used:

e homogeneous single-phase,

e convective pressure driven mass transport,

e dispersive mass transport in y (axial) and x (transversal)
direction, and constant values along z direction,

e laminar flow as explicit parabolic velocity profile,

e unimolecular reaction,

e local photochemical reaction rate based on the evaluation
of the radiation field (LVRPA),

e monochromatic irradiation,

e thermal back, and photodegradation reactions are
neglected,

e isothermal operation.

The material balance of a species i is expressed as:

o oc; 6261'

oc; i D +D 626i+§:v"r- (6]
ot ay ey TTaxr &MY

This journal is © The Royal Society of Chemistry 2024
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with the concentrations, c;, of the participating species i = 1,

.., N, the dispersion coefficients D, and D, the
stoichiometric coefficients v; ; of the reactionsj=1, ..., M and
the reaction rates r;. The photochemical reaction rate r, is

based on the absorbed local photon flux density Lsﬁ, ?) (see
eqn (1) and (3)). The velocity % in y-direction is expressed as a

parabolic velocity profile with the mean flow velocity # = %z

o= et (9- ()] "

Initial and boundary conditions (IC, BC) of the grid (see Fig.
S47) are stated as follows:

IC: ci(t=0, x, y)=cio

BC1 : ¢i(t, x, y=0) =cio (left boundary)

BC2 : oci(x = O’aﬁ =0 1) =0 (lower boundary) .
BC3: oci(x =, aJ;C: (0, 1)) =0 (upper boundary) ?
BC4 : oci(x = (O,ays), y=1) =0 (right boundary)

The feed concentration c;, (IC) is used to initialize the entire
concentration field c¢;. The concentrations c,(x) at the inlet of
the grid (y = 0), are set by a Dirichlet boundary condition
along the grid points in x direction to the values of ¢;, (BC1),
which depends on the corresponding experimental
conditions. At the lower and upper boundary of the grid
(x = 0 (BC2), x = s (BC3)), a Neumann boundary condition
with zero dispersion flux for y = (0, L] is applied, excluding
the last grid point in y-direction. Also a zero dispersion flux
Neumann boundary condition for y = L along all grind points
of x is applied.

The photon transport is simplified by a two-flux
approximation for one-sided irradiation (see eqn (S6)f) in a
rectangular geometry and two absorbing species:”"”?

dE,

dx = _AaEp,o = _A(K1C1 +K2(;2)Ep‘0~ (9)

The photon fluence rate E,, is calculated with the
concentration of species 1 and 2, and the respective
Napierian absorption coefficient (x4, «,) at the wavelength of
irradiation A;. A collimation factor 4 is introduced: for 4 =1,
the propagation of a light beam is assumed collimated, for
4 =2, an isotropic propagation of light is assumed.*®”° The
incident photon fluence rate Ep , at the boundary layer x = 0
is used as the boundary condition for all grid points in y
direction:

%

BC1: Epo(x=0)=E), =A_".

10
Sirr [ )

The incident photon flux gp onto the balance volume is
commonly unknown, and approximated by the absorbed
photon flux g; determined by actinometry, radiometry or
numerical simulations.**?>*®”® The conversion X; at the
outlet (y = L) of the reactor is calculated based on the

This journal is © The Royal Society of Chemistry 2024
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relationship between the average molar flow rate 7; of the key
component i at the inlet and outlet of the reactor:

(11)

Because the cross-section area S.s is constant, the mean
molar flux, J; instead of the mean molar flow 7; is used for
the calculation of the conversion. The mean molar flux in the
x-direction at the reactor's outlet (y = L) depends on the local
velocity u(x) and the local concentration ci(x), and is

calculated by integrating J; from x; = 0 to x, = s:
S

Ji= 1| s =1 awuwar (12)

Assuming plug flow (z = %) within the reactor, the mean
molar flux J; at the reactor outlet is calculated from the mean
concentration ¢; along the x-direction:

7= atoax=

SJto

v |

G (13)

For plug flow conditions, the computation of the conversion
X, thus simplifies to:

Ci

X;=1-—. (14)

Cio
For non-constant velocity profiles the conversion is calculated
as
_Ii

X;i=1 .
Jio

(15)

Information about the numerical
presented in the ESIT 2.4.

2.3.2 1D steady-state 1Ds photoreactor model. A steady
state, one-dimensional model is derived from the 2Dt model
and is referenced as 1Ds. Additional simplifications to the
2Dt model are considered: i) the change in concentration
over time in a continuously operated tubular reactor is
negligible (steady-state), ii) a constant velocity profile u = @ is
assumed, iii) the concentration change perpendicular to the
flow direction (x-coordinate) is negligible, and iv) an average
volumetric rate of photon absorption (AVRPA) is assumed,
thus no local reaction rate is calculated. These assumptions
are very strong, but common simplification in photochemical
reaction engineering. The reaction rate gradient must remain
small in experimental investigations to be consistent with the
model assumptions, which is controlled by the following
parameters: small concentration differences, short optical
path lengths, short reaction times and low photon fluence
rate.

The material balance of a species i is expressed as:

_de Y
U— = Z v,;j-rj,
dy =

implementation are

(16)

The boundary condition for the boundary value problems is:

React. Chem. Eng., 2024, 9, 3231-3247 | 3235
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Cl'()} = 0) = Cio- (17)

The expression of the reaction rate r, for a photochemical
step induced by monochromatic light is used as the average
absorbed photon flux density (Lp)y (average volumetric rate of
photon absorption, AVRPA):

rp = DLy (18)

with the quantum yield @ (see eqn (2)) of a photochemical
reaction (1 B 2) at wavelength 1. The absorbed photon flux

density (Lp)y is written as:

a — 1 a Y3 — 1 ¥
<LP>V = VJLpﬁ(x)dV = Vjclmpﬁ(x)dv. (19)

For a collimated beam of radiation (¥ = x), eqn (5) reduces
to Lp’g(}, )= EP,O(}, t), thus the absorbed photon flux density
(Lp)y can be calculated with:

(1), = %/Jclqup‘o(J‘c’, fav. (20)

The assumption of a collimated radiation field allows the use
of the Beer-Lambert law (see eqn (S9)t), resulting in an
expression for the photon fluence rate Epyo(}, ?). Inserting the
expression of the photochemical reaction rate r, into the
material balance (see eqn (16)), and integrating over the
volume V yields a differential equation for the conversion
X1:30

dx, _ P Eg,o Br(1-X4)
dt, _01,0 s pr(1-X1) + (1-4)X1
(1= exp(—A2 (B, (1-X1) + (1-51)X1))).

(21)

The following parameters of the differential equation are
defined as:

AQ = ¢4 0:(re1 + K0)-S, (22)
K1
= 23
pr= (23)
c
X, =1- el (24)
C1,0
LV 25
tr =—===1 ( )
u v
with the reference absorbance A2, the dimensionless

absorption coefficient of species 1 f;, and the conversion of
species 1 X;. The reaction time ¢ is estimated from the
hydrodynamic residence time in the irradiated volume/segment
of the reactor. Eqn (21) has been explicitly formulated for
species 1, because the AVRPA of the
photoisomerization has been explicitly integrated.
The non-linear ordinary differential equation was solved
numerically as initial value problem over ¢. Eqn (16) was

unimolecular
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Fig. 4 a) Picture of the capillary photoreactor. b) Schematic
representation of the volume of the capillary reactor and the
segmental assembly of the used control volume V = A.L.

fitted to the experimental results by varying the quantum
yield @ and minimizing the sum of squared residuals r = fo\,
- fIX, ¢p", t, ®). Numerics and parametrization were
implemented in Python with the following packages: NumPy,
SciPy, LMFIT.”*”"”

2.4 Model application to studied photoreactors

2.4.1 1Ds model of the capillary photoreactor. Fig. 4a
depicts the wused capillary photoreactor with an inner
diameter of the capillary d; and Fig. 4b illustrates the
irradiated volume segments (1, ..., N) of the capillary reactor.
The length of the photoreactor is approximated by the sum
of the length of all individual irradiated segments /; (purple),
and gives the (photochemically active) length L of the
photoreactor. These geometrical properties are transformed
to the cuboidal balance volume by assigning the same
volume as present in the active part of the reactor. The
known internal diameter of the capillary, d;, and the
experimentally determined volume V = 0.98 mL of the
capillary reactor are used to derive the parameters for the
cross-sectional area S, the (photochemically active) length L,
and the constant velocity .

T
Ses = Z-d,»z, (26)
14
L=—, 27
S (27)
14
=—. 28
5. (28)

The geometric transformation of a cylinder into a cuboid
can only be valid if the volume of the actual cylindrical
reactor is equal to that of the cuboidal model reactor. The
model only works for a cuboid geomery, while the actual
reactor is a tube. Hence, for a valid application of the model
on the real geometry the volume of both is assumed to be
equal.

T
V=1 d?L = Sips. (29)

Assuming a planar projection surface of the capillaries for
the irradiated area:
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Sirr = L'diy (30)

the optical path length s of the model volume is defined as:”®

(31)

T
S:dl‘-—.
4

Using these definitions, it is possible to express the
relationship between the photon irradiance E, and the
absorbed photon flux gp. The initial photon irradiance Eg is
defined as:

E° qg _ nsys'qgm

—1r , 32
P Sirr Sirr ( )

based on the incident photon flux gp on the irradiated area
Sirr, the emitted photon flux from the light source ¢;", and
the photon utilization factor of the capillary photoreactor
(nsys = 0.54).°7°

The reaction time ¢ is estimated from the hydrodynamic
residence time 7 in the irradiated volume/segment of the
reactor:

(33)

To obtain a reproducible initial concentration for
parameter fitting of the quantum yield, the reaction solution
was thermally equilibrated under dark conditions for several
hours. Thus, the boundary condition (see eqn (17)) was
initialized as:

(34)

BC: X1(t:0):X1Aeq:

2.4.2 2Dt model of the -capillary photoreactor. The
application of the 2Dt model to the capillary photoreactor
necessitates additional model parameters. These parameters,
which go beyond the already defined variables, address
photon transport and mass transport in both the x- and
y-directions.

Studies on the residence time distribution of capillary
tubes with different diameters indicate that Bodenstein
numbers in the range of 100 to 150 are realistic for a
diameter of 1.6 mm.”® The lower limit for the Bodenstein
number of an ideal flow reactor (PFR) is also about 100. Thus
this value was used for the simulations of the 2Dt model.

The upper limit of the axial dispersion coefficient D, is
calculated using the definition of the Bodenstein number Bo:
_@L

Dy

Bo (35)

with known values for the characteristic length L (see eqn
(27)) of the reactor, and the flow velocity @ (see eqn (28))
within the capillary. Note that the axial dispersion coefficient
is a function of the flow velocity and thus depends on the
chosen volumetric flow rate for each operating point.

The molecular diffusion coefficient D, for species 1 in
ethanol was estimated using the Wilke-Chang equation,
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which provides a correlation for diffusion coefficients in
diluted solutions, to assess transversal dispersion (see ESIf
2.3).%° The calculated value for the molecular diffusion
coefficient D, is used as the lower boundary case for the
transversal dispersion coefficient D,.

The collimation factor 4 specifies the spatial emission
characteristic of rays from the light source. A collimated
emission can only be assumed for very short distances
between the light source and the reaction site or for special
light sources, such as lasers. In real systems, the value ranges
from 1 to 2, depending on the light source used.

For the purpose of comparing the 1Ds and 2Dt models
presented in section 3.1.2, the 2Dt model of the capillary
photoreactor was simulated with a collimation factor of
A=1.

The model parameters for the capillary photoreactor, as
utilized in both the 1Ds and 2Dt models, are summarized in
Table 1.

2.4.3 2Dt model of the MISCOP system. Fig. 5 shows the
MISCOP system with axial inflow (V2-AX) and the static mixer
(SMX10) used experimentally, as well as the characteristic
ring-shaped geometry defined by the outer diameter d,, the
inner diameter d;, and the height h. The light source is
located inside the annular reactor.

The annular geometry is converted into a cuboid volume
(see Fig. 3) and the following definitions are introduced: the
optical path length s in the x direction, the length of the
cuboid L in the y direction, as well as the cross-sectional area
S¢s and the irradiated area S;,:

do —d;
s=-° "

4, (36)

Table 1 Model
photoreactor

parameters of the 1Ds model of the capillary

Operation conditions

C1,0 3.1 mmol L™
v 1 mL min* to 100 mL min™*
Re 8.83 to 883
Geometry
L 0.495 m
d; 1.5875 mm
K 1.2468 mm
0.98 mL

Light source

A 1

M 365 nm
Py 0.663 W
el 0.275
Tsys 0.54

Photophysical/photokinetic parameters

%1 (365 nm) 1302 m* mol™*
i, (365 nm) 3959 m* mol ™"
(] 0.14
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a)V2-AX N SMX10 operation b) d,

n
hv
e

>

X

Fig. 5 a) Picture of the annular mini-plant photoreactor with static
mixer (SMX10). b) Representation of the annular geometry of the mini-
plant photoreactor.*>4®

L=h, (37)
Tin_»

Ses :Z(do—di), (38)

Sirr = TEdi‘L. (39)

Two MISCOP configurations were analysed using the 2Dt
model: the empty photoreactor (EMPTY) and the
photoreactor with a static mixer (SMX10). The crucial
geometric assumption is the estimation of the length of the
reaction zone and, consequently, the incident photon flux
per area. In the analysis of the radiation field simulations
using OpenFOAMB®, it was determined that the length of the
light source closely approximates the length of the reaction
zone in the y direction: L = 0.1 m.*

The installation of the 10 SMX mixers reduces the fluid
volume of the reactor, necessitating an adjustment for the
SMX10 model parameters to ensure comparability with the
empty reactor, characterized by an optical path length of 20
mm, this characteristic length s is kept constant for both
models. The reduction in available volume, described by the
volume fraction ¢, increases the actual average velocity in the
SMX configuration, as the volume flow remains constant.

— u Scs'L —

i =—=—"0, 4
sMX = V. (40)

Va = SesL = Vsmx- (41)

The volume of the SMX mixers, Vsmx, is 0.0982 L along a
length of L = 0.1 m. The cross-section area S.s of the SMX10
changes according to the volume reduction caused by the
static mixer.

The available experimental and theoretical results on the
hydrodynamics and radiation field of the MISCOP system are
used for the mathematical description of the photoreactor.
The hydrodynamic analysis provides the experimental Bo
numbers for a range of static mixers. The model parameter
for axial dispersion, Dy, is determined from the experimental
residence time distribution of the MISCOP. The axial
dispersion coefficient D, is calculated using eqn (35) for a

3238 | React. Chem. Eng., 2024, 9, 3231-3247

View Article Online

Reaction Chemistry & Engineering

volumetric flow rate of V = 4 L min™" and the characteristic
length L = & of the cuboid balance volume.

Furthermore, the influence of static mixers on the
radiation field in the reactor was investigated by utilizing the
photon utilization factor, 74, of the reactor setup determined
in a predecessor publication for various static mixers.*® The
static mixers shade the reaction space from the photons,
thereby reducing the initial photon flux density, Ep,. The
photon utilization factor of the MISCOP system generally
depends on the three-dimensional local concentration field,
which was previously considered for the simulation of the
radiation field under the assumption of a constant linear
Napierian absorption coefficient « for the two limiting cases,
the reaction start and end. Simplifying the MISCOP system
modeling, the average photon utilization factor from these
two boundary cases was utilized.”® Thus, the boundary
condition for photon transport is given by (see Gl. (10)):
G Mas, p
Sir Si 9 Nyhee?

Epyo(x =0, y) = ﬁsys' (42)
with the emitted photon current g™, the electrical efficiency
ne and the electrical power of the light source Pg.
Transmission of light through the reaction chamber of the
MISCOP system was neglected, because the high absorbance
of the reaction solution (42 > 5) meant that every photon was
absorbed.

In section 3.2, experimental results are compared with the
theoretical results of the 2Dt model. Experimentally, the
reaction solution in the storage tank was irradiated with a
wavelength of 540 nm to switch back the reaction system
photochemically and ensure a reproducible initial
concentration c¢;, before the actual irradiation with a
wavelength of 365 nm was started. Therefore, the initial and
boundary conditions (see eqn (8)) can be initialized by:

(t=0,x,9) =cip (43)

Xi(t=0,x,y)=0. (44)

Table 2 summarizes the model parameters for the
MISCOP system without mixing elements (EMPTY) and with
mixing elements (SMX10).

3 Results
3.1 Analysis of capillary photoreactor
3.1.1 Quantum yield of the photoisomerization.

Conducting kinetic experiments of the self-shading
photoisomerization of 1,3,3-trimethylindolino-6"-
nitrobenzopyrylospirane in a mini-plant reactor system, such
as the MISCOP system, poses challenges to quantify the
macro-kinetic parameter due to a superposition of mass
transport processes. The reaction induces an inhomogeneous
concentration profile, with high concentrations of species 2
at the irradiated wall. This is further amplified by a velocity
field with not well defined mass transport from the wall to
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Table 2 Model parameters of the 2Dt photoreactor model for three
configurations of the MISCOP system: the empty MISCOP (EMPTY) and
the MISCOP with SMX10 mixer (SMX10)

Model EMPTY SMX10
Operating condition

1,0 0.37 mmol L™

14 4L min™*

Re 350 436
Geometry

L 0.1 m 0.1 m

d 0.06 m 0.06 m

d, 0.1 m 0.1 m

S 20 mm 20 mm

|4 0.5L 0.5L
Light source

il Parametric study

M 365 nm

P, 86.4 W

Hel 0.5

Tsys” 1 0.746

qg 132 pmol s~ 98.6 umol s*
Photophysical/photokinetic parameter

%1 (365 nm) 1302 m* mol ™"

K, (365 nm) 3959 m* mol ™

AS 39.16 39.16

(2] 0.143

Mass transport parameters

Bo 7 39

D, Parametric study i
Dy 2.653 x 10* m* mol ™! 4.23 x 10> m* mol ™’

“ Nsys was named Tiy in previous publication.*®

the bulk of the fluid. As an alternative, microphotoreactors
offer a well-defined operating window, in which photokinetic
parameters, such as the quantum yield, can be determined
due to the small geometrical dimensions and ideal operating
conditions, most importantly i) plug-flow behaviour and ii)
effectively no dispersion in axial and iii) no transversal
concentration gradients.

The operating window of the used capillary reactor is
chosen to ensure low conversion, which is achieved by a low
photon flux and short reaction/residence times. On the other
hand, full absorption of the solution is required to avoid
transmission through the capillary, thus a Napierian
absorbance of A, > 2 of the irradiated solution is crucial.
Given these requirements are fulfilled, the 1D model (see eqn
(21)) allows for determining the overall chemical quantum
yield that describes the intrinsic efficiency of all elementary
photophysical and photochemical steps.””>%%!

The quantum yield @ of the reaction of the
photoisomerization (see Fig. 2a), dissolved in technical grade
ethanol (EtOH (tech)), was determined in a capillary
photoreactor. Experiments for different flow rates (V = 75 to
100 mL min "), incident photon fluxes (gp = 0.07 x 10> to
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Fig. 6 Measured absorbance A.s of the benchmark reaction during a
single experiment in the capillary reactor (c;o = 3.1 mol m™) and
variation of the incident photon flux qg of the UV LED during the
experiment.

0.3 umol s'), and two concentrations ¢; o = [3.1, 2.17] mol m~®
were conducted in a differential mode of operation.

Fig. 6 shows the temporal evolution of the observed
absorbance A,ps for a constant flow rate of V = 84 mL min ™"
(¢, = 0.7 s), and a step-wise increase of the incident photon
flux gp. The stepwise increase of the photon flux causes a
swift and stable response in the absorbance after a few
seconds. After each step, the final and thus stable values were
then used to obtain the concentration and conversion values
for further evaluation (see Tables S1 and S27). The variation
of the flow rate lead also to a corresponding change of the
reaction time, t.. Subsequent parameter fitting using the X;
and ¢, data with eqn (21) resulted in values for @ = f(qp, ¢1,0)
between 0.138 to 0.149 for the different incident photon
fluxes and initial concentrations. A mean value of @ = 0.14
for 8 operating points (2 concentrations and 4 photon fluxes)
was calculated.

0.040

—6— C1,0=2.2mol/m?
0.035 9/ =%= 1,0 =3.1mol/m?

0.030 A

0.010 1
g9 =0.07 umols™' WM g =0.14 umols~!
B ) =0.1pumols™ B g =0.3 umols™’

0.000 - T T T T
0.0 0.2 0.4 0.6 0.8 1.0

T/s

0.005 +

Fig. 7 Experimental data (x, O) obtained from the capillary reactor and
solution of the model (see eqn (21), —, -) for a determined quantum
yield of @& = 0.14. The model was evaluated for two initial
concentrations of c1o = [3.1, 2.17] mol m™ and four photon fluxes in
the range of g, = 0.07 to 0.3 umol st along reaction times of t, = 0.56
to 0.7 s.
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Fig. 7 depicts the experimental data set and the solution
of eqn (21) for @ = 0.14, confirming the validity of the fitting
procedure. The conversion X; at ¢ = 0 is greater than zero,
since fresh solutions were thermally equilibrated overnight to
ensure a constant initial concentration c¢;.q across all
experiments. A quantum yield of @ = 0.17 in ethanol for flash
photolysis experiments was reported by Gorner for irradiation
with a 354 nm laser at 25 °C.>° Aillet et al carried out
experiments in a spiral shaped micro-photoreactor setup with
one third of the diameter used in this study (d = 508 um),
and reported a quantum yield of @ = 0.24 in ethanol.*' A
lower quantum yield (@ = 0.14) observed in this work is
reasoned by an increase of the solvent's polarity (EtOH (tech),
containing water).””%?

The excellent agreement between the quantum yield of
this work and literature values is attributed to respecting the
operating window for conducting photokinetic experiments,
i.e. X < 0.05. In addition, the capillaries of the photoreactor
are arranged such that the superimposed effect of self-
shading is hydrodynamically counteracted by secondary
flows, which are induced when redirecting the capillaries at
the beginning and end of the scaffold (see Fig. S1at), similar
to the intensification of mass transport by coiled flow
inverters. The laminar, parabolic velocity profile is disturbed
by secondary flow structures such as Dean vortices,
homogenizing the concentration in the cross-section of the
capillary.®*® Assuming a critical De number of 54 and a
radius of curvature r. of 1.5 times the inner diameter of the
capillary, the following relationship results:

\/I
De = Rey/—.
3

Consequently, Dean vortices occur for Re numbers above
93, which applies to the photokinetic operating range of the
capillary photoreactor. This effect further justifies the
assumption of plug-flow in eqn (16) and introduces this type
of photoreactor and evaluation method as a valid option for
conducting photokinetic experiments.

3.1.2 Model comparison for the capillary photoreactor.
The experiments conducted in the capillary photoreactor
were mainly used for the estimation of the quantum yield
using the simplified 1Ds model to ensure short computation
times. However, assuming a constant velocity profile, a
collimated emission and neglecting dispersive effects
generates limitations on the validity of the simulation
compared to experimental data, especially for high
conversions with high concentration gradients. To provide a
validation of applicability of the 1Ds model, a parameter
study of the 2Dt model was compared with the 1Ds model
and with experimental data.

The 2Dt model used the quantum yield (@ = 0.14)
obtained from the parameter estimation with the 1Ds model.
The dispersion coefficients were assigned either a value of
the molecular diffusion coefficient (lower boundary) or a
value derived from a Bodenstein number of 100 (upper

(45)

3240 | React. Chem. Eng., 2024, 9, 3231-3247

View Article Online

Reaction Chemistry & Engineering

a)  0.10
B D, =Dy, Dy =D, u=Up
0097 mm D, =D, D, =%L,u=uo
0.08 - Dy=%L,Dy=Dp,u=uo *
WM D, =D, Dy=Dp,u="f(x) =
0.07 A u-L o
BN Dy=Dy=%5, u="1(x) =
~ 0.06 ™ :
~ . aun®®
>,<_, | ) ,'/" -‘-‘-‘.-
005 AT et e
/,;»,/{‘./ ‘.-' P b
0.04 A P s ramemre 22
' /y"‘::-;‘-' I
oum | _AEEEEE LR
0.02 4 ses 2DtA=1
—.- 2DtA=2
0.01 ; ; ; ; ;
0 1 2 3 4 5 6
T/s
b) o5

0 10 20 30 40 50 60
T/s

Fig. 8 Comparison of the 1Ds model, the 2Dt model and experimental
data. Fig. a) represents a time interval until 6 s, and Fig. b) until 60 s.
The initial concentration of species 1 is c;o = 3.1 mol m™ and a
incident photon flux of g3 = 0.3 umol s is used.

79

boundary).”” Additionally, either ideal plug flow with a
constant velocity profile % or an ideal laminar Poiseuille flow
with parabolic velocity profile U were applied. The collimation
factor A4 was assigned as either one or two to evaluate the
extreme cases of a fully collimated and an isotropic emission.

The results of the simulations of this sensible set of these
parameters for the 2Dt and the 1Ds model as well as the
experiments are shown in Fig. 8a for the experimentally
studied residence time 7, ranging from 0 to 6 s, and a ten
times longer period in Fig. 8b. Only results for the highest
investigated incident photon flux qg = 0.3 pumol s are
shown. Results for further photon fluxes gp = 0.07 x 10> to
0.14 umol s™* can be found in the ESIt (see Fig. S7).

An analysis of the results reveals that the simple 1Ds
model predicts conversion well only for residence times
below 1 s. For longer residence times, the model overpredicts
the experimentally measured conversion, but also the
conversions calculated by the other models.

For a dispersion coefficients identical to the molecular
diffusion coefficient and a constant velocity profile, an
increasing deviation from the high values of the 1Ds model
was found (blue curves). The deviation is even more
pronounced for an isotropic emission. These deviations stem
from formation of transversal concentration gradients

This journal is © The Royal Society of Chemistry 2024
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compensated by the transversal dispersion, which in this case
occurs only slowly by molecular diffusion. Consequently, the
gradients get more and more pronounced with reactor
length. Close to the irradiated wall x = 0, the reactant is
rapidly converted to the product, which absorbs light about
three times as effective as the reactant. Meanwhile, at the far
side from the irradiation, almost no reaction is taking place,
as only a tiny fraction of light reaches this part of the reactor.
This aggravating effect is even more pronounced when the
light source is divergent, because in that case the exponential
drop of the photon flux is twice as severe, causing a larger
fraction of the reactor to be unutilised.

Increasing the axial dispersion coefficient D, by several
orders of magnitude, defined by the Bodenstein number, has
virtually no effect on the conversion (green curves). The
concentration gradients are much steeper in transversal
direction, on which the axial dispersion has no direct
influence and thus just a very limited impact on the
conversion is found.

Increasing the transversal dispersion coefficient instead of
the axial one results in much higher conversion (gray curves),
quite comparable to the results of the 1Dt model. The fast
transversal dispersion mitigates the evolution of strong
concentration gradients and thus the effect of self-shading.
In line with this, the collimation factor has almost no effect
on the conversion.

For a Poiseuille flow velocity profile instead of a constant
velocity and only molecular dispersion in axial and
transversal directions (red curves), the collimation factor is of
greater importance again. In this case, the locations closest
to the irradiation experience higher conversions even earlier
in the capillary due to the low flow velocity in this zone. This
negatively impedes the photon flux incident on the core flow,
where the flow velocity is highest, and all parts further away
from the irradiated side. Thus, the calculated conversions are
the lowest observed in this study. For a collimation factor of
2 even lower conversions are found due to the more
pronounced attenuation of the photon flux.

Combining high values for the dispersion coefficients with
a Poiseuille flow velocity distribution results in an increased
conversion (orange curves) compared to the previous case.
While the axial dispersion is largely irrelevant, the increased
transversal dispersion increases conversion. The non-
constant velocity profile leads to the opposite effect. Albeit
the obtained conversion values are not as high as for the 1Ds
model, they are quite close to them for long residence times,
but also unexpectedly low for low residence times. This may
suggest that the impact of the velocity distribution outweighs
the effect of dispersion at low residence times with high flow
velocities. For longer residence times there is more time for
the dispersive mass transport to occur, eventually equalising
the concentration field and thus leading to a higher
conversion. For this case the calculated results are also quite
close to the experimental ones obtained at about 5.8 s of
residence time (this also holds for results calculated for
different photon fluxes, see ESI}).
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Interestingly, experimental results for very low residence
times below 1 s are best described by assuming a fast
transversal dispersion and a constant velocity profile (gray
curves) (see Fig. S8t). This is reasoned by more intense Dean
vortices that occur with higher flow velocities at low residence
times, which is in good agreement with the experimental
findings for residence times below 1 s (squares).

The residence time above which Dean vortices become
unstable and contribute less intensively to a mixing of the
flow was estimated to ¢t = 5.7 s (see eqn (45)). Experimentally,
a reduced conversion has already been observed for ¢ = 5.8 s.
Presumably, the convection induced by the Dean vortices
decreases significantly for longer residence times, resulting
in a velocity profile that is more similar to a Poiseuille flow.
Thus, the last case (orange) fits the experimental data best
when all photon fluxes are considered (see ESI).

Two main conclusions can be drawn from the simulations
with the 2Dt model. First and most important, the 1Dt model is
properly describing the reactor behaviour for low residence
times and thus can be used to generate valid estimates for the
quantum yield. Second, for longer residence times, especially
when a target conversion of more than 10% is desired, the 2Dt
model provides superior predicting capabilities. However,
since the precision relies heavily on a known velocity profile
and dispersion coefficients, these should be estimated prior to
simulation either by experiments, fluid dynamic simulations
or from correlation functions.

3.2 Analysis of mini-plant photoreactor (MISCOP)

3.2.1 Parameter study of transversal mass transport. The
2Dt model is used for the systematic investigation of the
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Fig. 9 Parameter study of the transversal dispersion coefficient D, for
four configurations: a) EMPTY at P = 100%, b) SMX10 at P = 100%, c)
SMX10 at P = 35%, and d) SMX10 at P = 25%. The calculations were
performed for a volumetric flow rate of V = 4 L min? and two
collimation factors of 4 = 1 and 4 = 2. Regions of transversal mass
transport are differentiated as limited region (A), mass transport
sensitive region (B) and not limited region (C).
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parameter space (Dy, Prgp, 4, N) of the MISCOP system for the
photoisomerization of 6-NO,-BIPS and is compared with
experimental data at the outlet. The discussion of the grid
dependency of the numerical solution is presented in the ESL}

The results of a parameter study of the transversal
dispersion coefficient D, for the configuration of the MISCOP
system without a mixer (EMPTY) and at a power of P = 100%
is shown in Fig. 9a. Fig. 9b-d show the MISCOP system with
a mixer (SMX10) at 3 different power levels: P = 100%,
P =35%, and P = 25%. In all cases, an increase in conversion
with an increasing transversal dispersion coefficient D, is
predicted. Three distinct regions of transversal dispersion
coefficients D, can be assigned: i) a region where transversal
mass transport is limited (D, < 1 x 107, region A), ii) a
region B that is sensitive to the transversal mass transport,
and iii) a region where the transversal mass transport is not
limiting (D, > 1 x 107%, region C). Another conclusion that
can be drawn is that the conversion depends on the emission
properties of the light source. In the mass transport-limited
region (region A), lower conversion values are expected for
isotropic light distribution, while in the unrestricted mass
transport region (region C), the emission characteristics of
the light source do not cause differences between the models.
Region B reflects operating conditions of a real reactor, with
the conversion being dependent on the time constants of
mass transport and the reaction.

The lower conversion in region A for an isotropic photon
propagation can be attributed to the slow molecular diffusion
in x-direction, which is insufficient to compensate the
concentration gradient in the same direction. Thus, strongly
absorbing layers of the product are formed, which are
particularly unfavourable when photons are not incident
perpendicular to the reaction solution. In region C, the
unrestricted mass transport compensates for the larger
gradient of light absorption of isotropic emission, thus
making the conversion independent of the emission
characteristics.

The calculated conversion in the mass transport-limited
region (region A) is similar for the EMPTY and SMX10
configurations (X;(EMPTY) = 0.059 and X;(SMX10) = 0.053,
respectively), even though the SMX10 configuration has a
lower photon utilization efficiency 74 than the EMPTY
configuration. This is attributed to the higher axial
dispersion coefficient Dy (Bosuxio > Bog) in the EMPTY
configuration. The reduced incident photon flux, thus the
lower self-shading by the formed species 2 is compensated by
an enhanced axial mass transport, resulting in similar
conversions.

The lower conversion of the SMX10 configuration without
mass transport limitation (region C) can be attributed to the
lower photon utilization factor 7, and the reduced residence
time compared to the EMPTY configuration.

The real transversal dispersion coefficient D, can be
derived by comparison of the simulations with experimental
data. The experimental results are indicated as solid line in
the diagrams. Generally, a 6.67 to 7.62 times increase of D,
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Fig. 10 Dimensionless representation of the concentration ¢ and

photon flux density E, calculated using the 2Dt model with a

collimation factor of 4 = 1 for two configurations: a) EMPTY, b) SMX10.

can be observed when using static mixers, depending on the
collimation factor 4.
In Fig. 10, the concentration and radiation fields in the
. . . .. C
MISCOP are depicted as dimensionless concentration ¢ = ——
C10

~ E
and dimensionless photon flux density E=—2°
E

p,o
stationary conditions (¢ = 20 s) for the reactor configurations

EMPTY and SMX10. The dimensionless spatial coordinates ¥
and y are normalized by the optical path length s and the
reactor length L, respectively. The calculations were
conducted for a collimation factor of 4 = 1 and the
corresponding transversal dispersion coefficient D,. In the
empty photoreactor (EMPTY), the concentration field
indicates a confined reaction zone along the x-axis, ending at

under

X = 0.45. Consequently, the EMPTY configuration utilizes
a) i1 b) i1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1.0 { 1.0
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Fig. 11 Dimensionless representation of the concentration ¢&,
calculated with the 2Dt model of the SMX configurations with a
collimation factor of 4 = 1 for an increased transversal dispersion
coefficient D,: a) increased by a factor of 2, and b) increased by a
factor of 10.
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merely about 50% of the available reaction volume in the
x-direction.

Due to the significant enhancement of transversal mass
transport in the SMX10 configuration, pronounced
concentration changes in the x-direction are found towards
at the reactor exit, eventually resulting in a higher
conversion.

Fig. 11 presents the results of the concentration field
of the SMX10 configuration for transversal dispersion
coefficients increased by 2 (Fig. 11 (a)) and 10 (Fig. 11 (b))
times. The concentration gradients in the x-direction
diminish along the reactor length, and a twofold or tenfold
increase in D, leads to conversions of 21.4% and 26.5%,
respectively. This significant increase in conversion
emphasizes the potential of optimized static mixer designs
for a more efficient utilization of the reactor volume. The
studied static mixers have not yet been optimized for an
application in photoreactors and thus offer considerable
potential for optimization.

3.2.2 Shrinking reaction zone and efficient operation.
Fig. 12 presents the concentration and radiation field of the
reactor with mixers (SMX10) for two relative light powers,
Pigp = 25% and Prgp = 100%. For a higher photon flux a
lower local concentration of species 1 and thus a higher local
concentration of species 2 is observed at the wall (¥ = 0).
This increases the demand for mass transport. The absolute
reaction rate gradient is four times steeper with a higher
photon flux, leading to faster product formation near the
reactor wall. Furthermore, an analysis of the radiation field
shows a reduction in the reaction zone, visualized by lines of
constant photon flux density (£ =~ 0.1). The optical path

yiI1
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X1=0.183

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1073 1072 107! 100
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&/

Fig. 12 Dimensionless representation of the concentration ¢ and
photon flux density E, calculated with the 2Dt model of the
photoreactor with mixer (SMX10) for two cases: a) P gp = 100%, and b)

PLED = 25%.
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length at the reactor exit, where this photon flux rate is
reached, decreases from [, =~ 0.19 to [, = 0.13 when the
relative light power increases from Prgp = 25% to Prgp =
100%, indicating a reduction of the reaction zone by
approximately 30%. This amplifies the detrimental self-
shading effect, which restricts the overall reaction rate and
results in less efficient photon utilization.

The photonic efficiency ¢ can be used as performance
indicator to assess the efficiency of light utilization. It can be
calculated as:

c10-¢1(2) Ve
[ S—— (46)
9

In the MISCOP system without internal mixing elements,
the absorbed photon flux g5 matches the emitted photon flux
of gem = 132 umol s™, given that the reaction solution's
absorption is adequately high. A photonic efficiency of {(Prgp
= 25%) = 0.0238 was calculated for a relative light source
power of Prpp = 25%, while a photonic efficiency of {(Prp =
100%) = 0.0128 was determined for Prgp = 100%.

As a result of the occurring mass transport limitation, the
photonic efficiency for a relative power of Pigp = 100% is
halved compared to operating the light source at a relative
power of Prgp = 25%. These findings emphasize the need to
align the time constants of reaction and mass transport,
either by lowering the relative light power or by enhancing
mass transport, to ensure efficient photoreactor operation.

3.2.3 Scale-up of the MISCOP system. The MISCOP
photoreactor system can be scaled up by extending the length
of the light source, resulting in an increase in reactor volume
proportional to its length. However, this approach is
technically limited by the length of the electrical connections
of the light source.

Currently, the technical limit for the length of LED light
sources is approximately 2 m. Developing longer light sources
requires enlarging the diameter of the electrical connections,
which in turn increases both the diameter of the light source
and the overall diameter of the photoreactor. Further scaling
can be achieved by using a system with multiple lamps.*®
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Fig. 13 Theoretical scaling along the reactor length as a multiple Ny,
of the unit photoreactor length.
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A theoretical study on the scale-up is conducted using the
2Dt model and an 80 x 40 grid (N, Ny). The reactor volume
of the single-unit photoreactor is increased by N, stages,
while the power of the light source is also multiplied by Ny,
to maintain the same reaction conditions through a constant
photon flux density Ej .

Increasing the reaction volume naturally leads to a longer
residence time 7 of the reactants in the reactor, which is why
the end of the integration time ¢.,q is adjusted accordingly
(tena = 7). By increasing the reactor length, reaction
conditions are created that are expected to result in complete
conversion, as no reactions are considered in which species 2
is converted. The higher the dispersive mass transport and
the more efficient the photon transfer, the fewer stages N,
are needed to reach complete conversion.

Fig. 13 shows the scaling-up for the two discussed
configurations: EMPTY and SMX10 for 4 = 1 and 4 = 2.
Increasing the number of stages leads to higher conversion
in both configurations. The SMX10 configuration at 4 = 1 is
capable of achieving full conversion at Ny, = 40, while the
EMPTY configuration delivers a conversion of X; = 0.85. It is
evident that the prediction of conversion in scaled
photoreactors crucially depends on the nature of the light
source, which emits either directed or undirected photons.
This effect is particularly noticeable in photoreactors with
mass transport limitations. The difference in conversion
between 4 = 1 and 4 = 2 at Ny, = 40 is AX; = 0.078 for the
EMPTY configuration, and no significant difference is
observed for the SMX10 configuration. Ultimately, the
conversion for Ny, = 20 is increased by a factor of 1.42 or
1.27, depending on 4, when static mixers are used in a
realistically scaled photoreactor of 2 m length.

4 Conclusions

The scale-up of photoreactors can only be enabled by
reducing transport limitations of photoreactions mainly due
to laminar flow conditions and a smart reactor design to
counteract the exponential decline of the radiative transport.
For the studied case of competitive absorption of photons by
reactants and products, the interaction between photon and
transport processes becomes even more important. In a
narrow reaction zone close to the light source, steep reaction
rate gradients occur, which demand for an intensification of
the mass transport. Consequently, understanding the impact
of mass transport in photoreactors is key for high-
performance reactors.

In this study, a comprehensive model was developed to
assess local reaction conditions in the MISCOP system to
elaborate the complex interplay between transport processes
and self-shading reactions. The model development and
parametrization was based on previous analysis of the
hydrodynamics and the radiation field. Together with the
determined quantum yield of the studied
photoisomerization, it was possible to calculate locally
resolved concentration profiles. The results demonstrate that
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the hydrodynamic situation in the photoreactor can
effectively be manipulated by installing static mixers,
eventually increasing the overall efficiency of the
photoreactor. The comparison of the numerical solution with
experimental results allowed, for the first time, the
determination of the transversal dispersion coefficient for a
large scale photoreactor system with static mixers. The
developed model is also capable of estimating the scalability
of photoreactors. Scale-up studies emphasize that a
successful scale-up of self-shading reactions is only possible
by ensuring fast mass transport.

It is concluded, that the impact of transport processes can
not be underestimated for the scale-up of photoreactors. An
increase in capacity always requires an increase of the photon
flux provided to the photoreactor. Realizing this by raising
the power of single light sources leads to a larger photon
flux, which will find its natural scale-up limit as soon as the
maximum rate of mass transport is reached. Hence, concepts
to provide fast mass transport in photoreactors are required
for the scale-up of intensified photoreactors.

List of symbols

Abbreviations

AVRPA  Average volumetric rate of photon absorption

CFD Computational fluid dynamics

LED Light-emitting diode

LVRPA  Local volumetric rate of photon absorption

MISCOP Modular, industrial scalable, continuously operated
photoreactor

RTE Radiative transport equation

SMX Synonym for Sulzers SMX™-type mixers

Latin letters

Ses Cross-sectional area, m”

Siy Irradiation area, m>

A Absorbance, 1

Bo Bodenstein number, 1

¢;  Concentration of species 7, mol m™

¢io Initial and feed concentration of species 7, mol m>3
Concentration of species i in thermal equilibrium, mol m™
¢ Dimensionless concentration, 1

d; Inner diameter, m

d, Outer diameter, m

D, Transversal dispersion coefficient, m* s

D, Axial dispersion coefficient, m* s~

De Dean number, 1

Photon fluence rate, mol s™* m~
Photon irradiance, mol s * m?
bo Dimensionless photon fluence rate, 1

J;  Molar flux of species 7, mol s * m™

L Length, m

L, Incident spectral photon flux density, mol s em™ nm™
Absorbed local photon flux density, mol s™* em™

n;  Molar flow rate of species 7, mol st

3

2
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Number of stages, 1

Number of grid point in x direction, 1
Number of grid point in y direction, 1
Power, W

Radiant flux, W
Photon flux, mol s~
Photochemical reaction rate, mol m™> s~
Radius of curvature, m

Reynolds number, 1

Photonic utilization factor, 1

Time, s

Mean velocity, m s~
Parabolic velocity profile, m s™*
Volume, m®

Volumetric flow rate, m® s~
Optical pathlength, m
Conversion of species 1, 1
Dimensionless coordinate in x-direction, 1
Dimensionless coordinate in y-direction, 1

Nsu
Ny
Ny
P

q

1

1

1

1

‘<z><13<cn <. < §¢§IH§ gﬁ\xﬁ‘t@

Greek letters

Spectral linear Napierian absorption coefficient, m™ nm™
Dimensionless absorption coefficient, 1

Volume fraction, 1

Photonic utilization factor, 1

Collimation factor, 1

Napierian absorption coefficient, m* mol™

Quantum yield, 1

Hydrodynamic residence time, s

Wavelength, m

Photonic efficiency, 1

8

<
@

Ne > g X NS O™

Superscripts

0 Incident
a  Absorbed
em Emitted

Subscripts

cs  Cross-section

su  Single unit

e  Natural logarithm based unit
exp Experiment
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