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In an effort to push the boundaries of optical oxygen sensors, this contribution shows the development of
a measurement system for high O, content in organic solvents specifically designed for flow reactors.
Presented sensors were prepared by directly melting an oxygen indicator dye into a highly resistant poly-
mer matrix, leading to the ability to measure oxygen contents up to 59 mmol L in tetrahydrofuran, tolu-
ene, acetone, dimethylformamide, cyclohexane and methyl tert-butyl ether. Long-term effects to the sol-
vent were investigated by exposing the sensors for 22 hours to the respective solvent at 25 °C. Linearity
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according to Stern-Volmer was obtained for every single sensor in order to provide a system that can be
easily initialized by two-point calibration into continuous flow reactors. To demonstrate the applicability of
the sensor under reaction conditions, an oxidation of a Grignard reagent with molecular oxygen was

DOI: 10.1039/c9re00253g
performed in a flow reactor. The sensors were able to show the oxygen decrease during reaction and
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Introduction

Online oxygen monitoring can be a crucial factor for a wide
range of technological applications. Information about O,
concentration is often necessary to control or investigate ei-
ther aerobic or anaerobic processes'” in biochemistry and
biology. Here, knowledge of the exact amount of dissolved O,
- or its absence respectively - is an important factor for pro-
cess optimization. Chemical processes often utilize oxygen as
an inexpensive and easily available oxidizing reactant,®®
whereas other applications also require the absolute absence
or low levels of O,, either for safety reasons or to inhibit the
production of unwanted side products or both.”

Online measurement systems for oxygen in chemical and
biochemical reaction applications are usually based on opti-
cal and electrochemical sensors.*'" The Clark electrode was
invented in 1962 and has been the state-of-the-art oxygen
measurement method for decades.'” The electrode consists
of two main parts: a working electrode (usually Pt) and a ref-
erence electrode system consisting of an Ag/AgCl anode and
electrolyte solution. This system is usually protected by a
perfluorinated polymer layer. Whereas this approach is rela-
tively stable and robust, electrode design is significantly more
complex and less suitable for miniaturization than their opti-
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allowed online reactant quantification.

cal counterpart. Since about 1990, optical sensors have in-
creasingly become a viable alternative to the Clark
electrode.”® These sensors use dyes, that have an oxygen de-
pendent luminescence. Since phosphorescence of used mole-
cules undergo a triplet electronic state, the process is
influenced by nearby oxygen, which is also in the triplet state.
With higher oxygen amount around the sensor molecule, its
emission is increasingly quenched. By measuring the emis-
sion lifetime or intensity of such a sensor dye, the oxygen
partial pressure in its immediate environment can be calcu-
lated. Modern phase fluorimetry devices for oxygen measure-
ments can be as small as thumb drives. Luminescence based
sensors lack any direct electrical connection to the observed
system, but use oxygen sensitive characteristics regarding
light intensity or luminescence lifetime. This allows the
transport of measurement information via optical waveguides
- also through transparent system borders like glass walls
and transparent tubing. The versatility of these optical sys-
tems allows 2-dimensional oxygen imaging and non- or mini-
mal invasive oxygen monitoring. However, the use of oxygen
permeable matrix materials'*'® and organic or metal-organic
indicator dyes'® limit the application to non-aggressive envi-
ronments — mostly aqueous or gaseous systems. Reported op-
tical oxygen measurements in organic solvents were either
carried out in less harsh media,'® were shown to work at low
oxygen partial pressures below 250 hPa (ref. 17 and 18) or re-
lied on complex periphery like HPLC equipment.'®

The characteristics of luminescence sensor systems sug-
gest the use of fiber optics.'”*° The preparation of an optical
fiber sensor is relatively simple. The sensor dye has to be
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immobilized on the tip of a glass- or polymer fiber (mostly
via polymer or silica matrix materials), which is then
connected to a readout device. This approach has found ap-
plication especially in various biological,*** medical®* and
marine biological fields.>**® The majority of phosphores-
cence based fiber oxygen sensors are designed to measure ox-
ygen partial pressures in air or as dissolved oxygen in water,
but usually at atmospheric conditions or for trace oxygen
analysis.”*>® Most of these technologies are not applicable
for measuring oxygen in pressurized flow reactors, especially
in presence of organic solvents.

In this contribution we present an optical fiber sensor for
measuring high amounts of dissolved oxygen in organic sol-
vent by employing robust matrix and coating materials. The
sensors were designed to be easily implemented into flow re-
actors. By using standard HPLC connections the sensors
could be integrated via standard " screw fittings.

The presented work was carried out specifically to demon-
strate the use of the sensor within continuous flow chemistry
systems at elevated pressures and high amounts of dissolved
oxygen in organic solvents. To achieve this, calibrations up to
52 mmol L™ O, were carried out for each solvent at three dif-
ferent temperatures ranging from 0 °C to 37.5 °C. Further,
the impact of solvent exposure for 22 hours was additionally
examined.

Materials and methods

Materials

Methyl tert-butyl ether (MTBE), tetrahydrofuran (THF), tolu-
ene, acetone, dimethylformamide (DMF) and cyclohexane
(CH) were purchased from commercial suppliers in HPLC
grade 99.7% and above. PPS (polyphenylene sulphide) (M,, ~
10000) and polystyrene (PS; M,, ~ 260 000) were purchased
from Sigma-Aldrich, Inc. The indicator dye PtTPTBPF (Pt-
meso-tetra(4-fluorophenyl)tetrabenzoporphyrin) was synthe-
sized in-house.>® The optical fibers used (WFGe400/440/530/
750T) were purchased from Ceramoptec GmbH. The fluoro-
polymer solution CYTOP CTL-107MK was purchased from
AGC Chemicals Americas, Inc. Phosphorescence lifetime
measurements® were carried out via a 4-channel FireStingO2
phase fluorimeter from PyroScience. A Syrris Asia Syringe
Pump (5 mL and 2.5 mL syringes) and a Bronkhorst EL-
FLOW select mass flow controller (MFC) were used for flow
control.

Preparation of the fiber sensors

To ensure a homogenous distribution of dye and polymer
powder, 21 mg of PPS were dispersed into a solution of 0.053
mg PtTPTBPF in 400 pL of THF. This leads to 0.25% dye con-
centration in polymer. Note that commonly Pt-benzo-
porphyrines are applied in concentrations of 1% and higher,
in our case the concentration was reduced to decrease aggre-
gation effects. The dispersion was applied onto a glass slide,
spread via spatula and the solvent evaporated at room tem-
perature. After putting the glass slide onto a heating surface
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at 330 °C for a minute, the fiber tip was coated with the mol-
ten sensor mixture by dipping. It was made sure the sensor
showed at least 80 mV of signal intensity (at 10% LED inten-
sity, 400x amplification and 4000 Hz modulation frequency
for the phase fluorimetry measurement). To apply the protec-
tion layer coating the fiber was dipped into the CYTOP CTL-
107 and then cured for 30 min (see Fig. 1). The coating of
this fluorinated layer was repeated three times.

By employing a piece of 1/16” PTFE tubing and a
flangeless 1/4"-28 UNF flat-bottom fitting, the sensor was
ready to be introduced into a 3-way distribution piece (see
Fig. 2). The PS sensor for material comparison was prepared
by dipping the fiber tip into a solution of 2 mg mL™ polysty-
rene and 0.02 mg mL ™" PtTPTBPF in THF.

Material comparison polystyrene vs. polyphenylenesulfide

Optical oxygen sensors consist of an indicator dye
immobilized in a host matrix material, commonly a polymer
or sol-gels.® Herein, the dynamic range of the sensor is deter-
mined by the phosphorescence lifetime of the dye and the ox-
ygen permeability of the host material. Most commonly used
oxygen sensitive dyes are metal-organic complexes such as
porphyrines, benzoporphyrines and phenanthrolines with Pt,
Ir or Ru central atoms. Most of these dyes, as well as com-
mon matrix polymers, are well soluble in organic solvents.
We chose to introduce the well investigated and available
PtTPTBPF into a solvent resistant polymer, since it has high
brightness and photostability, lifetime of around 50 ps and
the NIR-emission is less affected by background noise.
PtTPTBPF, like many oxygen indicator dyes, is well soluble in
organic solvents. Therefore, the strategy was to introduce it
into PPS by a melting procedure.

The PPS and CYTOP coated sensor was evaluated alongside
a regularly employed PS sensor regarding response dynamic
and solvent stability. By mixing N, and O, via mass flow con-
trollers (200 mL min™" gas flow), 9 different pO, (oxygen par-
tial pressure) were generated and phosphorescence lifetime (7)

glass fiber —
CYTOP
PPS/PtTPTBPF J solution 30 min
mixture v

heating

heating
plate
200°C

plate
330°C

sensor coating protection layer

coating

curing

Fig. 1 Preparation of sensor and protection coating.
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Fig. 2 Sensor screw (left); pre-mixing coil and sensor array (right).

was recorded to generate pO,/z calibration curves for both ma-
terials and allow direct comparison regarding dynamic ranges.

After these measurements, both sensors were put into the
headspace of a vial half filled with acetone for 20 minutes
and subsequently into ambient air again. By using the infor-
mation obtained in the calibration experiment before, the
measured pO, of both sensors during solvent exposition was
then recorded and compared. This experiment was carried
out to demonstrate applicability advantages of our sensor re-
garding dynamic range at elevated amounts of oxygen and
solvent stability over polystyrene sensors, that are state-of-the-
art technology. Due to the high solubility of polystyrene in or-
ganic solvents, the sensors were not submerged. The PS sen-
sor would dissolve immediately.

Measurement setup

500 mL of each solvent were degassed via ultra-sonication
and bubbling with argon for at least one hour to remove
dissolved oxygen. Subsequent handling of the solvent was
only carried out under inert gas conditions.

Distinct oxygen concentrations for calibration were
achieved by introducing controlled amounts of O, to a con-
stant stream of deoxygenated solvent via Y-mixer. After
mixing gas and solvent, a 1 mL 1/16" steel coil was intro-
duced to allow complete gas dissolution. Between this
mixing-coil and a back pressure regulator (~8.0 bar), the sen-
sor array was incorporated. For the sensor characterization in
several solvents and at varying temperatures, 4 sensors in a
row were introduced simultaneously to gain information on
preparation and response reproducibility. The compartment
consisting of mixing-coil and sensors was submerged in a
temperature controlled vessel to ensure constant temperature
throughout the measurements.

The oxygen concentration [O,] was set up by calculating
the normalized volume flow of the mass flow controller (v,)
via the ideal gas law and the solvent flow (v;): [O,] = pv{/RTv,.
The MFC manufacturer states that the given gas flow is speci-
fied for normal conditions, which means that for this calcula-
tion p is 101325 Pa and 7 is 273.15 K.

Three oxygen concentrations were set (0-52 mmol L™) for
every solvent at 0 °C, 12.5 °C and 25 °C (for cyclohexane 37.5
°C instead of 0 °C was executed). After those measurements,
the setup was not washed out until the next day, leaving the
sensors submerged in solvent for 22 hours. After this time pe-
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riod, another measurement at 25 °C was carried out to gain
information about the long term impact of solvent exposure.

The phosphorescence lifetime was recorded of each sensor
in intervals of 6 seconds during the measurements. Every
sensor was set up to 100% LED intensity, 400x amplification
and 4000 Hz modulation frequency. Changing the MFC flow
could take up to 20 minutes for the oxygen concentration to
reach a steady state due to the elevated pressure within the
system. Therefore, each calibration point was upheld long
enough to ensure a stable constant signal - in each case
about 30 minutes per concentration.

Average lifetime values v were recorded for every calibra-
tion point. These were then used to compile a Stern-Volmer
calibration:*" 7y/z - 1= [0,] X Kgy, whereas 7, represents the
lifetime value of the sensor at an unquenched state ([O,] = 0)
and Kgy is the so called Stern-Volmer constant. This physical
correlation between concentration and normalized phospho-
rescence lifetime describes a linear relationship.

Monitoring oxygen during oxidation of 4-methoxy-
phenylmagnesium bromide

An oxygen consuming model reaction was performed to dem-
onstrate the applicability of the sensor for inline measure-
ments. The oxidation of 4-methoxyphenylmagnesium bro-
mide®? to 4-methoxyphenol (using } eq. of O,) was utilized to
maintain a reliable oxygen consumption throughout a flow
reactor. Three oxygen sensors were placed at different loca-
tions within the system: a reference sensor before combining
0, and reactant stream, one sensor directly connected to the
Y-mixer and another one after a 2.5 mL coil. The whole setup
from pre-mixing coil to the last sensor was submerged in a
temperature-controlled bath at 0 °C (see Fig. 3).

2500 pt/min|

mass flow controller]—( 0, |
syringe pump

deoxygenated
solvent

reagent

syringe pump solution

back pressure
regulator
|

Fig. 3 Schematic view of reaction setup.
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THF was used as solvent. The two-point calibrations of the
sensors were performed within the setup, directly before
measurement. The first stream with dissolved oxygen was in-
troduced at 2500 uL min~" containing [O,] of 52 mmol L.
The reactant stream contained 500 mmol L™ Grignard re-
agent and was introduced at 500 uL min". This corresponds
to 0.84 equivalents of O, regarding the 4-methoxy-
phenylmagnesium bromide.

Results and discussion
Sensor material composition

The use of poly(1,4-phenylene sulphide) (PPS), had several
advantages regarding the desired requirements: its excellent
solvent stability®® and the low oxygen permeability. PPS has
widely increased dynamic range of the investigated oxygen
sensor compared to Polystyrene, one of the most common
matrix polymers.

Polystyrene has an O, permeability coefficient (165 cm®
mm per m> per day per atm) roughly 15 times higher than
PPS (11.8 cm® mm per m? per day per atm).** This leads to a
change in dynamic range regarding oxygen measurement.
This is shown for both polymers in Fig. 4, where the phos-
phorescence lifetime and intensities are plotted vs. pO,, de-
termined in gas phase. The measurements showed no differ-
ence in sensor response time between both materials.
Changes in partial pressures underwent some delay due to
the dead-volume between valves and measurement point. pO,
adjustments took about 20 s for each measurement point
and both sensors responded observably equally fast,
suggesting response times in the range of seconds. Thorough
investigations regarding response times of dip-coated and
melt-coated sensors will be presented in a future publication.

The PS based sensor lost more than half of the initial life-
time at 150 hPa and at atmospheric O, pressure r was 6 ps,
indicating that the phosphorescence is almost completely
quenched. The intensity loss from 0-1000 hPa is about 90%.
This quenching is significantly too high for this amount of
oxygen to achieve acceptable signal to noise ratio. In contrast,
lifetime at 1000 hPa of the PPS based sensor was around 17
ps and intensity was still at about 60% of the initial value.
This enables measurements far above this range. The lowest
signal to noise ratio was 600 for PS and 3000 for PPS based
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sensors. The measured phosphorescence lifetimes are highly
stable and noise is not considered a limitation for this
application.

Whereas polystyrene is known as a suitable matrix for the
sensor dye with no tendency to dye aggregation (usually
around 50 ps (ref. 35)), the decreased phosphorescence life-
time of PtTPTBPF in PPS at 0 hPa is most likely originating
in this exact effect. Aggregation however did not affect the ap-
plicability of the sensor.

A further aspect of using PPS is the high stability. The
high performance thermoplastic has sufficient mechanical
stability up to 200 °C. It is often used in areas with high
chemical stress due to the insolubility in most solvents and
the resistance against acids and bases. An important property
for its use as a sensor matrix is the minimal swelling in or-
ganic solvents.*® This allows the immersion of the sensor in
otherwise harsh liquids. A comparison of sensor behaviour
between PS and PPS was also conducted. The experiment
showed complete inability of a PS sensor to generate viable
signal in acetone vapour, whereas the PPS sensor was not af-
fected by the organic solvent (see Fig. 5).

Reproducibility of sensor preparation

A set of 4 sensors was prepared and exposed to several oxy-
gen concentrations in THF at 0 °C. Differences in individually
prepared sensors are illustrated in Fig. 6, where an evaluation
of THF calibration at 0 °C is presented. The variations be-
tween sensor response towards oxygen are most likely origi-
nating in differences of sensor composition. The poor repro-
ducibility of sensor immobilization at 330 °C apparently
leads to varying degrees of dye aggregation. Despite the sen-
sor behaviour differing in 7, as well as in Kgy, a satisfactory
linearity is given for all 4 sensors with R> values above
0.9970. Used in flow-reactors, the sensors can always be ini-
tialized via two-point calibrations.

Response towards oxygen inside micro flow reactor

The fiber sensor was placed in a flow reactor and the exposed
to oxygen concentrations of 58.8, 44.1, 29.4, 14.7 and 0.0
mmol L™" (continuously carried out with 1 mL min™" liquid
flow rate). Although the flow rate was kept consistent
throughout the experiments, changing it does not affect the

1.0 50 1.0 40
PS PPS
= 0.8 - I 40 £ 084 ] 20
=4 L] .
@ 0.6 30 D 0.6 b
N N ~
= = F20
c 0.4 F 20 < 0.4
- R 5
< 0.2 N k10 < 0.2 110
0.0 : 0 0.0 . 0
0 500 1000 0 500 1000
pO, /hPa pO> /hPa

Fig. 4 Phosphorescence intensity and lifetime vs. pO, for PS (left) and

PPS (right).
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calibration at 0 °C.

sensors during THF

measurement capability of the sensor. A typical response
curve is given in Fig. 7. Whereas the deoxygenated solvent
leads to a distinct constant signal, the oxygen concentration
points show very significant fluctuations. Closer inspection
of these fluctuations reveal a steady periodicity between
peaks. The larger swings appear every 5 minutes, whereas the
signal has recurring smaller oscillations in between.

These fluctuations can be traced back to the pump system
of the reactor. The Syrris Asia pump used works with two sy-
ringes with volumes of 5 mL and 2.5 mL. The pumping
mechanism makes recurring use of valve switching necessary.
At a flow rate of 1 mL min™", the valve switches every 2.5
min. This slightly affects the pressure within the system,
which further has influence on the oxygen distributed by the
mass flow controller. Ultimately, this means the use of a con-
tinuous two-syringe pump system leads to significant fluctua-
tions in dissolved oxygen throughout the process. However,
the averaged values can still be used for oxygen concentration
quantification. We were not able to determine sensor re-
sponse times due to the residence time within the reactor
and the inertia of the gas distribution by the mass flow con-
troller. The recorded fluctuations however strongly suggest
too (time to reach 90% of signal change) in the range of sec-
onds. Preliminary, experiments with dichloromethane re-
vealed a rapid penetration of the matrix. For this reason, the
sensor was only investigated towards non-halogenated
solvents.

sensor 1
sensor 2
—— sensor 3
sensor 4

30

25

L

10

’U_ -
4 | ri?"l‘m’ B
v Tﬂ}m(ﬁqﬁj&m{ﬂ HH : P}:T}W

o 0 20 40 60 80 20 40 50

t /min

t /min

Fig. 7 Sensor response curve 7 vs. t of 5 calibration points; MTBE at
0 °C; 58.8/44.1/29.4; 14.7, 0.0 mmol L™* O, (left); data used for mean-
value calculation (right).
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0, measurements in various organic solvents

The sensor was exposed to increasing amounts of dissolved
oxygen in various organic solvents. Since the measurement
system was employing a mass flow controller for gas intro-
duction, we were able to determine the actual dissolved oxy-
gen concentration rather than the partial pressure. The data
in Fig. 8 shows calibration curves for all solvents according
to Stern-Volmer. Note that many reported oxygen sensors use
the significantly more complex Stern-Volmer two-site
model.*® The dynamic in our sensors however allowed the ap-
plicability of a linear regression within the observed measure-
ment range.

The associated data to the illustrated calibrations is given
in Table 1. Subsequent evaluation and inspection of r* proves
the ability of each sensor to perform satisfactory in each sol-
vent. The observed linearity allows two-point calibration for
the sensor in all investigated solvents.

Effect of long-term solvent exposure on sensor behaviour

The influence on the sensor of significantly increased periods
submerged in solvent was investigated. After 22 hours of di-
rectly exposing the sensor to the solvent at room tempera-
ture, the two highest calibration points and the deoxygenated
value 7, were measured. The deviation between the actual
and the observed [O,] was calculated (see Table 2).

The deviations in measured oxygen concentration were rel-
atively low for [O,] = 0 with the exception of THF. Increased
changes were observed for acetone, cyclohexane, THF and tol-
uene. MTBE and DMF both only had minor impact on the
long term stability of the sensors.

Using the sensor with a suggested precision of 3.5 mmol
L™", no recalibration is necessary for DMF and MTBE after 22
hours. THF would require a new two-point calibration,
whereas the other solvents did affect the sensor only in the
upper region, where a single-point recalibration would be ad-
equate. We did not observe the necessity for recalibration
within a short-time exposure of 2 hours.

0, consumption measurement within a flow-reactor

The recorded data in Fig. 9 shows the monitoring of [O,]
throughout the oxidation of 4-methoxyphenylmagnesium bro-
mide. The first 8 minutes record a steady state and display a

®- acetone 4+ 4
cyclohexane b
e MTBE 7
/
- THF 3t oA
toluene =l i d
7
- DMF r /
o
4 | -

10 SN 1
% 10 20 30 40 50 60 % 26 40 60
[O2] /mmol/L [O2] /mmol/L

Fig. 8 Calibration curves 7 (left) and Stern-Volmer plot (right) of
selected sensors in varying solvents at 12.5 °C.
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Table 1 Key indicators of measured sensors at 12 °C

Acetone CH MTBE THF Toluene DMF
To/Us 39.32 44.32 41.22 32.06 35.88 34.23
Kgy/l mmol 0.066 0.029 0.040 0.052 0.052 0.071
r? 0.999 0.997 0.998 1.000 0.997 0.999

stable supply of oxygen into the reactor without any reactant
added. The difference in oxygen concentration between sen-
sor A and the other two is due to the dilution in the mixer,
since the second stream of THF does not contain dissolved
oxygen. After 8 minutes the Grignard reagent is introduced
into the stream and a drop of [O,] at sensor B can be ob-
served. This drop steadies at about 24 mmol L™ throughout
the whole time reagent is available. The reaction reaches sen-
sor C and leads to a significantly lower [O,] with a delay of 1
minute (due to the reaction coil between measurement
points). After about 8 minutes of reaction time and no reac-
tant left, the initial oxygen concentrations are measured
again as an indicator for any possible changes in sensor be-
haviour during the experiment. GC-MS analysis showed 40%
of product formation. The reactant was introduced with 150
mmol L™, which leads to product stream of 60 mmol L.
This is in accordance with 30 mmol L™ of consumed oxygen
(due to equivalence of 3).

A further application of the sensor in a more complex
setup (3D-printed CSTR-cascade micro-reactor) is presented
in a previously published communication.®’

Conclusion

This investigation shows the suitability for the presented sen-
sors to be used for dissolved-oxygen measurements in or-
ganic solvents. The dynamic range significantly exceeds the
solubility of oxygen in observed solvents at normal pressure,
allowing O,-monitoring in pressurized systems. The sensors
were analysed at system pressures around 8 bar and can gen-
erally be used up to 59 mmol 1" with a precision of 3.5 mmol
L

The sensor format was specifically designed for monitor-
ing dissolved oxygen in flow-reactors. The linearity according
to Stern-Volmer allows time-saving two-point calibration for
each investigated solvent.

Table 2 Measurement of [O,] at 25 °C after solvent exposure for 22 h

[0,)Jmmol "' Acetone CH MTBE THF  Toluene DMF
Set Measured [0,] in mmol 1" (deviation)
58.8 88.0 51.8 60.2 77.6 46.5
(+50%) (-12%) (+2%) (+32%) (-21%)
44.1 73.8 34.0 45.3 58.8 37.4
(+67%) (-23%) (+3%) (+33%) (~15%)
29.4 26.1
(-11%)
21 19.4
(-8%)
0 2.2 1.0 1.6 6.7 0.9 0.8
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Fig. 9 [O,] at different locations throughout the reactor during an
oxidation reaction.

Stability tests with the sensors submerged in solvent over-
night partly showed influence on the sensor. THF affects
both high and low oxygen regions, making a two-point cali-
bration necessary. Cyclohexane, acetone and toluene only
showed significant differences in response at higher [O,],
leaving the possibility of single-point recalibration. After sub-
merging the sensors in DMF and MTBE for 22 hours, no
drastic change in sensor calibration could be observed.

Overall we suggest the use of the sensor for continuous
measurements up to 2 hours without recalibration in all in-
vestigated solvents.

To demonstrate practical applicability for the presented
sensors, a model reaction was used, where a Grignard re-
agent was oxidized by molecular oxygen. Measurements
were taken at different points in the reactor to gain a
rough overview of remaining oxygen at respective points
within the system. Employing these sensors in a reaction
system can help with online parameter adjustment, conver-
sion quantification, endpoint detection and reaction rate
investigation.
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