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Development of customized 3D printed stainless
steel reactors with inline oxygen sensors for
aerobic oxidation of Grignard reagents in
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Additive manufacturing has gained a lot of interest in recent years to create customized reactors and

equipment for milli- and micro flow applications. This work presents the development of 3D printed stain-
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less steel reactors for the oxidation of Grignard reagents in flow. In our first approach a 3D printed micro
CSTR-cascade was designed as a tool to get more insight in the reaction kinetics. Novel optical sensors
were integrated inline in the cascade to monitor the oxygen consumption in real time. Based on the

obtained experimental data and CFD simulations, a customized 3D printed split and recombine reactor was

rsc.li/reaction-engineering

Introduction

Organic flow chemistry has developed an increasing interest
in performing syntheses in milli- and microreactors." These
reactors offer the potential for intensified process conditions
through high mass and heat transfer rates due to high
surface-to-volume ratios.”” Milli- and microreactors enable
novel reactions to be developed at conditions not easily real-
ized in conventional batch processing. While there are
straightforward and cheap ways to set up micro flow pro-
cesses with standardised tubings as reactors, their mixing
properties lack the possibility to be optimized to the
predefined process conditions. This missing optimization of-
ten results in low product yields with unwanted side product
formation.®” Therefore, a trend has emerged to manufacture
chip-like microreactors for these predefined mixing opera-
tions. These 2D chip-like reactors are often made of glass or
poly-dimethylsiloxane (PDMS), fabricated by etching and
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designed especially for the needs of the reaction.

micromolding through expensive manual labour. Subsequent
adaption or expansion of these reactors is difficult to achieve
due to the lack of robust chip-to-chip interconnections.®
Rapid developments in the field of 3D printing show a
successful production of milli- and microreactors especially
designed for the needs of the process.”™” The lack of robust
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interconnections can be eliminated through compact design
of system parts and thus compacter production lines can be
achieved.'® However, most of these 3D printed reactors are
made of plastics which are unsuitable for most organic sol-
vents. Another drawback of the frequently used polymers is
the poor heat transfer characteristics, leading to the forma-
tion of possible hot spots during the reaction. Selective laser
melting (SLM) of stainless steel is a suitable 3D printing tech-
nique to overcome these limitations.’*>® SLM printed micro-
reactors show high thermal conductivity, mechanical
strength and thermal resistance over a broad range of tem-
peratures. Stainless steel can be easily post processed after
the printing in the mechanical workshop, enabling the con-
nection to standard HPLC equipment.

This work reports the development of customized SLM
printed stainless steel reactors for the continuous aerobic oxi-
dation of Grignard reagents. To investigate the intrinsic reac-
tion kinetics, the problem of the coupled mass transfer and
proceeding reaction was eliminated by absorbing oxygen be-
forehand in the solvent. This absorption reduces the reaction
to a one phase mixing dependant case. The reactor design for
the resulting one phase system was guided by monitoring the
oxygen consumption rate during oxidation of the Grignard re-
agent through implemented novel optical inline oxygen sen-
sors. These sensors show high resistance against the used or-
ganic solvent, are able to measure high oxygen concentrations,
and respond quickly to changes in the system, thus making
them especially useful for fast reactions.

For the reactor design approach, a 3D printed micro CSTR
cascade (AP01) was designed as a tool to measure the reac-
tion rate. With this cascade it was possible to estimate the
dependency of the oxidation reaction on the degree of mixing
by monitoring the oxygen consumption rate with the inte-
grated novel oxygen sensors in the CSTR vessels. An estima-
tion of the intrinsic reaction time scale was possible and was
used in combination with computational simulations and
preliminary knowledge in advanced manufacturing technolo-
gies to manufacture another 3D printed reactor (AP02). This
reactor is designed and adapted exactly to the requirements
of the one phase Grignard reagent oxidation and utilizes
novel 3D printed three-dimensional structures.

Model reaction — aerobic oxidation of Grignard reagents

Aerobic oxidation of Grignard reagents to the corresponding
phenols was selected as a model reaction for the evaluation
of both, oxygen sensor performance and mixing efficiency of
the 3D printed reactors. This reaction was developed to pro-
vide an efficient green approach towards functionalized phe-
nols using oxygen as an inexpensive and sustainable oxi-
dant.?” It serves as an alternative for conventional reactions,
such as nucleophilic aromatic substitution,® oxidations
using boronic acids,® or cost intensive, toxic, transition-
metal catalysis based hydroxylation.*

Due to the reactive nature of Grignard reagents, their di-
rect oxidation by oxygen is highly demanding in terms of
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heat and mass transfer. Based on the proposed mechanism
of this reaction (Fig. 1), fast and efficient mixing is crucial to
prevent stoichiometric imbalances, which may cause the
formation of side products. Such limitations can be overcome
by performing the reaction in a continuous flow regime, as
both control over temperature and mixing performance
can be enhanced.*® Furthermore, establishing a continuous
flow process allows for an easier and safer execution of the
reaction on larger scale, compared to conventional batch
methods.*>*

Therefore, this aerobic oxidation of Grignard reagents pro-
vides an interesting model reaction for further investigations
towards reactor design from many points of view, especially
considering its biphasic nature. Successful execution of this
oxidation in a customised 3D printed reactor requires broad
chemical resistance, good thermal conductivity, concise
mixing and optional implementation of suitable process ana-
Iytical technology (PAT).

Since oxygen is used as a reagent in stoichiometric
amounts, accurate control over its dosing and effective con-
centration is highly desired for any kind of optimization or
up-scaling. Exact dosing of gases can be easily accomplished
in a continuous flow setup using calibrated mass flow con-
trollers (MFC).

Inline measurement of the oxygen concentration by novel
optical sensors within the flow reactor is a powerful tool to
monitor the progress of reaction in real-time. In this work,
the simultaneous use of multiple sensors at different stages
of the reaction are used to provide further mechanistic
insights.

Results and discussion
Reactor design

To operate a multiphase reactor at its optimum, it is impor-
tant to characterize the rate limiting time scale. If the mass
transfer time scale is significantly slower compared to the in-
trinsic reaction time scale, undesired by-product formation
can occur. To investigate the intrinsic reaction time scale,
the oxidation of the Grignard reagents is reduced to a

Oxidation:

MgX OOMgX
R@ + 0, —> R_©/

Metathesis:

O0OMgX MgX OMgX
R~©/ + R©/ — 2 R~©/

Fig. 1 Proposed mechanism for the oxidation of Grignard reagents by
oxygen via a peroxide intermediate. The initial step is expected to
proceed via an electron transfer step between the Grignard reagent
and oxygen.>*

This journal is © The Royal Society of Chemistry 2019
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homogeneous reaction system by absorbing oxygen in the
solvent beforehand. This reduces the problem to a mixing
rate limiting case of a homogeneous reaction system, which
is well understood even for fast reactions.*” In passive mixing
elements the degree of mixing of homogeneous reaction sys-
tems are predefined by the structures themselves and the op-
eration conditions, ie. inlet flow rates. To investigate a de-
sired reaction with defined operation conditions, active
mixing principles need to be applied. With active mixing, the
degree of mixing can be controlled by parameters applied ex-
ternally to the reactor. However, active mixing elements have
the disadvantage that their correct operation has to be moni-
tored. Once the desired process is known, it is economically
advantageous to use static mixing elements designed for the
prevailing conditions.

The designed micro CSTR cascade (Fig. 2) has all of the
above needed features to characterize a homogeneous reac-
tion. It consists of 10 vessels with an internal diameter of 3
mm, stirred by a magnetic stirring spheroid of 2.4 mm wide
and 2.7 mm long, powered and controlled by the magnetic
field of a laboratory magnetic stirrer. Each vessel can be
configured for different purposes by installing standard
HPLC fittings/plugs to open or block its upper part. The
vessels are connected to each other through 800 pm chan-
nels attached tangentially to the spherical bottom part of
the vessel. The ring shaped cascade is blocked at a marked
position, indicating the in-/outlet of the vessels. With the
stirrers inside and fittings connected, the total reactor vol-
ume is 275.6 pL. By installing the developed novel optical fi-
bre sensors with standard HPLC fittings, the oxygen con-
sumption during the reaction can be monitored in the
vessels. The effect of stirring on the rate of oxygen con-
sumption can be influenced through adjusting the stirrer
speed. When an increasing RPM does not lead to an in-
creasing reaction rate, the operation point for the intrinsic
reaction rate can be found.

For the homogeneous reaction case of the Grignard re-
agent oxidation, a customized reactor (AP02, Fig. 3) was
designed based on the experimentally obtained data from
the CSTR cascade (AP01) and CFD simulations of an
adapted split and recombine mixing structure (as shown be-

closed ,

Fig. 2 CAD drawing of the micro CSTR cascade (APO1). (Left) View
from outside with indication of the blocked parts and resulting in-/
outlet vessels. (Right) Exposed channels and vessels of the cascade.

This journal is © The Royal Society of Chemistry 2019
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low). The new reactor features fully scalable sections
through a parameter depending CAD design, which enables
numbering up approaches to reach higher throughputs.
This scalability is possible since the basic setup of a flow re-
actor consists always of a precooling, mixing and reaction
sections. The parameter dependency allows an arbitrarily
scaling of each section by varying only three parameters
while noticing the placing of each CAD drawing's origin at
the point of mixing. This allows the fast interchange of sec-
tion elements in the design phase of the reactor. The used
parameters for the scaling of the sections are d, Le and n,
the internal diameter, cubical element length scale and
number of elements, respectively. This design allows to cal-
culate the size of each reactor section by multiplying the el-
ement length with the number of elements. Through simple
spreadsheet calculations it is possible to vary these parame-
ters and directly update the design regarding the needs of
the reaction. For the new split and recombine reactor, an
internal diameter of 800 pm and an element length scale of
3.5 mm was chosen leading to a reactor volume of 0.565 ml
for the mixing elements.

After the basic design of the reactor, the reaction channel
was placed inside a cooling shell and openings were added at
critical positions to ensure adequate cleaning of the delicate
mixing structure. These openings were set to be easily acces-
sible for welding from the outside of the cooling shell. For
the layerwise printing, a support was needed to connect the
reaction channel with its cooling shell. The support on the
inside of the cooling shell was generated by Materialise's
Magics software and adapted with a Boolean operation to fit
the reaction channel. This operation subtracted the CAD

Mixing
elements

Pre-cooling
Inlet A \ . A ’ o X
d penings
TS ./’\ ®"'( O for cleaning
Mixing
Inlet B point

Inlet
Coolant

Outlet
Coolant

Fig. 3 CAD drawings of the split and recombine reactor (AP02). (Top)
Overview of the reactor sections. By repeating the structure elements,
the reactor can be scaled arbitrarily. (Bottom) A 3D printing support
was generated through a Boolean operation to incorporate the
reaction channel into the cooling shell.

React. Chem. Eng., 2019, 4, 393-401 | 395
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Fig. 4 Details of numerical mesh at the beginning of the calculated
domain of inlet A (left figure) and at the region of mixing elements
(right figure).

drawing of the filled reaction channel body from the gener-
ated support, allowing to insert the hollow reaction channel
into the final CAD file as the last step before printing.

Simulation

Computational fluid dynamics (CFD) simulation was used to
evaluate the mixing geometry of the split and recombine re-
actor. The set of governing equations (i.e. Navier-Stokes
equations) was solved using the Ansys-CFX software package.
The geometry of the reactor has been discretized with a
hexahedral cell dominated mesh (Fig. 4), which consisted of
approx. 12 million cells and nodes.

The CFD simulation was performed at steady-state.
Boundary conditions were set to match the anticipated exper-
imental conditions (shown later). Thus, a flow rate of 1230
uL min~' was chosen for inlet A and two different flowrates,
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Fig. 5 Tracer uniformity index for two different cases of mass flow
rates with inlet A used as tracer (top). Velocity helicity contour plots on
different cut planes along the APO2 reactor geometry (bottom).
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126 uL min~* (case 1) and 84 uL min™" (case 2), were chosen
for inlet B (Fig. 5). For quick mixing, it is desirable to bring
the flow tendency to a “helical” flow pattern. This pattern can
be represented by the velocity helicity, a parameter indicating
counter current helical flow behaviour in different sections of
the reactor.*® Helicity is a scalar quantity defined as an inner
(dot) product of velocity and vorticity vectors. Fig. 5 shows
the contour plots for the flow velocity helicity (bottom) at dif-
ferent cross-sections in the reactor. Two main counter cur-
rent helical flow patterns can be observed on each cut plane,
which change the circumferential position along the reactor.
This changing position causes good mixing perpendicular to
the main stream direction along the reaction channel.

Another measure of mixing performance is the uniformity
index.*” It was calculated by applying a tracer at inlet A as a
passive scalar through tracking the concentration at each cut
plane along the reactor length. From the graph in
Fig. 5 (top right) it can be seen that the tracer uniformity in-
dex across different cut planes is increased and reaches a
maximum value in the middle of the cut plane section 3, in-
dicating the tracer is fully premixed. With the tracer unifor-
mity index, it was possible to conclude that there are no ma-
jor differences between the two simulation cases. The
obtained simulation results have shown that the designed
mixer geometry will lead to very efficient mixing already at a
very early stage in the mixing elements section.

3D printing

3D printing of the reactors was done by selective laser melt-
ing (SLM) to manufacture the stainless steel reactors shown
in Fig. 6 and 7. As presented in a previous work,>® SLM
printed reactors are well applicable for organic flow

Fig. 6 3D printed CSTR cascade (APO1) closed with standard HPLC
fittings. The 3D printed 10-32 UNF thread had to be refined after the
printing.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 3D printed split and recombine reactor (AP02) for the oxidation
of Grignard reagents with and without cooling shell. After post-
processing, 1/16" capillaries were welded to the in- and outlets for
connection with standard HPLC equipment.

synthesis. Similar to other 3D printing techniques, the CAD
drawing needs to be sliced first to generate cross-sectional
layers (ESL} Fig. S1), which were printed layer by layer
through fusion of a metal powder bed. This sintering of the
layers was done by an SLM system from EOS utilizing an yt-
terbium fibre laser with 400 Watt maximum power input,
scanning through a 316 L stainless steel powder bed with a
dsq of 35.9 pm. For the selected layer height of 40 pum, the la-
ser melted the current layer and the prevailing one to gener-
ate well-bonded, gas-tight, high density builds.

After the printing process, the building platform was
disassembled from the printer and the unused metal powder
was collected for re-use. Inner parts of the prints were freed
from the powder with compressed air, ultrasound treatment
and dried again with compressed air. Afterwards, stress relief
annealing of the printed parts was carried out in a vacuum
oven. Next, the reactors were cut from the building platform by
means of a band saw, and their surface was refined by
sandblasting. Cleaning openings were closed by laser welding
and the connection to standard equipment was enabled with
1/16" stainless steel capillaries welded to the in- and outlets. Fi-
nally, the prints were blasted with micro glass beads, and once
again, brought into the ultrasonic bath followed by drying with
compressed air. Due to the design of the CSTR cascade, welding
to close the cleaning ports was not necessary, however, the 10-
32 UNF printed threads were refined with a thread cutter.

Characterization of the 3D printed reactors

Due to the low Reynolds number in milli- and microreactors,
laminar flow is predominant. As a result, mixing in these re-
actors must rely solely on diffusive mixing between the fluid
elements, leading to long channels to achieve sufficient
mixing.*® However, enhanced laminar mixing can be
achieved through chaotic flows.*® This means large inter-
material contact areas are generated by stretching and fold-
ing of the fluid elements. The generation of chaotic flows in
microreactors can be achieved through two mixing princi-
ples: passive and active.’” Passive mixing elements are an
integral part of the fluid channel and are incorporated dur-

This journal is © The Royal Society of Chemistry 2019
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ing the fabrication. Their efficiency depends on the prevail-
ing process conditions. By applying active mixing elements,
the degree of mixing can be controlled by user demands,
however, the proper working of the mixing element needs to
be monitored.

In this work, the degree of mixing was characterized exper-
imentally by monitoring the product distribution of the diazo
coupling between 1-naphthol and diazotized sulphanilic
acid," a system of competitive and consecutive reactions
(ESLt Fig. S2). Two isomeric monoazo dyes are formed via
primary coupling - o-R and p-R. In a secondary coupling,
both monoazo dyes react again with diazotized sulphanilic
acid to form the bisazo dye (S). Because primary coupling is
much faster compared to the secondary coupling, the yield of
bisazo product S (eqn (1)) is related to the mixing perfor-
mance, Ze. the less product S is formed, the better the
mixing. An initial solution of diazonium salt was prepared by
diazotization of 10 mmol L™ sulphanilic acid with sodium
nitrite and hydrochloric acid. This solution was diluted to 1
mmol L™ for the experiments. The second solution contained
1.2 mmol L™ 1-naphthol dissolved in a buffer solution with
222.2 mmol L™ of sodium carbonate and sodium bicarbon-
ate, respectively. Both solutions combined lead to a pH of 9.9
and ionic strength of 444.4 mmol L™ for the coupling reac-
tion. The experiments were carried out at 25 °C and equal
volumetric flow rates. Samples were collected after flushing
the reactor for three residence times to reach steady state.
Concentration of each component was determined by light
absorption measurement for several wavelengths and multi-
parameter-linear-regression of the absorption spectra. This re-
gression used molar extinction coefficients for each sub-
stance based on literature®® (ESL} Table S1). Due to the
overlapping spectra of the monoazo dyes only their sum can
be determined correctly. To check for experimental errors,
the mass balance of each sample was calculated based on re-
agent B, which was in depletion. Using this procedure, the ex-
perimental error was found to be higher at lower flow rates.

2.
=5 (1)
Cor T T2:C

The obtained mixing behaviour of the printed reactors in
Fig. 8 indicates far better performance of both reactors com-
pared to a simple T-mixer. The especially high mixing rates
achieved at low flow rates with stirring in the CSTR cascade
indicate its applicability for measurements of relatively fast
reactions. At high flow rates, a changing RPM has shown no
effect on the mixing performance of the reactor (ESL} Fig. S3
and S4). The set RPMs are not controlled within the cascade
and only refer to set values of the laboratory magnetic stirrer.
Inertial forces at higher flow rate might influence the small
stirring spheroids RPM until their rotation is only induced by
the flowing fluid.

In addition to the mixing evaluation, the residence time
distribution (RTD) of both printed reactors was investigated.

React. Chem. Eng., 2019, 4, 393-401 | 397


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00278a

Open Access Article. Published on 12 December 2018. Downloaded on 12/6/2025 1:45:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
60%
9
50% 990 o
40%
>" PR ®
T 30%
2
= )
20% k3
Xx X [ J
10% b 4
* e
0%
0 2 4 6 8 10 12 14 16
Flow rate / mL min?
@ T-Junction A Cascade APO1 - low stirring

X Cascade APO1- high stirring @ Parameter Reactor AP02

Fig. 8 Mixing performance evaluated at process conditions in the 3D
printed reactors (APO2 = split and recombine reactor, APO1 = cascade)
and compared to a standard HPLC T-junction.

RTD experiments were performed with fibre optic probes for
the detection of a tracer solution within an inline UV/VIS flow
cell. An instantaneous step change from solvent (12 w% etha-
nol in water) to tracer solution (0.006 v% anisole in previ-
ously mentioned solvent mixture) was possible by using a
manual 6-way valve. The RTD was evaluated for equal Reyn-
olds numbers as at process conditions for both printed reac-
tors (ESLj Fig. S5 and S6). The split and recombine reactor
AP02 showed plug flow like behaviour at approximately 1.8
ml min™ indicated by a calculated Bodenstein number close
to 100. For the cascade AP01, a Bodenstein number close to
20 was obtained at process conditions, indicating a CSTR like
behaviour. Large deviations from plug flow can be assumed
at Bodenstein numbers below 100 leading to higher axial
dispersion.*

Implementation of novel optical oxygen sensors in the set-up

To follow the chemical transformation, inline oxygen moni-
toring was implemented into the reactors. The novel oxygen
sensors are based on a phase fluorimetry readout system.**
They are applicable for pressurized systems in the presence
of organic solvents and high oxygen concentrations by utiliz-
ing tailored fibre based optical sensors. Compared to com-
monly employed sensor materials like sol-gels and polymers
with high oxygen diffusivity,** the developed sensors use more
robust materials. A NIR-emitting Pt-tetra(4-fluorophenyl)-
tetrabenzoporphyrin (PtTPTBPF)*> dye was immobilized in
polyphenylenesulfide (PPS) and coated with a CYTOP® protec-
tion coating. By affixing the sensor fibre into a standard HPLC
fitting, it was ready to be implemented into the reactors
(Fig. S7 and S8, ESI¥).

The sensor data is read out with a commercial miniatur-
ized USB phase fluorimeter (FireStingO2) using a custom
made Python based evaluation software. The calibration of
the sensor can be performed within the reaction environment
by controlling the oxygen concentration via syringe pumps

398 | React. Chem. Eng., 2019, 4, 393-401
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Fig. 9 Evaluation of the oxygen calibration with the fibre sensor in
THF at 0 °C and oxygen concentrations up to 42 mmol L™,

and mass flow controller. Thorough investigations revealed
that the sensor operates according to a linear Stern-Volmer
equation,*® which allows a two-point calibration of oxygen
concentration (Fig. 9). This two-point calibration allows fast
initializing of the sensors at process conditions within the re-
actor itself.

Fig. 10 (top) shows positions of the sensors in the reactor
setup. Two sensors were introduced before and after the

CSTR-cascade
APO1

1 ml steel coil

4 . 1 ml PFA
2-Me-THF (v1) A tube
reagent (v2)

1,2

10 Sﬁq_ﬁ s
- \ P )
s | 84 ul mint 84 ul mint
é 0,8 320RPM 900 RPM
2 AN
<06 Pt A N
= ) -
Z \ i
% ” A 84 ul min
= \ J O RPM
o ,

0.2 126 ul mint

320RPM
0,0
0 10 20 30 40 50 60 70
t / min
Sensor 1 Sensor 2 Sensor 3 Sensor 4

Fig. 10 Flow setup with sensor arrangement in the reactor (top);
relative oxygen content in the reactor at varying reagent flow rate v2
(1 M 4-methoxyphenylmagnesium bromide). vO2: 1500 pl min™%, vi:
1000 ul min™ (bottom).
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reactor for reference measurements, whereas two sensors
were directly implemented into the CSTR cascade (first and
last chamber). Sensor 1 is used as a reference for determina-
tion of the actual oxygen concentration that is inserted before
addition of the reagent. The reference is also used to correct
the data of pump related fluctuations (Fig. S9, ESI}).

The data show clearly: the concentration of starting
material (4-methoxyphenylmagnesium bromide) correlates
with oxygen consumption and the reaction rate depends on
stirrer speed (Fig. 10, bottom). Whereas 0 RPM leads to a
significantly decreased conversion in compartment 1 of the
cascade, the last section of the measurement (minute 50-
60) shows that at 900 RPM the reaction is already
completely finished at sensor 2 (no further oxygen decrease
between sensor 2 and 3). Additionally, the data obtained
from the inline measurements with the oxygen sensors indi-
cated a rapid intrinsic chemical reaction, as no further oxy-
gen consumption was observed after an additional residence
time coil.

Oxidation of Grignard reagents in the novel reactors

The aerobic oxidation of Grignard reagents was chosen as a
model reaction to evaluate the 3D printed reactors. This eval-
uation was supported by inline measurements of oxygen con-
centrations with the novel optical sensors. The reaction out-
come was compared for the aerobic oxidation of
4-chlorophenylmagnesium bromide 1 (Scheme 1) utilizing the
two 3D printed reactors (AP01 and AP02) and a standard flow
reactor made of PFA tubing (0.8 mm ID).

Fig. 11 shows a flow chart for the reaction with the first
feed to the reactor containing 1 equiv. of oxygen pre-
dissolved in 2-methyltetrahydrofuran (2-Me-THF) and the sec-
ond feed consisting of a 1 M solution of substrate 1 in 2-Me-
THF. For the reactions using PFA coil and CSTR cascade,
those two feeds were combined by a Y-mixer (ESL} Fig. S8).
To ensure the inline measurement of a stable oxygen concen-
tration by the optical sensors, absorption of oxygen (added by
a mass-flow controller) in 2-Me-THF (degassed by purging it
with argon prior to the reaction) was done using a stainless
steel coil. Before mixing the oxygen solution with the pre-
cooled reagent, a reference oxygen sensor was added to all

cl 2 H* ol
1 2
cl
. ¢ ¢
OO ORENS
cl cl cl cl
3 4 5 6

Scheme 1 Aerobic oxidation of 4-chlorophenylmagnesium bromide 1
including the desired product 2, quenched starting material 3 and the
side products 4, 5 and 6.

This journal is © The Royal Society of Chemistry 2019
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three setups (S, in Fig. 11). All sensors were calibrated prior
to the experiments, and are capable of measuring actual oxy-
gen concentrations within the organic solvent. Oxygen con-
centration for reactions conducted in the split and recombine
reactor AP02 could only be measured at its outlet, whereby
the CSTR cascade APO1 allowed for direct implementation of
sensors at different intermediate positions. A final oxygen
sensor (S, in Fig. 11) was included as a second reference di-
rectly before the back pressure regulator (BPR) in all setups.
A BPR was used to ensure a constant pressure of 7 bar in the
system.

The reactions were carried out at 0 °C with flow rates of
1000 ul min™" 2-Me-THF, 1500 ul min™" oxygen (at norm
conditions) and 126 pl min™ of the Grignard reagent 1
using a stoichiometric ratio of 1:1 between oxygen and re-
agent. Complete absorption of oxygen in the solvent at 7
bar was checked prior to mixing with the reagent with
transparent tubes. The exiting stream was immediately
quenched at the reactor outlet by 0.5 M aqueous HCI. Nota-
bly, small gas segments were observed at the outlet after
the BPR, pointing to the presence of unconsumed O, in the
resulting solution. Crude reaction mixtures were then
analysed by GC-MS and GC-FID chromatography. The sam-
ples were prepared by extraction of the quenched reaction
mixture with CH,Cl,.

Along with the desired product, 4-chlorophenol 2, four dif-
ferent species could be identified by GC-MS analysis
(Scheme 1): chlorobenzene 3, which resulted from the reac-
tion quench and three side products 4, 5, and 6 which were
presumably formed from radical intermediates. Especially
the dichloro-biphenyl product 6 implies the recombination of
two chlorophenyl radicals, which might have resulted from

optical O, sensor array

A

Gas addition - MFC

BPR
@)
BPR
Sa Sp
Pump 1 pre-mixing
2-Me-THF pre-
cooling
2-Me-THF MgBr
/©/ HCI quench
cl
sample loop 1

reactors used for this reaction:

0.8 mm ID PFA coil

APO1: CSTR cascade APO2: split-and-recombine

Fig. 11 General scheme of the reaction set-up to carry out the aero-
bic oxidation of 1 in three different reactors including the positioning
of the optical oxygen sensors.
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Fig. 12 Distribution between the desired product 2, quenched starting
material 3 and the side products 4, 5 and 6 according to GC-FID
obtained from reactions at 0 °C in three different reactors (APO1 = cas-
cade, AP02 = split and recombine reactor).

0%

stoichiometric imbalances (high local concentrations) due to
lower mixing performance. The identities of the two major
products 2 and 3 were additionally confirmed by reference
substances using GC-FID.

As illustrated by the product distribution in Fig. 12, con-
siderable reduction of the major side-product 6 could be ob-
served in the printed reactors. This side-product content
started at 11.5% in the PFA coil experiment and was reduced
to 5.5% in the CSTR cascade AP01, and to 2.5% in the split
and recombine reactor AP02. Increased selectivity can be as-
cribed mainly to a better mixing efficiency which limits the
rapid chemical transformation as shown in the CSTR experi-
ment (Fig. 10, bottom). The higher selectivity in reactor AP02
can be explained by a more efficient design of the mixing
point in contrast to the used Y-junction as first contact point
in the other set ups. Therefore, the cascade AP01 performed
worse as might be predicted by the mixing sensitive experi-
ments in Fig. 8, where the reaction was started directly in the
cascade's second vessel. Additionally, selectivity might also
be influenced by the employed reactor material as a better
heat management in the reactors was possible through
higher thermal conductivity of stainless steel compared to
regular PFA.

Conclusions

In this work, a combination of SLM 3D printing of stainless
steel and the implementation of novel oxygen sensors for the
inline measurement was shown to be a promising combina-
tion for investigating the oxidation of Grignard reagents in
flow. 3D printing is a favourable tool for the creation of
adaptable reactors and implementation of sensors. With the
parameter dependency, the CAD files used for the printing
can be quickly adapted to the desired process conditions and
directly used for CFD simulations to predict the flow behav-
iour and mixing quality. This developed reactor design con-
cept can be used later on for up-scaling approaches to reach
higher throughputs. To monitor the processes inside the re-
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actor, sensor ports can be easily implemented into the 3D de-
signs utilizing standard HPLC equipment for the connection.
The sensors developed within this work are applicable for
high oxygen concentration measurements in pressurised flow
systems in the presence of organic solvents. They can be ini-
tialized by two-point calibration within the reactor in a short
amount of time. By combining the possibilities of 3D print-
ing with the novel sensors, it was possible to 3D print a
micro CSTR cascade as a tool for the reaction investigation
incorporating these novel sensors. A fast progress of the reac-
tion was confirmed in the cascade by varying the degree of
mixing while monitoring the oxygen consumption with the
novel sensors. The obtained insights on the reaction time
scale served as basis for the design of a static mixing split
and recombine reactor, which was adapted to the predefined
operation conditions. The experimental characterization of
both 3D printed reactors was done by mixing dependant reac-
tions, RTD analysis and the aerobic oxidation of
4-chlorophenylmagnesium bromide. Both printed reactors
showed high mixing rates and increased selectivity compared
to the reaction in a conventional reaction setup consisting of
a PFA coil and a Y-junction as mixer.

Future work will focus on the influence of surface rough-
ness on the mixing efficiency as well as on a more detailed
investigation of the influence of reactor geometry on the reac-
tion outcome.
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