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Investigation of Photon Fluxes within
Microstructured Photoreactors Revealing
Great Optimization Potentials

A simple model for determining potential bottlenecks of a photoreactor setup focus-
ing on the photon fluxes is presented. The application of the concept can reveal opti-
mization potentials and gives insights into the sensitivity of the reactor setup to dif-
ferent optimization possibilities. The introduced model benefits from the concept of
using only data already available from optimization studies of the process condi-
tions. Applying the introduced concept to the characterization of a previously de-
veloped modular organic light-emitting diode reactor setup revealed great optimi-
zation potentials, especially with respect to the external photonic efficiency. Inter-
estingly, the attempt to enhance the external photonic efficiency by increasing the
projection area of the reactor did not provide any improvement. This is attributed
to a significant influence of reflection and scattering within the setup.
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1 Introduction

Flow or microstructured photoreactors have found widespread
application in the field of synthetic organic chemistry during the
last years [1-4]. The small dimensions of these reactors acceler-
ate the mass and heat transfer. Therefore, even very demanding
reactions such as direct fluorinations or ethoxylations can be
conducted safely [5-7]. An additional benefit of this kind of re-
actor is the enhanced reaction control, which results from the
acceleration of transport processes [8]. Thereby, the acceleration
is due to the reduction of characteristic time scales owing to the
typically small overall dimensions. Furthermore, continuous
processes can easily be investigated in lab scale. The small chan-
nel heights ensure a high photon flux within the whole reaction
volume and a minimum of non-irradiated volumes [9]. Small
internal volumes further ensure safe processing even of highly
explosive systems such as methanol/oxygen [10,11]. Recent
work aims at improving flow photoreactors in terms of practical
flexibility which is realized by the use of capillaries instead of
dedicated flow reactors and also by an increase of the inner
diameter of the channels [12-16]. This enables among others
the use of higher flow rates while ensuring the same irradiation
time or accounting for physical constraints such as solubility
limits, maintaining a sufficient light absorption.

Despite the increasing number of applications of microstruc-
tured photoreactors, publications on reactor characteristics
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and/or the interplay between the light source and the reactor
geometry are rare. Pioneering work on this topic was published
by the group of Loubiere with work on accurate comparison of
batch and microstructured photoreactors in terms of an engi-
neering analysis [17]. The results demonstrate that the often
emphasized superior performance of flow reactors can be
partly explained by an incorrect comparison of criteria such as
conversion, productivity or space-time yield. Ensuring compa-
rable conditions by realizing the same power received and pho-
tonic efficiency results in a similar performance. From the
practical side, such a comparison requires the estimation of the
photon flux within the reaction channel. For macroscopic pho-
toreactors the photon flux can be determined either by physical
detectors or chemical actinometry [18].

For micro- or mesoscopic reactors the option of physical
detectors must be excluded since the available detectors do not
fit into the reaction channel. Even if such detectors were avail-
able in a suitable size, care should be taken since the installa-
tion of a detector within a channel disturbs the fluid dynamics
and with this possibly the actual photon flux. The latter point
becomes relevant when photochemical systems are used which
produce an inner filter by the reaction itself [19]. With this,
chemical actinometry is the method of choice if micro- or
mesostructured photoreactors shall be characterized [20].
Nevertheless, the drawbacks of this method are the following:
i) additional experiments have to be performed to determine
the photon flux in the photoreactor; ii) the photoreactor cannot
be characterized under real reaction conditions since the actual
reaction is not taking place; iii) actinometry is usually sensitive
to a broad range of wavelengths and with this, the photon flux
is always the integral of all emitted wavelengths.
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The sensitivity for several wavelengths can be considered by
subsequent mathematical considerations, but in the narrow
sense, it can only be done easily if effects such as reflection or
scattering, which are wavelength-dependent, can be excluded.
Especially for micro- and mesostructured photoreactors, these
assumptions are not always allowed since the cross section of
the channels is often not a rectangle but a circle and with this
the angle of incidence significantly differs from 90°. Further
fabrication methods such as sandblasting of glass lead to rough
surfaces causing an increased influence of scattering.

Considering all the points above it becomes clear that char-
acterizing photoreactors is accompanied by a considerable
effort in addition to the work of optimizing process conditions
for the actual conditions. Hence, a general approach for char-
acterizing micro- and mesostructured photoreactors starting
from available data obtained during process optimization will
be presented within this article. It will be shown which insights
into the efficiency of the reactor setup can be gained just by
simply closing the photon balance [21].

2 Experimental

The synthesis of ascaridole from a-terpinene and 'O, as indi-
cated in Scheme 1 was used as a test reaction [22].

0]

Scheme 1. Reaction scheme of the ascaridole synthesis.

The corresponding experimental setup is presented in Fig. 1.
The general flow chart is depicted in Fig. S1 of the Supporting
Information. A detailed description of the reactor modules can
be found in [23]. For the experiments, a varying number of
modules and organic light-emitting diodes (OLEDs; OSRAM
CDW-031) were used, depending on the actual requirements of
the investigated parameter. Except where otherwise stated, the
setup was comprised of three modules equipped with one
OLED per module. In general, the reactors were made of boro-
silicate glass with round channels of 1 mm inner diameter and
1.6 m channel length per module (Little Things Factory GmbH,
Ilmenau, Germany). Each reactor had an internal volume of
1.256 mL. The reactants were pumped with syringe pumps
(neMESYS, cetoni GmbH, Korbuf3en, Germany). For each fluid
two syringe pumps were coupled to realize continuous fluid
delivery. The fluids were merged in a T-junction. Depending on
the process conditions, a stable slug flow or an annular flow
resulted. The feeding and connecting tubes were shielded from
ambient light by aluminum foils.

Methanol served as solvent. All compounds were used as
received without further purification. The typical starting con-
centration of a-terpinene was cTerpl) ~ 0.14mol L™, The purity
of a-terpinene was declared to be > 85 % but varied depending

1)  List of symbols at the end of the paper.
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Figure 1. Setup with two stacks with three modules each. Alu-
minum foils shielding the tubes from light were removed for
clarification.

on the production lot. Therefore, the purity of the reaction
solution was determined by GC measurements before reaction
and the actual concentration was used for further calculations.
Pure oxygen was employed to provide *O, to the liquid phase.
As sensitizer rose bengal was used with a concentration of
crp = 0.0049 mol L™, This high concentration allowed the absorp-
tion of almost all photons reaching the reaction solution within
the specific wavelength range. The absorbance of the reaction
solution in a 1-mm cuvette is displayed in Fig. 2 a. For compar-
ison, the absorption spectrum of rose bengal is given in Fig. 2 b.
Because of the small amount of substances which were col-
lected, the conversion of the a-terpinene was monitored by GC
measurements on a Varian CP-3900 apparatus equipped with a
HP-5 column (30m, 0.25um, d = 0.32 mm, 3mL min™! N»;
FID detector; injector temperature 175 °C, split injection mode,
1uL; 35°C maintained for 1min, then ramped to 240°C at
20K min™). n-Dodecane was taken as internal standard. The
spectral irradiance of the OLEDs was measured by Carl Zeiss
AG (Jena, Germany) with a CAS140CT-154 spectrometer
(Instrument System, Munich, Germany) using an ISP250
integrating sphere (Instrument System). A photon flux of
dnporep = 2.0% 107Es™ (£10%) for the whole spectral
domain was calculated for one CDW-031 OLED panel from a
radiant power of P, orrp = 41.4 mW (Fig. 2). The emission area
of the OLEDs was Sopgp = 4.9x107 m?.

For residence time measurements, two UV/VIS flow-through
cells were installed in front and behind the reactor. With this, it
was possible to measure both the entrance and the exit signal
and, therefore, minimize the influence of the periphery. The
setup is schematically illustrated in Fig. S8. The residence time
distribution was measured via an impulse response experiment.
To ensure minimum differences to the actual reactions, the
same composition of the reaction solution was used except the

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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Figure 2. Absorption spectrum of the investigated rose bengal so-
lutions. (a) Spectral absorption fraction f, with cgg =0.0049 mol L™
and 1T mm optical path and emitted photon irradiance of CDW-031
OLEDs; (b) emission and absorption spectrum of CDW-031
OLEDs and rose bengal, respectively.

sensitizer. A small amount of rose bengal was injected as a trac-
er with a six-port valve at t = 0.

The general process conditions were initially chosen in such a
manner that the complete range of conversions could be covered.
To achieve this, the total flow rate V of the two fluids and the stoi-
chiometric input ratio of oxygen to reactant ro,/ry, were varied in
all studies. The stoichiometric input ratio is defined as the
amount of oxygen entering the reactor per time divided by the
amount of organic reactant entering the reactor per time:

0, /terp = & (1)
Nterp

The flow rate mainly influences the residence time while the

stoichiometric input ratio affects the flow conditions, i.e., stable

slug flow or annular flow, and the liquid’s projection area; see

[23] for an illustration. Using rozserp = 0.5, a stable slug flow
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could be observed. Increasing royerp led to a transition to an
annular flow. More details on the flow conditions are given in a
previous publication [23].

The measured conversions were fitted by utilizing an
ANOVA with the program Design Expert (Stat Ease Inc.) to
derive deeper insights on the interactions. Especially the annu-
lar flow conditions led to difficulties in reproducibility, since
the liquid flow rate at the exit was not constant. These difficul-
ties were counteracted by repeated measurements and statisti-
cal data handling. Measurements were repeated at least two
times. Outliers were removed when statistically suggested by
the program. In most cases, the conversion was transformed
into a logit representation for the ANOVA ensuring that the
fitting surfaces gave only values between 0 and 100 %. The
resulting equations were then used for the graphical represen-
tations.

As parameters for the fits, the total flow rate V and the stoi-
chiometric input ratio rooerp, Were used. With this, the ob-
tained fits do not have a direct meaning in terms of fundamen-
tal units such as reaction time or concentration. Hence, the
fitting parameters were not employed for quantitative compari-
sons but for the identification of trends and dependencies. The
results of the ANOVA are represented as hypersurfaces in the
diagrams. The black circles denote experimental values lying
above the determined hypersurface and gray squares indicate
experimental values lying below the hypersurface. This repre-
sentation was chosen to help reading the 3D plots.

3 Results and Discussion
3.1 Mass Transfer

Before acquiring a deeper knowledge about the efficiency of the
used reactor system, a series of initial experiments had to be
conducted. The mass transfer or photon flux usually limit pho-
tooxygenations [24]. Hence, both parameters were investigated
to determine the limiting parameter for the investigated reactor
system.

Gas/liquid mass transfer might limit two-phase reactions
due to the fact that the involved fluids are not mixable. Investi-
gations on the influence of the gL™' mass transfer were con-
ducted by variation of the oxygen partial pressure in the gas
phase. This was realized by the installation of a backpressure
valve and the use of air instead of pure oxygen. With the back-
pressure valve and pure oxygen, an overpressure of 1.36 bar
was realized. Assuming that Henry’s law is valid, these meas-
ures increase the equilibrium concentration of oxygen from
co2 = 0.0021M to ~ 0.0103M and = 0.0243 M, respectively
[25].

The results reveal that within the accuracy of the measure-
ments, the oxygen concentration has no significant influence
on the overall reaction rate and with that, the oxygen mass
transfer is not limiting the reaction rate (see Fig. S2).
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3.2 Photon Flux

To investigate the influence of the photon flux, the reactor set-
up was adapted in such a manner that the number of glass
reactors was kept constant, while the number of OLEDs was
varied. Therefore, three modules were used and equipped with
one, two, three or six OLEDs. The configurations are displayed
in Fig.S3. The use of an unaltered number of glass reactors
ensured that the residence times and the flow conditions were
constant for all experiments.

The results reveal a positive dependence of the converted
concentration on the number of OLEDs. Fig. 3 depicts the find-
ings exemplarily; see also Fig. S4. These experiments prove that
the overall reaction rate is limited by the photon flux, which
would correspond to a pseudo zero-order reaction rate with
respect to a-terpinene and therewith a linear dependency. A
strictly linear increase of the conversion with the number of
OLEDs was expected due to the similar performance of each
OLED. Indeed, a linear dependency was found for flow rates of
V =325 and 6 mL min". For low flow rates where full conver-
sion is reached, the actual dependency cannot be resolved.
Deviations from a slope of 1 result from the influence of ab-
sorption, scattering, and reflection at all parts within the reac-
tor module. The hypersurface drawn in Fig. 3 cannot perfectly
map the experimental results due to the limited polynomial
description which was available in the utilized software.

X%

V/(mL min—1) 6

Figure 3. Conversion of a-terpinene as a function of the num-
ber of OLEDs and V at rozterp = 10.25.

Reflection within a reactor stack housed by aluminum parts
can have a significant influence on the photon flux utilizable
within the microchannels. To investigate the influence of reflec-
tion, a reactor setup with three modules was lined with black
fleece to minimize reflection. The resulting setup is shown in
Fig. S5.

The results for experiments with and without minimized
reflection are depicted in Fig. 4. A comparison revealed that the
complete hypersurface is shifted to lower values by a constant
difference of 6.5% when reflection is diminished. For process
conditions with a low conversion this implies that a significant
amount of up to 60% of the utilized photon flux can be
ascribed to reflection. This result is important when the effi-
ciency of the whole reactor setup shall be determined.

www.cet-journal.com
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Figure 4. Conversion of a-terpinene as a function of V and
ooy (@) with reflection; (b) without reflection.

3.3 Residence Time

In order to completely characterize the reactor system, the
actual residence times for different process conditions were
measured. The results are presented in Fig.S9. The figures
demonstrate that the actual residence time 7 is significantly dif-
ferent to the space time t proving that the assumption of plug
flow characteristics for the obtained flow conditions is not
entirely valid. The deviations can raise up to a factor of 4 for
high royerp- For further results see the Supporting Informa-
tion.

The results of the residence time determination are of gener-
al importance when kinetic information shall be extracted from
experimental data. Due to the significant deviations between
experimental and theoretical residence time, it is crucial to
determine the actual residence time for such gas-liquid sys-
tems.

These initial investigations reveal that the photon flux is
indeed the limiting factor under the investigated process condi-
tions. Besides, it was found that reflection significantly influen-
ces the conversion and must, therefore, be included into esti-
mations as well as the actual residence time.

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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3.4 Energetic Efficiency
3.4.1 Theoretical Considerations

To optimize a photochemical reactor setup and with this the
potential of the setup in terms of, e.g., productivity, space-time
yield or similar key figures, it is crucial to understand the inter-
play between the light source(s) and the reactor.

With regard to the investigated reaction, an optimization basi-
cally requires an increase of the incident photon flux within the
reaction channels. To achieve this, potential bottlenecks should
be identified by establishing a photon balance. Such a balancing
initially leads to the general radiative transfer equation [21]:

time rate of net photon flux
change of | + |leaving the system
photon flux across surface A

net gain of photons
owing to emission,
= absorption, in— (2)
and out — scattering
in volume V

The time rate of change of photon flux can be neglected for
the investigated system since the emitted photon flux of the
light sources utilized was constant. With respect to the right
side of Eq. (2), emission and in- and out-scattering do not play
an important role for the investigated photooxygenation in a
homogeneous solution. Thus, absorption is the only process
that has to be considered. By approximating the reactor geo-
metry as a rectangular domain and the light source as an unidi-
rectional emitter, similar to the approach of Aillet et al. [19],
the general balance can be transformed to:

dE, ,s

2 —a(W)Enys 3)

with E,, ,; being the spectral photon irradiance in E m s 'nm™
within the reaction channel and (1) being the volumetric
napierian absorption coefficient in m™. a(l) can be calculated
from the Lambert-Beer law as long as the constraints, most im-
portant a sufficiently high dilution, are fulfilled by:

a(l) =e(A)e (4)

with ¢(A) being the napierian molar absorption coefficient in
m’mol™" and ¢ being the amount concentration in mol m™.

Due to the polychromatic emission of the OLEDs, the spec-
tral photon irradiance and the napierian molar absorption
coefficient, Eq. (3) has to be integrated over all emitted wave-
lengths from A, to 4;:

T dE 7

n,p
[ i = [ @B ©)
A Ao

The spectral photon irradiance E,,,; is determined primarily
by the performance of the light source and the efficiency of
irradiating the reactor. While the first aspect is given by the
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light source itself, the latter aspect originates from the geometry
of the reactor and the overall setup. The efficiency of the light
source, which could not be optimized during the course of the
investigations, is given by the luminescent efficiency 7ym:

P OLED,e
Mum = —5 (6)
lum Pel

where Porgp, is the radiant power of the OLED and P, is the
used electrical power.

The most simple approximation of E,,; can be done by
assuming that all emitted photons are directed rectangular to
the reactor and that photons only initiate a reaction within the
actual reaction channel neglecting all optical processes but
absorption.

Consequently, the irradiated projection area of the reactor Sg
has to be compared with the effective emission area of the light
source Sorgp. From these assumptions, the maximal photon
flux g,, , r, which can be absorbed, is given by:

GnpiR = EnpiSr 7
A
dnpR = /En,pﬂSR = En,pSR (8)
Ao

The efficiency #s of the setup can thus be determined by
comparison with the emitted photon flux g,,;, orED-

Gn.p,0LED = Epnp.oLEDSR )

E, .S N
175 _ qn,p,R _ n,pOR _ R (10)
dnp.olED  EuporepSorep  Sorep

The dependency of light absorption on the optical path
length as well as the wavelength dependency of the absorption
coefficient require additional considerations. For diluted solu-
tions, this can be done by using the Lambert-Beer law. For
solutions with high concentrations, which are typically used for
microstructured photoreactors, the actual volumetric napierian
absorption coefficient @(1) has to be determined experimen-
tally.

After variable separation and integration over the optical
length s, the spectral photon irradiance Eq. (5) transforms to:

. i

/mMZ/a@)s 1)
En‘p,l‘O

i Ao

A A

/—A(/l) :s/a(/l) (12)

which is basically the Lambert-Beer law accounting for noni-
deal conditions when experimental absorbance values A are
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used. The fraction of photons absorbed, given by the absorp- 3
tion factor f, can thus be calculated by: ext = (18)
qn,p,OLED

A A
E
g [regt o 1 ep(-aG) =, (3)
/ n,pA.0 3

From a contextual view, the absorption factor f represents
the efficiency of absorbing photons #,p,. A scaling to the emis-
sion and absorption areas is not required since the degree of
absorption only depends on the optical length, which is equal
to the channel height and, therefore, constant for the investi-
gated reactor system. It is important to note that the above
equation is only valid as long as the optical path length in the
reactor and for the absorbance measurements are equal.

As a last parameter influencing the amount of photons
which initiate a reaction, the quantum yield of singlet oxygen
generation ¢ should be considered. This assumption is only
valid for very reactive systems as the ascaridole synthesis,
where almost all generated 'O, is consumed instantaneously
[26]. In this case, losses due to deactivation of 'O, can be
neglected. The quantum yield ¢, which is equal to an efficiency,
can usually be taken from the literature [26, 27].

With the above considerations on relevant processes, the
photon flux gj,. actually initiating a reaction can be calculated
as follows:

Jinc = NOLEan,p,OLEDﬂSﬂAbs¢ (14)
A
S
Ginc = Notep (EnpoSorep) (S R ) /l—exp(A(l)) ¢
OLED
(15)
A
Ginc = NorepEnp,0Sr / 1 —exp(A()) | @ (16)
A’Q

with Norgp being the number of OLEDs used for the experi-
ment. The photon flux g;,. represents a theoretical maximum
when processes like reflection or scattering are neglected and
only absorption within the reaction solution is relevant. For a
given system, gi,. can be compared to the macroscopic (over-
all) rate of conversion & which is observed for certain reaction
conditions yielding the photonic efficiency & [28]:

E. _ Cterp,Ole

Ginc Finc

§ 17)

For the characterization of the light-source-reactor-setup an
extension of the definition of £ seems suitable in such a way
that the macroscopic reaction rate 7 is compared to the emitted
photon flux g, ,401Ep. By doing this, a quantity is obtained
which represents an external photonic efficiency &y, quantify-
ing the actual photon utilization of the whole setup:

www.cet-journal.com
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Such a comparison gives an insight into the efficiency of the
irradiation. Furthermore, the degree of photon utilization 75
can be calculated from g;nc and g, , orEp, Which is constant for
each investigated setup:

Ny = e NN aps® (19)
qn.,p.,OLED

For the system under investigation in this work it was previ-
ously shown that a conversion of X,q3 = 6.5 % can be attribut-
ed to reflection if three modules/OLEDs are used. Assuming
that reflection is equal in every module, a conversion of
Xrefin = 2.16 % per OLED is caused by reflection. Taking the
number of OLEDs for each experiment into account, the rate
of conversion éreﬂ attributed to reflection can be calculated:

Ereﬂ = hreﬂ = Vl COXreﬂ,lNOLEDs (20)

where V; is the flow rate of the liquid phase and ¢, is the initial
concentration of the reactant. With this, Eq. (16) transforms to:

A
Ginc,refl = NOLEDEn,p‘OSR / 11— eXp(A(A’)) ¢ + éreﬂ
Ao
A
= Notep | EnpoSr /1* exp(A()) |+ V coXeens
Ao

@1

Thus, 75 cannot simply be calculated by using the efficiencies
but by the actual photon flux ginc ren:

nZ’reﬂ _ Ginc,refl (22)
qn.,p,OLED

Tab.1 compiles the derived quantities used to characterize
the photoreactor setup and to determine the photon flux.

3.4.2 Characterization of the Utilized Reactor System

The developed concept of characterizing the photoreactor sys-
tem was applied to the modular OLED reactor system. The rel-
evant constant numbers as well as the resulting efficiencies are
summarized in Tab. 2.

The luminescent efficiency has been previously reported to
be Num = 6.4 % [23]. 55 can be calculated from the respective
areas to be 36.8 %. The areas are illustrated in a scaled manner
in Fig, 5.

To account for the high concentration of the sensitizer, the
absorbance was not calculated but measured with a 1-mm cu-
vette by a Varian Cary 5000 UV-VIS-NIR spectrometer
(see Fig.2a). Below around 575nm almost all photons are
absorbed, while photons with a longer wavelength are absorbed

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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Table 1. Definition and description of efficiencies used to characterize the reactor setup.

Quantity Mathematical definition Description

s Sr Overlap of emission and reactor area
SoLED

Nabs = f A Absorbed fraction of photons with respect to polychromatic emission
[1-ex-am)
A’O

Eext £ Efficiency of the overall setup consisting of light source, reactor, and all periphery
np.OLED

Ns inc Overall efficiency of the reactor system
qn,p,OLED

75, refl Gincrefl Overall efficiency of the reactor system corrected for reflection
qn,p,OLED

Table 2. Relevant numbers used to characterize the OLED reac-
tor setup with CDW-031 OLEDs.

SR SOLED NMum s Nabs ¢ nE,reﬂ
[m’] [m’] [%] (%] [%] [%] [27]  [%]
1.8x107° 49x107 6.43 36.8 55.1 80 16.2

b)

Figure 5. Comparison of (a) the emission area of the OLEDs and
(b) the projection area of the reaction modules. The relevant
areas are marked in gray and the figures are drawn in a scaled
manner.

only partially. Due to the high sensitizer concentration,
Nabs & 55.1 % is observed.

It becomes clear that more than 60 % of the emitted photons
are lost due to a poor overlap of emission area of the light
source and projection area of the reactor. Furthermore, a signif-
icant fraction of emitted photons is lost because of the mis-
match of the emission and absorption spectra. Taking the
quantum yield of singlet oxygen generation ¢ into account, a
process conditions-independent maximum degree of photon
utilization for the investigated reactor system of 75 .n ~ 16 %
(not considering 7;,m) can be found. This translates into a loss
of photons of over 80 %, highlighting the importance of an
optimized design of microstructured photoreactors. Fig. 6 illus-
trates the losses graphically.

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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The photonic efficiency & as a function of the process condi-
tions is depicted in Fig. 7; for other rozerp see Fig. S10. The cal-
culations show that & depends slightly on the number of mod-
ules indicating that the simple linear correlation chosen to
describe the reflection is not fully explaining the reflection
influence. An increase of the number of modules decreases the
photonic efficiency &. This points out that the influence of oth-
er optical processes such as absorption and scattering at parts
other than the reactor increases with the number of modules.
Furthermore, the results reveal that the photonic efficiency
increases with increasing flow rate V. This dependency results
from the used g-L flow.

Assuming an ideal slug flow without liquid film on the chan-
nel walls would lead to a reduction of the projection area, since
the reaction can only take place in the liquid slugs. Within the
gas bubbles, photons are not absorbed and consequently the
efficiency decreases. Ideal conditions as described are hardly
never observed during the course of investigation. Typically, a
liquid film remains on the channel walls. The film thickness
increases with higher flow rate, resulting in an expansion of the
effective projection area of the liquid and with this in an
increase of the actual efficiency [29]. The same effect explains
the enhancement of the actual efficiency with decreasing input
ratio roperp- The liquid fraction increases with decreasing ratio
and the projection area becomes larger. In general, using a high
input ratio rozerp reduces the efficiency.

The dependency of the external photonic efficiency &ex, on
the process parameters is displayed in Fig. 8; for results with
three modules see Fig.S11. Similar to the photonic efficiency
the external photonic efficiency depends on the number of
modules. In addition, the influence of the flow rate depends on
the stoichiometric input ratio. With rozerp = 0.5, the external
photonic efficiency increases with decreasing flow rate. With
Toonerp = 10.25, almost no influence of the flow rate is
observed, whereas with ro;/erp = 20 the external photonic effi-
ciency increases with higher flow rate. These dependencies dif-
fer from those of the photonic efficiency. The difference is rea-
soned by the correction for reflection of &.

Since the number of OLEDs per reaction module could be
varied, it was investigated whether this parameter has an influ-
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Figure 6. Photon losses within the investigated reactor system.

V/(mL min~")

Figure 7. Photonic efficiency & as a function of the number of
modules and V at royerp = 10.25.

ence on the external photonic efficiency &ey.. An analysis of the
data revealed that in general the use of one OLED per module
results in a significantly higher efficiency than the use of two
OLEDs. Fig. 9 illustrates these findings for a setup with three
modules taking ro/erp = 10.25 as an example. One reason for
the reduced efficiency is the way the OLEDs are installed in the
modules. In case that one OLED per module is installed, the
light which is not absorbed can be reflected by the back of the
OLED installed in the lower module. When two OLEDs are
used, the light that is not absorbed is not reflected since the sec-
ond OLED is installed on the other side of the glass reactor.
Hence, the influence of reflection is decreased and with this the
external photonic efficiency. This finding also indicates that the
before-assumed linear correlation for the reflection correction
in Eq. (21) is only allowed for setups with one OLED per mod-
ule.

www.cet-journal.com
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3.5 Productivity

The productivity which is equal to the rate of conversion for a
pseudo zero-order reaction, defined as:

: AnTe
E=—1"

= XCTerp,O Vl (23)

is one performance criteria which is relevant when an industri-
al application is considered. Fig. 10 shows the dependency of
the productivity on the process conditions when utilizing one
OLED per module. It becomes clear that the productivity can
be significantly enhanced when royerp = 0.5 is used. This is
attributed to the higher fraction of reaction solution which is
pumped through the reactor when a low ratio ropuerp is
applied, leading to an increased amount of reactant per time.
While these results are promising, the productivity should not
be assessed as a sole parameter. For example, the conversions
measured for the process conditions with the largest productiv-
ity are below 10 %. Choosing such process conditions would
lead to a high effort for downstream processing.

Taking the previous results into account, it could be sug-
gested to use an increased number of reaction modules, suffi-
cient to reach maximum conversion, a minimum input ratio,
and a high flow rate. These conclusions also hold for the use of
two OLEDs per module (see Fig.S12). A comparison of the
productivity of the investigated reaction system with systems
published in literature has been reported previously [23].

3.6 Adapted Reactor Modules

Based on the above-described results, the reactor system was
improved. First, second-generation OLEDs (CDW-030) were
used for further investigations. This measure was intended to
account for the identified limitation of the reaction by the pho-
ton flux. A photon flux of g,,p0Lep = 3.7 % 10”7 mols™ (+10%)
was calculated for one CDW-030 OLED panel. Second, reactor
modules were adapted in such a manner that two glass reactors

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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Figure 8. External photonic efficiency Eext as a function of the
number of modules and V at (a) rozterp = 0.5, (b) rozsterp = 10.25,
and (c) roasterp = 20 when utilizing one OLED per module.

could be installed in one module. This module was manufac-
tured in two versions, one, where the glass reactors were hori-
zontally aligned and one, where the reactors were shifted
against each other by 1 mm, being equal to the space between
two parallel sections of the reaction channel in the glass reac-
tors.

Fig. 11 illustrates the differences between the setups with two
reactors. A comparison of the actual reactors is given in
Fig. S13. Assuming that the previously made assumption of the
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Figure 9. External photonjc efficiency &y as a function of the
number of modules and V at royserp = 10.25; (a) one OLED per
module; (b) two OLEDs per module.

correlation between the ratio of the absorption and emission
area is correct, the reactor setup with shifted reactors would
increase the ratio by a factor of two and with this the efficiency
of the reactor setup should be increased.

The performance of a setup with three modules and the
CDW-030 light sources is illustrated in Fig. 12. The new-gener-
ation OLEDs can provide an improved conversion. A compari-
son with results where the first-generation OLEDs were used
reveals that the influence of the increased irradiance depends
strongly on the process conditions; see Tab. 3. This can mainly
be explained by reaching the maximum conversion limit of
50% or 100%. Due to this restriction, a general degree of
improvement cannot be demonstrated. Nevertheless, the re-
sults show a significant increase of conversion.

For easier comparison, the conversion improvement Xjnp,

defined as:

CDW—030
XTerp

CDW-031
XTerp

Ximp = (24)

was calculated. This number illustrates to which extent the
higher photon flux enhances the conversion. Improvements in
conversion larger than 100 % indicate that the magnitude of
the emitted photon flux cannot directly be correlated to the
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g
Table 3. Conversion X, for different process conditions when
the first-generation (CDW-031) or the second-generation (CDW-
030) OLED panels were used.
; e 6
V/(mL min 1) . L Xerp [%] Ximp [%]
Figure 10. Productivity £ as a function of the number of modules V[mLmin~] " rozer CDW-031 CDW-030
and V at (a) roor = 0.5, (b) rozserp = 10.25 and (c) rozserp = 20
when utilizing one OLED per module. 0.5 0.5 19.1 32.2 168
0.5 10.25 89.3 97.4 109
0.5 20.0 92.5 97.5 105

expected improvement in conversion. It is assumed that the
impact of reflection and/or scattering becomes more important 3.25 05 15.4 223 145
as the emitted photon flux is increased.

As a result of the higher conversions, the productivity is also
improved. The dependencies on the flow rate and the input 3.25 20.0 41.5 97.4 235
ratio are similar to the results with first-generation OLEDs.
The second-generation light sources improve the productivity
by a factor of almost 4. Since the energy consumption stays 6.0 10.25 20.4 65.9 324
nearly the same (1,,, = 12.8%), this also corresponds to an
increase of the overall energy efficiency by the same factor.

3.25 10.25 44.4 96.2 217

6.0 0.5 3.3 14.9 453

6.0 20.0 33.9 95.5 282
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Fig. 13 depicts the results for the new modules equipped with
two reactors and two OLEDs each. Interestingly, no significant
difference between the two investigated versions can be identi-
fied. This is attributed to reflection and scattering within the
modules. The influence of these effects seems to be more
important than the increased projection area. Further, it is
worth noting that only slight differences in conversion can be
observed when the reactor module with one reactor and the
modules with two reactors are compared, i.e., compare Figs. 12
and 13. At a first glance, this seems to be unexpected since the
residence time is doubled when modules with two reactors are
used. The reason for this finding is that the number of OLEDs
is kept constant. Thus, the emitted photon flux is the same in
both module variants and the doubled residence time is coun-
teracted by the doubled amount of a-terpinene, which is irradi-
ated within the reactor modules. Hence, the amount of photons
per amount of at-terpinene in a unit of time is constant, leading
to similar results. These findings give evidence that the photon
flux is the limiting factor even when second-generation OLEDs
are utilized.

X/%

3.25 05 02!
V/(mL min—1) 6

20
1‘\

V/(mL min~) 6

Figure 13. Conversion of a-terpinene as a function of V and
roaerp Of @ setup; (a) with horizontally aligned reaction mod-
ules; (b) with horizontally shifted reaction modules.

4  Conclusions
A simple model for determining potential bottlenecks of a

photoreactor setup is presented. While the model is not in-
tended to fully describe all relevant processes, it reveals opti-

Chem. Eng. Technol. 2016, 39, No. 1, 123-134
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mization potentials and gives an insight into the sensitivity
of the reactor setup to different optimization possibilities.
With respect to the increasing research effort, such knowl-
edge enables an even better utilization of the benefits of pho-
tochemical synthesis. A further advantage of the introduced
balancing approach results from the concept of using only
data already available from optimization studies of the pro-
cess conditions. With this, additional effortful experiments
are not essentially required.

Applying the developed concept to the characterization of a
modular OLED reactor setup revealed huge optimization
potential, especially with respect to the external photonic effi-
ciency. Expressed in numbers, this translates to a total photonic
efficiency below 20 %. This finding is especially important if
such a system is considered for industrial application. Interest-
ingly, the attempt to improve the external photonic efficiency
by increasing the projection area of the reactor did not show
any enhancement. This is attributed to a significant influence
of reflection and scattering within the setup.

The results highlight the importance of an optimized design
of microstructured photoreactors. Knowledge of photon fluxes
within the different parts of the reactor setup is crucial to fur-
ther exploit the potential of microstructured photoreactors
since utilizing a well-characterized photoreactor enables the
reduction of, e.g., experimental effort and/or operating costs.

The authors have declared no conflict of interest.

Symbols used

c [mol L] amount concentration
E [varying] irradiance

f [-] absorption factor
N [-] number of

n [mols™'] amount flux

q [Es™] photon flux

r [-] stoichiometric ratio
s [m] optical length

S [m™2] area

t [s] time

1% [mL min™"] flow rate

\%4 [mL] volume

X [-] conversion

a [m™] volumetric napierian absorption
coefficient

A [varying] difference

n [-] efficiency

é [mols™] rate of conversion/productivity

€ [m*mol™] napierian molar absorption
coefficient

A [nm] wavelength

0] [-] quantum yield of 0, generation

I3 [-] photonic efficiency
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Sub- and superscripts (9]
abs absorption (10]
ext external [11]
e radiometric quantity
g gas [12]
inc incident
imp improvement
1 liquid [13]
lum luminescent
n amount basis [14]
p photonic quantity
R reactor [15]
refl reflection
0, oxygen [16]
O2/terp  oxygen to a-terpinene
S area
terp a-terpinene (17]
) total
A derivation to the wavelength (18]
(prefix spectral for quantities)
0 initial (19]
1 at the end of the process
[20]
Abbrevation
[21]
OLED organic light-emitting diode
[22]
(23]
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