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In this work, we present a methodology for the real-time monitoring of light induced reactions. Employing
process analytical technology (PAT) permits an in situ approach to disclose kinetic insights into
photocatalytic reactions. The applicability of this methodology was tested on the eosin Y (EY) catalysed
photooxidation of 4-methoxythiophenol (4-MTP) to bis(4-methoxyphenyl)disulfide (4-MPD). The reaction
was monitored by in situ Raman and UV/Vis spectroscopy under various process conditions including the
stirrer speed, oxygen pressure, EY concentration and light intensity. Evaluation by an indirect hard
modelling approach (IHM) disclosed the contributions of rate limiting effects like the oxygen mass transport
and the degradation of EY. Detailed investigations on the influence of EY concentration and light intensity
led to an empirical model for the correlation of the initial photooxidation rate with the averaged rate of
photon absorption. These results confirmed the applicability of the methodology to support the
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Introduction

Despite their historical roots going back to Ciamician in
1912, light driven reactions have gained tremendous attention
over the last years.””> The use of light as an abundant,
selective and traceless energy source has motivated
researchers of various fields to investigate light-driven
equivalents of existing techniques.>* Besides its application
in air’® and water treatment,”> photochemistry has gained
great importance in the field of synthetic organic chemistry."?
In particular, photoredox catalysis in the visible range is a fast
growing field due to the possible utilisation of sunlight."*™®
While tremendous research efforts focus on challenging C-H
activations'”'®  or  enantioselective  synthesis,"”**° an
evaluation of the underlying reaction kinetics is rarely
performed. Nevertheless, detailed knowledge about the
interdependence of process parameters like catalyst
concentration and light intensity is indispensable for reaction
modelling and further industrial application. Reasons for this
lack of information may stem from the experimental effort
that comes along with offline sampling.
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development of photocatalytic reactions.

A promising approach to cut down the experimental effort
is given by in situ monitoring that has become a state of the
art technique to evaluate reaction kinetics. Various methods
like IR or Raman spectroscopy as well as NMR spectroscopy
have already been applied to conventional heat activated
reaction networks.”’>* The application of in situ monitoring
in photocatalysis is challenging in terms of experimental
equipment and the possible interference with the light used
to drive the reaction. Recently, Yu et al. demonstrated an
approach of using probe electrospray ionisation mass
spectrometry for the monitoring of methylene blue photo-
degradation over TiO, under UV-light irradiation.** This
methodology provides detailed qualitative information about
the reaction intermediates but requires physical sampling of
the reaction solution. Addressing this, various in situ or non-
invasive approaches towards the application of UV/Vis-, IR-
and NMR spectroscopy have been developed.>>*’ As one
example for a UV/Vis-based methodology, Lu et al. reported a
microfluidic device with an immobilised TiO, layer for
kinetic investigations on the degradation Kkinetics of
methylene blue.”® A similar design was presented by Wang
et al. to study the degradation of methylene blue and methyl
orange.'” Further studies by Bukman et al. revealed the
degradation kinetics of textile dyes from a TiO, suspension.*®
In spite of the low detection limits, the applicability of UV/Vis
spectroscopy is limited to UV/Vis active compounds.
Furthermore, reasonable distinction between different
species is often challenging. In contrast, measurements
based on molecular vibrations, e.g. IR spectroscopy, are
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applicable to a wider range of compounds. In the context of
photocatalysis, IR-based investigations were mainly focused
on surface activities in heterogeneous catalysis.>® For that
purpose, Biirgi et al. presented a flow cell utilising the
principle of attenuated total reflection (ATR) within an
internal reflection element (IRE).>® Irradiation of the flow cell
by UV-light allowed a kinetic investigation of malonic acid
mineralisation by TiO,. This principal design was adopted by
various groups to investigate the photooxidation of
cyclohexane®® and ethanol.** Furthermore, NMR spectroscopy
has become a versatile tool in photocatalysis. Besides bypass
enabled inline monitoring,**** in situ approaches have been
developed.”” By guiding the excitation light via an optical
fibre into the reaction solution, Gschwind and co-workers
enabled an in situ approach that allowed the study of flavin
photocatalysis. Further application of this methodology led
to a detailed understanding of a photoinduced
cycloisomerisation to form cyclic enol ethers.*® However, in
particular, NMR-based systems suffer from a low pressure
compatibility and the absence of forced convection (stirring).
Thus, photocatalytic reactions that involve either a reactive or
inert gas-atmosphere could only be studied at low
performance including mass transport limitation or are
simply not feasible.*®

Process analytical technology (PAT) combine in situ real-
time analysis with chemometric data evaluation for the
monitoring and evaluation of chemical processes.*® The use
of in situ techniques like UV/Vis, IR or Raman spectroscopy
enables in-process monitoring of the relevant information
without physical sampling.’” With this, PAT was successfully
implemented for the determination of reaction kinetics,
real-time optimization®® and quality control.’®> The easy
implementation and robustness allows PAT to support the
development from the laboratory to an industrial scale.****
This makes PAT a promising candidate for the in situ
monitoring of visible light induced photocatalytic reactions.

Herein, we present a methodology for the real-time in situ
monitoring of photocatalytic reactions by employing PAT
tools. Simultaneous irradiation and monitoring were
conducted in a home-designed reactor. To verify the
applicability of this methodology, we investigated the eosin Y
(EY) mediated photocatalytic oxidation of
4-methoxythiophenol  (4-MTP) to bis(4-methoxyphenyl)
disulfide (4-MPD).*>** Disulfides are of fundamental interest
due to their application in pharmacy,** agriculture*” and as a
crosslinker in polymer synthesis.*® The reaction is driven by
green light and utilises ethanol and oxygen as cheap and
sustainable reactants. The additive N,N,N',N'-
tetramethylethylenediamine (TMEDA) is reported to enhance
the overall reaction. Besides the evaluation of possible mass
transport limitations, the methodology provided valuable
insights into the interdependence between light intensity, EY
concentration and the photooxidation rate. Additionally, the
versatility of the developed methodology was demonstrated
by resolving EY degradation by bleaching as a competing
reaction pathway.

This journal is © The Royal Society of Chemistry 2020
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Methodology
Photoreactor design
Monitoring photocatalytic reactions during irradiation

imposes requirements that are not fulfilled by commercially
available equipment. With the proposed setup, in situ
monitoring under realistic reaction conditions is accessible
by various PAT methods. As illustrated in Fig. 2, the setup
involves a Schlenk-based vessel that is irradiated by light
emitting diodes (LEDs) around its lower end. According to
their small size, high efficiency and narrow emission bands,
LEDs became a suitable light source for driving
photochemical reactions.”” Utilising a circular arrangement
of twelve high-power LEDs located on six LED plates, a
uniform light distribution across the reactor wall is expected.
Reproducibility was enhanced by fixing the LED plates and
the reaction vessel at a constant distance in a 3D-printed
holder. With this setup, photon fluence rates of up to 0.08
pumol em™ s™" were reached.

Suitable fibre optical probes (outer diameter up to 6.5
mm) were fixed on opposite positions at a 45° angle with
Teflon fittings. Equipped with either an ATR-UV/Vis, an ATR-
mIR and/or a Raman spectrometer, a sufficient probability to
trace the relevant components was ensured. It should be
noted that Raman measurements are sensitive to ambient
light since any small proportion of stray light overlays the
weak Raman scattering. As a consequence, an additional
cover was designed for further in situ Raman application (see
section 2, ESIt). Compared to the ambient light, no negative
impact was found for the LED illumination that was used to
drive the photocatalytic reaction.

The lower end of the reactor was fabricated from quartz
glass in order to extend the field of application to UV
activated photochemistry. With an inner diameter of 12 mm
and a volume of 7 mlL, the reactor dimensions are
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Fig. 1 Photocatalytic oxidation of 4-methoxythiophenol (4-MTP) to
bis(4-methoxyphenyl)disulfide (4-MPD) catalysed by eosin Y (EY) in the
presence of N,N,N',N'-tetramethylethylenediamine (TMEDA), oxygen
and green light irradiation at room temperature.
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Fig. 2 Representation of the developed setup for studying
photocatalytic reaction kinetics. The setup allows simultaneous LED
irradiation and in situ monitoring by various PAT techniques.

comparable to those of commonly used reaction vials. The
irradiated area (shell surface) was about 28 ¢cm? With the
Schlenk-based design, we envisioned an application not only
for single-phase reactions, but also for multiphase reactions.
This ability broadens the scope of the methodology to various
photocatalytic reactions that are either oxygen sensitive or
require the latter in the photocatalytic cycle. Stirring of the
reaction solution was conducted via a magnetic stirrer. It is
worth noting that the reactor features a challenging height to
diameter ratio that caused an insufficient mixing behaviour
using commercially available stirrers. In order to address this
issue, a customised stirrer was designed and fabricated with
particular attention paid to the stirrer height (see section 2,
ESIY).

Benchmark reaction

In this work, we have chosen the photooxidation of 4-MTP to
4-MPD as a benchmark reaction (Fig. 1). Employing oxygen
as the oxidant, EY as a metal-free photosensitizer and
TMEDA as a proton acceptor, Noél and co-workers reported
an efficient protocol to transform the aromatic thiol to its
corresponding disulfide under batch and flow conditions.**
Since the reaction is performed in a biphasic regime, oxygen
transport from the gas to the liquid phase (Rg) becomes a
potentially rate limiting step in the catalytic cycle. In this
context, we see the photooxidation of 4-MTP as a promising
candidate for testing the capabilities of the developed
methodology. As postulated by Noél and co-workers, the
photooxidation of 4-MTP is initiated by exciting EY (R,) at its
main absorption band around 525 nm to EY* (see section 3,
ESIt). Subsequently, the excited state can either undergo
intersystem crossing to the triplet state or directly return to
the ground state by radiative relaxation (fluorescence) (R,).
From the triplet state, the next step includes a proton

1994 | React. Chem. Eng., 2020, 5,1992-2002
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coupled electron transfer (PCET) to reduce EY* to EY and
generate a thiyl radical 4-MTP" (R;3). Afterwards, product
formation occurs from the radical coupling (R,). In order to
close the photocatalytic cycle, the reduced EY™ undergoes an
oxygen assisted single electron transfer to again form its
ground-state (Rs). Additionally, preliminary investigations
revealed the bleaching of certain reaction solutions,
especially when low EY concentrations were used. We
attribute this decolorisation of EY to a degradation pathway
occurring from the excited state (R;) yielding EYge,.

Spectroscopic feasibility

In order to select a suitable spectroscopic method for
following the reaction progress, we initially performed a
feasibility study on UV/Vis, mid-IR and Raman spectroscopy.
While a spectral correlation with the concentration was
found in the mid-IR and Raman spectra, UV/Vis spectroscopy
showed no reasonable distinction between 4-MTP and
4-MDP. The additive TMEDA showed an overall weak signal
intensity and was not considered for further investigations.
Focusing on the vibrational methods, binary mixtures of
4-MTP and 4-MPD in ethanol revealed the superior
performance of Raman spectroscopy due to higher signal
intensities and a weaker signal overlapping (see section 5,
ESIt). With high signal/noise ratios, the Raman spectra
provided the most valuable information in the spectral range
of 1000-1200 cm™" (Fig. 3). In this region, both components
show a characteristic signal that can be assigned to the
aromatic C-S stretching vibration. However, in this particular
range, especially at 1100 cm™, the Raman bands of ethanol,
4-MTP and 4-MPD showed a strong overlap. This renders the
use of univariate methods not feasible and therefore requires
a multivariate approach.

Since Raman spectroscopy is sensitive to competing
radiative events like fluorescence or stray light, we
investigated the influence from the excitation light that was
used to drive the reaction. Encouragingly, no interference
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Fig. 3 Extract of the most relevant spectral range in the Raman
spectra for monitoring reaction progress in the photooxidation of
4-MTP (blue). Besides 4-MTP, 4-MPD (red) and ethanol (grey) also
show traceable signals.

This journal is © The Royal Society of Chemistry 2020
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was observed in the Raman spectra as long as the excitation
light is at a sufficient distance to the Raman laser at 785 nm.
However, recording Raman spectra in the presence of EY led
to a significant increase in the baseline intensity. This effect
was further reinforced under green light excitation (see
section 5, ESIf). We see this as evidence that the baseline
shift originates from the EY fluorescence. Further proof was
given by the decreasing intensity upon the addition of 4-MTP
and TMEDA, respectively. Both compounds are expected to
quench EY fluorescence. Interestingly, the decrease in
fluorescence was less pronounced for TMEDA than that for
4-MTP. Stern-Volmer analysis confirmed this observation by
revealing a 7-fold higher quenching ability of 4-MTP
compared to that of TMEDA (see section 6, ESIY).

Since the typical EY loadings were in the range of 107~
10> M, the overall impact of the fluorescence was small
enough to be subtracted by a baseline correction combined
with a peak normalisation (see section 5, ESIf). Upon this
spectral pretreatment, a chemometric evaluation of the
spectra was possible in the presence of both EY and external
excitation.

Chemometric modeling

Extracting information about a component's concentration
from a spectrum sets the basic idea in chemometric
modeling. Caused by the aforementioned signal overlap in
the spectral region of 700-1200 cm™, a multivariate
chemometric model was necessary to analyse 4-MTP and
4-MPD quantitatively. Utilising the indirect hard modelling
(IHM) approach enabled the deconvolution of the mixture
spectrum into its single components.*® Since a mixture
spectrum is the sum of its single components, quantitative
monitoring is feasible via the relative weighting of the
components. By adjusting the component weights, the
concentrations were calculated on the basis of a model
calibration. As the in situ Raman spectra were affected by the
catalyst fluorescence, the model includes a data pretreatment
that subtracts the background and normalises the spectra to
the characteristic ethanol band at 880 cm™ (for a detailed
description, see section 7, ESIY).

Model calibration was carried out on a total number of 41
calibration samples including binary and ternary mixtures of
ethanol, 4-MTP and 4-MPD. In order to use an unbiased
calibration set, we used a calibration routine based on the
nearest neighbour statistic (see section 7, ESIf). The
calibration covers a concentration range of 0-0.38 M for
4-MTP and 0-0.26 M for 4-MPD. As only 4-MTP and 4-MPD
showed characteristic Raman bands in the chosen spectral
range, the additive TMEDA and EY were not included in the
calibration. However, both components were considered for a
model validation to obtain the root mean square error of
prediction (RMSEP). Measurements of representative mixture
samples revealed a robust and reliable model that predicts
the component concentration with reasonable RMSEP values,
0.014 M for 4-MTP (4% relative error at 0.38 M) and 0.010 M

This journal is © The Royal Society of Chemistry 2020
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for 4-MPD (4% relative error at 0.26 M), even in the presence
of a strong fluorescence background (see section 7, ESIT).

Results and discussion
Reaction monitoring

Applying the developed method, we the
photooxidation of 4-MTP in both the presence and absence
of oxygen using in situ Raman spectroscopy. Spectra were
recorded with a temporal resolution of about one minute to
provide a high level of information that would otherwise not
be accessible by offline sampling. Particularly for fast
photocatalytic reactions like the photooxidation of 4-MTP,
this is one of the main advantages of PAT and makes it a
versatile tool for kinetic analyses. Spectral evaluation was
conducted on the basis of the IHM prediction model. As
demonstrated in Fig. 4a, no spectral change was observed in
the absence of light and oxygen (argon atmosphere). Upon
exposing the reaction to oxygen, 4-MTP is consumed as
indicated by the decreasing signal intensity at 1100 cm .
The 4-MPD related signal intensity (1088 cm™) increased in a
similar manner. Since no light was present during this stage,
a background reaction pathway through direct oxidation is
assumed.

Assuming first order reaction kinetics, a rate constant of
0.013 min' was found in the dark. Within 11 min, a
conversion of 20% was reached. Exposing the reaction to
green light irradiation caused a significant acceleration of
the reaction. With a 16-fold increase in the reaction rate
constant (0.21 min™"), the light induced pathway outperforms
the direct oxidation. During irradiation, a conversion of 90%
was reached within 15 minutes. These results demonstrate
that the setup is capable of dealing with biphasic reactions
involving an inert or reactive atmosphere. This makes the
reaction and the developed methodology a perfect match to
investigate mass transport limitations and the interplay of
catalyst concentration and light intensity.

monitored

Overcoming oxygen mass transport limitations

Performing gas-liquid reactions is challenging not only in
terms of the implementation but also when it comes to
reaction monitoring. In particular, with kinetic analysis, care
must be taken since transport limitations may lead to
incorrect interpretations. In the case of the benchmark
reaction, oxygen is needed to complete the catalytic cycle.
With a gas solubility of 5.71 x 10~* mol mol ™, oxygen reaches
an equilibrium concentration of 0.01 M in ethanol at 20 °C
and atmospheric pressure (see section 8, ESI{).*> Comparing
this to the initial concentration of 4-MTP (0.2 M), it becomes
evident that with a replenishment, the overall
photooxidation rate is limited by Re. The oxygen transfer to a
liquid phase is described by eqn (1). Accordingly, the rate is a
function of the mass transfer coefficient (ki), the effective
interfacial area (@) and the concentration gradient between
the actual concentration (¢;) and the saturation
concentration (cf) of oxygen. The latter can be derived from

slow
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Fig. 4 a) Temporal evolution of the Raman spectra obtained from the in situ monitoring of 4-MTP photooxidation in the presence and absence of
light and oxygen. b) Evaluation of the concentration-time course for 4-MTP (blue) and 4-MPD (red) by an indirect hard model (IHM) resolves the

response to the applied reaction conditions.

Henry's law (2).

Ri- L2k aet-c) g
¢t = Kupo, (2)

As reported in the literature, the product #k;-a, the
volumetric mass transfer coefficient, is a measure that
depends on specific equipment parameters (reactor and
stirrer diameter, stirrer type), process conditions (stirrer
speed, partial pressure, filling height) and the physical
properties of the liquid (viscosity, density).”®*" Since the
physical properties as well as the filling height could not be
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varied, further investigations were focused on the effect of
stirring speed and oxygen pressure. In order to determine the
extent of mass transport limitation, we investigated the
benchmark reaction at stirring speeds ranging from 250-
1300 rpm and in a pressure range of 0-2.5 bar. For the
evaluation, the initial photooxidation rate was determined
from the numerical differentiation of the concentration-time
profiles. Using the RMSEP as the error on the concentration
values, the uncertainty on the photooxidation rate was
calculated as 0.005 M min™" (see section 10, ESIt). With this
level of accuracy, the developed methodology provides
reliable data for further evaluation of the reaction kinetics.
Fig. 5(a) shows the evaluated initial photooxidation rates
at various stirring speeds and a constant pressure of 2 bar.
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Influence of the stirring rate (a) and oxygen pressure (b) on the initial photooxidation rate to evaluate the extent of oxygen mass transport

limitation. Reactions were performed with an EY concentration of 0.30 mM (stirring speed) and 0.15 mM (pressure) and at 2 bar and 1300 rpm,

respectively.
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By increasing the stirring speed, we observed a significant
increase in the initial reaction rate from 0.008 M min™" to
0.03 M min". While a linear increase in the photooxidation
rate became visible in the range of 250-1000 rpm, no further
increase was observed by increasing the stirring speed to
1300 rpm, hence, indicating that the increased stirring speed
shifts the reaction from a mass transport limitation to a
kinetic limitation. A similar behaviour of gas-liquid transport
in pressurised “dead-end” reactors was described by
Hofmann and co-workers.>® Increasing the stirrer speed led
to an increase in kya due to the change in the interfacial area.
Throughout the literature, various empirical attempts have
been made to calculate k;a values for stirred tank reactors of
different shapes and sizes.>>* In spite of discrepancies,
authors agreed on a direct correlation of kpa with the stirring
speed N by the power of a factor b that depends on the
geometrical properties of the reactor (eqn (3)).

kL'a oC Nb (3)

Effects of insufficient mixing may also contribute at lower
stirring speeds. However, changing the stirrer geometry to
have a larger blade width to diameter ratio (see section 2,
ESIf) maximised the specific power input and hence
minimised insufficient mixing.

At the beginning of our investigation, we explored that
the typical use of an oxygen balloon resulted in a weak
performance. In fact, low reaction rates and reproducibility
were observed from this commonly used technique.
Hence, we optimised the setup towards a continuous
oxygen supply. Besides improving reproducibility, it
enabled investigations on the applied oxygen pressure.
Based on the findings of Hofmann and co-workers,”
oxygen was directly introduced to the liquid phase by a
capillary in order to further improve mass transport.
Fig. 5(b) illustrates the response of the initial
photooxidation rate to an increasing oxygen pressure.
Here, the benchmark reaction was monitored at a stirring
speed of 1300 rpm and various pressures in the range of
0 to 2.5 bar. Increasing the oxygen pressure resulted in
an increase in the reaction rate from 0 to 0.03 M min .
Beyond 2 bar, the photooxidation rate showed an
independent response to the applied oxygen pressure. We
see this as evidence for a shift from a mass transport
limitation to a kinetic limitation. The observed pressure
dependence of the photooxidation rate can be traced back
to the oxygen concentration in the liquid phase. As
described by Henry's law (eqn (2)), the saturation
concentration increases linearly with the partial pressure.
In the case of the benchmark reaction, the available
oxygen content rises from 0.005 M at 0.5 bar to 0.024 M
at 2 bar (see section 8, ESIf). Combining these results, we
have identified a process window where the transfer rate
(R¢) becomes much greater than that of the consecutive
reaction R,. As a consequence, steady-state conditions for
the oxygen concentration can be assumed. With this,

This journal is © The Royal Society of Chemistry 2020
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further investigations were performed at 1300 rpm and 2
bar.

Monitoring EY bleaching

During preliminary studies on the benchmark reaction, we
observed decolorisation for some of the irradiated samples.
In particular, reactions performed at low initial EY
concentrations (0.002 to 0.05 M) seemed to face a strong loss
in active (colored) photocatalyst during the irradiation (see
section 9, ESIf). We attribute this observation to the
photodegradation of EY.*> As a consequence, we added a
degradation pathway (R;) to the photocatalytic cycle in Fig. 1.
In order to quantify the extent of the catalyst degradation
and its influence on the overall reaction kinetics, we tested
the capability of the presented methodology to monitor the
catalyst degradation during the photooxidation.

Initially, we attempted to record in situ absorption spectra
by applying ATR-UV/Vis spectroscopy. Aside from a weak
absorption due to the short optical path length (50 to 120
nm), we discovered that this approach enabled the in situ
observation of the catalyst fluorescence. Since the green LED
light does not only drive the reaction, but also triggers the
catalyst fluorescence, the emitted fluorescence light
dominates the measured UV/Vis spectra (see section 9, ESI{).
Interestingly, discrepancies were found in the fluorescence
spectra obtained from the in situ and offline measurements.
While the emission maximum was at 540 nm in the offline
spectra, it underwent a bathochromic shift in the in situ
measurement. Going to higher initial EY concentrations, this
shift was even more pronounced. Due to the concentration
difference in the offline and in situ measurements, the
spectral shift is assigned to the inner filter effect (IFE). The
IFE arises from re-absorption of emitted fluorescence light
whenever a molecule shows a sufficient spectral overlap in
the absorption and emission spectra.’® As a consequence,
both the emission maximum and its corresponding intensity
are affected, hence making the IFE a common challenge in
fluorescence spectroscopy.’”

Encouraged by this observation, we tested the applicability
of the IFE for monitoring the temporal change in EY
concentration. A direct correlation of the EY concentration
with the observed emission maximum confirmed the
applicability of this approach (see section 9, ESI}).
Accordingly, we see this as evidence that the IFE can assist in
the evaluation of the EY degradation during the
photooxidation.

Based on these results, we simultaneously monitored the
photooxidation of 4-MTP by in situ Raman and UV/Vis-
spectroscopy at four different EY concentrations in the range
of 0.005 to 0.037 mM. As illustrated in Fig. 6, irradiating the
reaction mixtures with green light caused continuous
bleaching of EY in all four reactions. Nevertheless, it
becomes apparent that the evaluation by the IFE method
mainly covers high EY concentrations. Reaching a lower
concentration of around 0.003 mM, the observed

React. Chem. Eng., 2020, 5,1992-2002 | 1997
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fluorescence spectra are no longer affected by the IFE, thus
specifying the detection limit of this method. However, we
still observed a bathochromic shift in the emission maximum
upon reaching this particular concentration (see section 9,
ESIt). Upon closer inspection, we assigned this to a gradual
shift of contributions from the decreasing EY fluorescence,
as a consequence of ongoing EY bleaching, and an increasing
proportion of LED light falling onto the ATR-probe (for a
detailed description, see section 9, ESIf). Deconvolution of
the fluorescence spectra by an indirect hard model into the
EY fluorescence and the LED emission revealed the time to
reach an almost complete EY degradation (Fig. 6 bottom).
The results clearly show that compared to the time scale of a
typical 4-MTP photooxidation (<30 min), the degradation of
EY is significantly slower. This difference in time scales
becomes even more pronounced at higher initial EY
concentrations. Additionally, a short induction period in the
temporal change of EY concentration confirmed that EY
degradation preferably happens at a high degree of 4-MTP
conversion. These results not only demonstrate the
applicability of in situ fluorescence measurements towards
the monitoring of EY concentration but also reveals that the
slow degradation pathway plays only a minor role in the
catalytic cycle. Thus, it can be neglected in further kinetic
evaluation.

Influence of light intensity and EY concentration

In the case of the benchmark reaction, the first step in the
photocatalytic cycle includes the excitation of EY to EY*
(Fig. 1). The corresponding rate law depends on the rate of
photon absorption L3, the quantum yield ¢ and the initial EY
concentration (eqn (4)). In order to investigate the individual
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contributions of the applied light intensity and the EY
concentration to the observed reaction Kinetics, we
performed reactions at photon fluence rates spanning from 0
to 0.08 pmol em™ s and EY concentrations ranging from 0
to 0.5 mM. Reactions were monitored by in situ Raman
spectroscopy and evaluated by the developed chemometric
model.

R, = ky[EY] = Li-¢[EY] (4)

Fig. 7 shows the initial photooxidation rate as a function
of the applied reaction conditions. As previously assumed,
the benchmark reaction implies a background reaction that
is independent of the photocatalytic pathway. Consequently,
all reactions, performed in the absence of light or a
photocatalyst, showed a low reaction rate of 0.05 mM s

As a consequence of increasing the photon fluence rate at
fixed EY concentrations, we observed an increasing trend in
the photooxidation rate (Fig. 7a and c). Particularly, in the
range of 0 to 0.02 pmol™> s™', the photooxidation rate
increased almost linearly. However, when exposing the
reaction to photon fluence rates exceeding 0.02 umol cm™
s, the increase in the photooxidation rate slowed down. We
claim that this saturation behaviour corresponds to a
gradual shift from a photon limitation to a kinetic
limitation. Based on Lambert-Beer's law (eqn (5)), all
photoreactions, regardless of the utilised reactor, suffer from
attenuation of the incident light due the absorption by the
photocatalyst. Consequently, the reactor will have local
differences in the rate of photon absorption, which can be
approximated by the negative derivative of Lambert-Beer's
law (eqn (6)). The local volumetric rate of photon absorption
(LVRPA) Ly depends on the photon fluence rate I, and the
catalyst concentration c,, and is approximated as a function
of the reactor depth z.

1(2) = I-10 *1FY)2 (5)
L3 = =dI(z)/dz = &In(10)-Ip:[EY]-10 1F¥* (6)

Simulation of the LVRPA for the given reaction setup
confirms the expected differences in the photon absorption
throughout the reactor (see section 10, ESIf). While the
largest photon absorption occurs close to the reactor walls,
the LVRPA decreases exponentially towards the center of the
reactor. This effect is further reinforced by increasing the
photon fluence rate. Also, as a consequence of the local
differences in the photon absorption, the rate of EY
excitation (R;) becomes a function of the position within the
reactor. In particular, close to the reactor walls, photon
absorption might be high enough so that the rate of EY
excitation (R,) could exceed the rate of the subsequent steps
R; and R, in the photocatalytic cycle, hence causing a change
in the rate limiting step. We see this as evidence that the
observed photooxidation rate has to be perceived as an
average of local reaction rates that gradually shift from a

This journal is © The Royal Society of Chemistry 2020
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photon limitation to a kinetic limitation with an increasing
photon fluence rate.

As Fig. 7(b and c) illustrates, the photooxidation rate was
also observed to be a function of the EY concentration. While
a strong increase was found at low EY concentrations (0 to
0.05 mM), any further addition of EY led to a decrease in the
photooxidation rate. At low EY concentrations (up to 0.05
mM), we again attribute this trend to the increase in the local
photon absorption according to the LVRPA (see section 10,
ESIT). Assuming a complete and homogeneous irradiation of
the reactor surface, the complexity arising from the local
differences in photon absorption can be reduced by averaging
along one direction of the reactor. The averaged volumetric
rate of photon absorption (AVRPA) {Lp) is then estimated from
the mean value of the LVRPA within an interval corresponding
to the reactor depth (eqn (7)). In the reaction setup, a radius
of 0.58 cm was used as the effective reactor depth.

<Lf;> -1 -de;(z) dz = Io- (1 ~10°1 EW) d

7). )

Comparing the simulation of the AVRPA (see section 10,
ESIf) and the observed photooxidation rate revealed a
matching trend up to a concentration of 0.05 mM. We see
this correlation as evidence that the approximation of the

This journal is © The Royal Society of Chemistry 2020

AVRPA is valid in the case of the presented methodology.
However, the AVRPA could not explain the slight decrease in
the observed photooxidation rate upon reaching an EY
concentration of 0.05 mM. Since the AVRPA becomes
independent of the EY concentration upon reaching 0.05
mM, we claim that this trend corresponds to a change in the
lifetime 7 of the triplet state, which appears in eqn (8). By
means of a decreasing triplet lifetime, the concentration
[EY*] decreases which directly affects R; (eqn (9)).
R, = ky[EY*] = 7 -[EY*]

(8)

R; = k3 [EY*]-[4-MTP] (9)

In particular, a change in the lifetime of the triplet state
can occur as a consequence of an increasing probability of
competing events occurring from the excited state (e.g. self-
quenching). Furthermore, also, the formation of dimers,
which is a known phenomenon for concentrated solutions,
could lead to a change in the photochemistry of EY.>®

Fig. 7(d) illustrates the observed initial photooxidation
rate as a function of the AVRPA. Different than expected from
the determined rate law (see section 10, ESIt), the initial
photooxidation rate shows a logarithmic increase, rather than

React. Chem. Eng., 2020, 5,1992-2002 | 1999
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a linear increase, within the range of the applied AVRPA.
Such a saturation behaviour can be traced back to an overall
loss in efficiency of the photocatalytic process. It can be
assumed that with a specific photon absorption (L} i), the
kinetic limit of the reaction network is reached. Since the
LVRPA is a function of the reactor depth, this will mainly
occur close to the reactor walls. The corresponding reactor
depth (d.i), in which the local reaction rate exceeds the
photon limitation, is calculated from Ly(z) = L, crie- In these
locations, an increased amount of light is absorbed without
further enhancing the reaction kinetics. The resulting excess
of absorbed photons lowers the overall efficiency of the
photocatalytic process. In order to cover this issue, an
effective quantum yield ¢er(z) has to be used for certain
locations in the reactor. With this, the observed reaction rate
becomes a sum of the photon limited and kinetically limited
reaction rates weighted by their individual contributions (eqn

(10)).
(r)= _%(J:Eﬁtr@eff(z)vLap(z)’") dz_J

d

r(¢maX7 L, (2), > dz)

(10)

derit

Simulation of {r) confirmed the hypothesis by showing a
comparable logarithmic trend (see section 10, ESIf). With
this non-linear behaviour, it becomes evident that
photochemical processes imply a maximum performance in
terms of the formed product per mol photons and unit of
time. With the local difference in reaction rates, the
photocatalytic reaction kinetics can get very complex.
However, it could be demonstrated that PAT can assist in
breaking down this complex behaviour to a simpler, in this
case logarithmic, model. This model could then be used as a
basis for further process optimisation. Further on, PAT and
the developed chemometric model can be easily translated to
a flow application thus accompanying the scale-up from a
lab-based batch process to a industrial
application.

continuous

Conclusions

We showed that the combination of PAT and chemometric
modeling is a versatile approach to obtain real-time data for
kinetic insights into photocatalytic reaction networks. In
particular, the photooxidation of 4-MTP has been monitored
and evaluated by utilising in situ Raman spectroscopy
together with an indirect hard modeling approach for data
analysis. With this, we verified an, albeit slow, direct
oxidation pathway that occurs independently of the
photooxidation. Furthermore, by studying crucial process
conditions like the stirring speed and the applied oxygen
pressure, we were able to decouple mass transport
phenomena from the reaction kinetics. Extending the
methodology by in situ ATR-UV/Vis spectroscopy enabled the
recording of real-time fluorescence spectra which then
allowed for quantification of EY degradation during the
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photooxidation of 4-MTP. The results showed that EY
degradation is a comparably slow side reaction that becomes
more prominent at low 4-MTP concentrations. Consequently,
this implies only a minor contribution to the photooxidation
kinetics. A far greater effect was observed for the applied
light intensity and EY concentration. While the optimal EY
concentration was verified to be 0.05 mM, a constant
increase in the rate of 4-MTP consumption was observed with
increasing light intensity. However, the methodology revealed
a saturation behaviour that arose from a gradual shift in the
reaction limiting step. With the largest amount of absorbed
photons occurring close to the reactor walls, these locations
undergo a change from a photon limitation to a kinetic
limitation. Increasing the light intensity further, these
locations were seeing an excess of absorbed photons which
did not contribute to the photocatalytic cycle. As a
consequence, the overall observed photooxidation kinetics
became a function of decreasing effective quantum yield
lowering the overall efficiency of the photocatalytic process.
Lastly, we have proposed an empirical model, on a
logarithmic basis, that describes the correlation of the
photooxidation rate with the averaged rate of photon
absorption.

These results clearly showcased the versatility of PAT in
combination with chemometric analysis towards an in situ
real-time monitoring of photocatalytic reactions. With this,
kinetic insights into photocatalytic reactions are easily
accessible while reducing the experimental effort arising
from sampling. In particular, fast and biphasic reactions, like
the photooxidation of 4-MTP, will benefit from this in situ
approach. Lastly, PAT is known for its easy implementation
in continuous flow reactors as an online monitoring tool.
Thus, PAT is a promising approach that could assist early
stage research and follow the scale-up towards a continuous
photocatalytic process.

Experimental section

Materials

4-Methoxythiophenol (97%) (4-MTP) and bis(4-
methoxyphenyl)disulfide (98%) (4-MPD) were provided by
ABCR. N,N,N',N'-Tetramethylethylenediamine (99%) (TMEDA),
eosin Y (dye content > 85%) (EY) and ethanol (>99.8%,
HPLC grade) were provided by Sigma-Aldrich. All chemicals
were used without further purification.

Photocatalytic oxidation of 4-MTP

Photooxidation reactions of 4-MTP to 4-MPD were performed
in a home-designed reactor setup that allows for
simultaneous irradiation and monitoring using various PAT
tools. The setup was composed of a customised Schlenk-tube
and a 3D-printed illumination unit equipped with 12 high-
power LEDs (Nichia NCSG219B-V1, peak wavelength 520 nm,
FWHM 30 nm) in a circular arrangement around the glass
reactor. The LEDs operated at a constant current of 500 mA.
The light intensity was further controlled by a

This journal is © The Royal Society of Chemistry 2020
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microcontroller using pulse width modulation. Cooling of
the LEDs and the reaction mixture to room temperature was
conducted with compressed air. Under standard conditions,
the reaction solution contained 0.2 M 4-MTP, 0.2 M TMEDA
and 0.00015 M EY in 7 mL ethanol. After dissolving all
reactants, the reaction mixture was transferred to the reactor.
Prior to irradiation, the reaction solution was saturated with
oxygen in the dark for 5 min. Under standard conditions, the
reaction was performed at a stirring rate of 1300 rpm and a
constant oxygen pressure of 2 bar.

Real-time monitoring

In situ Raman spectra were acquired on an RXN2
spectrometer (Kaiser Optical Systems, Lille, France). The
spectrometer was equipped with a laser source (785 nm) that
operated at an output power of 400 mW. A short focus
immersion probe with a sapphire tip was mounted in the
photoreactor with GL-screw fittings (Bohlender, Griinsfeld,
Germany). In situ fluorescence spectra were acquired using
an  AvaSpec2048  spectrometer  (Avantes, Apeldoorn,
Netherlands) coupled to an ATR probe (type KATANA, Hellma
Analytics, Miilheim/R., Germany). The probe was equipped
with an internal reflection element made of sapphire with
three reflections. In situ Raman spectra were acquired using
an exposure time of 5 s and were averaged over 10
measurements. Under these conditions, the reaction progress
was monitored with a resolution of 1 min. In situ
fluorescence spectra were acquired with an integration time
of 2 ms and were averaged over 5 measurements.

Chemometric modeling

Spectral evaluation of the in situ Raman and fluorescence
data was conducted using PEAXACT 4 (S-PACT, Aachen,
Germany). The concentration of 4-MTP and 4-MPD was
predicted by an indirect hard model (IHM) in the spectral
range of 700 to 1200 cm™'. Spectra were pretreated by linear
baseline subtraction and peak normalisation to the EtOH
band at 880 cm™'. The IHM was built from single component
models according to ethanol, 4-MTP, 4-MPD and the
background produced from the sapphire tip of the
immersion probe. The model was calibrated from
gravimetrically prepared samples including binary and
ternary mixtures of ethanol, 4-MTP (0-0.38 M) and 4-MPD (0-
0.27 M). Linear regression of the THM led to a R” of 0.99. The
model was validated with samples that additionally contained
EY and TMEDA to give a RMSEP of 0.014 M (4-MTP) and 0.01
M (4-MPD).

Abbreviations and symbols

a Gas-liquid interfacial area [m?]

¢ Concentration [mol L]

Co Initial concentration [mol L™']

L Oxygen concentration (liquid) [mol L™]

ct Oxygen saturation concentration (liquid) [mol L]
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d Reactor depth [cm]
Critical reactor depth where the reaction exceeds its
kinetic limit [cm]

I(2) Photon fluence rate at depth z [mol cm™ s7™']

1(0) Photon fluence rate at the reactor wall [mol cm™
s

Ky Henry constant [mol bar™* L7']

ky, Liquid film mass transfer coefficient [m s™]

Ly Local volumetric rate of photon absorption [mol L™
s

Lp crit Critical LVRPA where the reaction reaches its
kinetic limit [mol L™ s7*]

09 AVRPA [mol L™! s7']

N Stirrer speed [min ']

) Quantum yield [—]

Petr Effective quantum yield [—]

r Averaged reaction rate [mol L™ s7']

Do, Oxygen partial pressure [bar]

z Specific position for the reactor depth [cm]

4-MPD  Bis(4-methoxyphenyl)disulfide

4-MTP  4-Methoxythiophenol

ATR Attenuated total reflection

AVRPA  Average volumetric rate of photon absorption

EY Eosin Y

IFE Inner filter effect

IHM Indirect hard model

LED Light emitting diode

LVRPA Local volumetric rate of photon absorption
mid-IR Mid-wavelength infrared

PAT Process analytical technology

RMSEP Root mean square error of prediction [mol L™"]
TMEDA N,N,N',N'-Tetramethylethylenediamine

UV/Vis Ultraviolet-visible
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