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Impact of residence time distributions in reacting
magnesium packed beds on Grignhard reagent
formation - pump-induced flow behaviour in non-
reacting magnesium beds (part 1)
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Gabriele Menges-Flanagan @ *2 and Dirk Ziegenbalg @ *°

Grignard reagent formation in continuously operated magnesium packed-bed reactors can be influenced
by fine tuning the residence time distribution within the magnesium packing. By decreasing the magnesium
turning size and increasing the packing density, narrower residence time distributions and therefore
improved Bodenstein numbers can be obtained. The utilized pump system and its induced flow behaviour
also have an impact on the residence time distributions in packed-bed reactors. By using oscillatory flow
rates instead of pulsation-free pumps, Bodenstein numbers within a magnesium filled reactor cartridge can
be increased by 25% for fine magnesium turnings and by 70% for coarse magnesium turnings, resulting in
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Introduction

Organomagnesium halides, also known as Grignard reagents,
are important intermediates for the formation of new carbon-
carbon bonds in synthetic chemistry. In the pharmacy sector,
they became especially useful for the formation of active
pharmaceutical ingredients, e.g. pain-reliever ibuprofen and
breast cancer drug tamoxifen.' Grignard reagents originate
from an exothermic reaction of metallic magnesium (mostly
powder or turnings) and a halide in a water free ethereal
solvent. Side product formation due to the Wurtz coupling
reaction can occur, in which a Grignard reagent molecule
(product) reacts with a halide molecule (educt), diminishing
the yield of the Grignard reagent.> Therefore, reducing the
contact between the formed Grignard reagent and the halide
educt would prevent Wurtz coupling. Consequently, residence
time distributions (RTDs) in tubular flow reactors equipped
with a packed bed of magnesium turnings will have an
impact on product distribution. To minimize the contact
between the halide educt and the Grignard reagent, a plug-
flow like behaviour is favourable, ideally having a constant
velocity across the cross-section of the tube and no
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minimized backmixing and approaching plug flow behaviour.

backmixing, resulting in a narrow residence time distribution.
The residence time distribution of chemical reactors depends
on the flow and mixing conditions and is a long-known tool
of reactor development to estimate the hydrodynamic
characteristics of a reactor. The data obtained can also be
used to make statements about the average residence time of
a volume element within the investigated system, and by
applying a model, the dimensionless Bodenstein number Bo
can be estimated.

Several approaches to realize near-plug flow behaviour
within continuously operated reactor systems do exist, which
are focused on the manipulation of the fluid flow itself, on
separating a bigger reactor into a number of smaller reactors
or on a combination of both principles, e.g. operating tubular
reactors within a turbulent flow regime, application of static
mixers or structured microchannels and application of
several stirred tank reactors in series. Operating tubular
reactors in a turbulent flow regime results in a plug flow-like
velocity profile, but high flow rates are required to achieve
turbulent flow, resulting in short residence times, which
requires long reactors and increases capital costs.® Static
mixers and structured microchannels can achieve a mixing
effect even in laminar flow by repeatedly separating,
rearranging and merging the flow.*> A cascade of
continuously stirred tank reactors also exhibits a residence
time distribution similar to a plug flow reactor but requires
formally an infinite number of tanks.>® Except for the
application of a turbulent flow profile in a tubular reactor,
the other concepts are not applicable for packed-bed reactors

This journal is © The Royal Society of Chemistry 2023
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and are difficult to realize when a solid reactant is involved.
Another concept to narrow residence time distributions and
minimize backmixing, finally approaching plug flow
behaviour and high Bodenstein numbers under laminar
conditions, is the application of continuous oscillatory
baffled reactors (COBRs). The COBR is a tubular reactor with
internal baffles, which are equidistantly spaced. By
superimposing an oscillating flow on the main flow, vortices
are generated at the backside of the baffles that cause intense
mixing within the vortices and improved heat and mass
transfer.” Mixing is decoupled from the net flow rate and
depends on the oscillation conditions and the configuration
of the oscillatory reactor. While maintaining intense
convection due to the oscillation, low flow rates are possible,
allowing for a compact set-up with reduced axial dispersion.®
This oscillatory flow concept utilising baffles or even without
baffles has been used not only for gas-liquid®® and liquid-
liquid reaction systems'”>' but also for solid-containing®**"
reaction systems. The platform SciFinder refers to 3782
publications from 1950 to 2022 considering the term
“oscillatory flow” with a steady increase in publications per
year, showing the rising interest in and application of this
reactor concept. Some literature reviews do exist, dealing with
the concept of oscillatory flow reactors (OFRs) and giving an
overview of the broad potential and applications of this
specific reactor type.>®*>7° Investigated solid-containing
reaction systems operated under oscillating flow conditions
consider solid particles being suspended in the fluid on the
one hand* %' and being placed in packed beds on the
other hand.?*?*3%%¢73% For packed beds, the application of
baffleless reactors®®*>*® and baffled reactors®>***41%> jg
mentioned in the literature. Considering a baffleless packed
bed of spherical particles, the relationship between axial
dispersion and the amplitude and frequency of the
superimposed oscillatory flow was found to be similar to that
in baffled columns.*® When increasing the amplitude from
zero, the axial dispersion decreases with increasing
amplitude towards a minimum. A further increase in
amplitude results in an increase in axial dispersion. A
minimum in axial dispersion could be found at an amplitude
similar to the particle size.>® Mostly spheres or beads are
studied packing materials, which have a uniform, round
shape and can be packed as a homogeneous bed. Other
materials like Raschig rings and static mixers are investigated
only occasionally, though they can be considered as uniform
materials as well since every element has the same geometry
and dimensions. The application of non-uniform, non-
spherical particles as a packing material results in broadened
particle size distributions, a random, non-homogeneous
packing and increased potential for disturbances in flow. The
impact of pump-induced flow behaviour and oscillatory flow
on residence time distributions within these types of packed
beds is not reported in the literature yet.

In the case of the flow tube reactor used in this publication,
it is not a COBR type reactor, but a tubular reactor fitted with a
packed bed of non-uniform, non-spherical magnesium
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turnings. The magnesium turnings in the reactor cartridge
present obstacles to the flow through the reactor, influencing
flow behaviour, so the fluid usually does not flow through the
reactor in a uniform way. By using different pumps (syringe
pump, pulsating valveless rotary piston pump and pulsation-
free micro annular gear pump) and by applying oscillating flow
conditions, the residence time distribution of the magnesium-
filled reactor cartridge and its dependence on the pump-
induced flow behaviour were determined and the Bodenstein
numbers and mean residence times were calculated to draw
conclusions on the general applicability of oscillatory flow for
baffleless, non-homogeneous and randomly packed beds of a
non-uniform and non-spherical packing material. In part 2 of
this publication, the impact of residence time distribution and
backmixing on the selectivity of Grignard reagent formation
was investigated by utilizing the synthesis of benzylmagnesium
bromide. This exemplary synthesis is prone to Wurtz coupling
and a specific application example of the reactor system
described within this part 1 of the publication.

Experimental section
Investigated reactor concept

The investigated reactor is a laboratory-scaled tubular reactor
designed by Fraunhofer IMM and manufactured by 3D laser
melting for the formation of organomagnesium halide
reagents.”>** Fig. 1 shows the reactor in more detail.

It consists of a reactor cartridge and a replenishment unit
that can be attached to the main reactor body for replenishing
metal turnings during organometallic halide reagent synthesis.
Since the reactor is used for Grignard reagent synthesis, the
residence time measurements are performed by utilizing a
reactor cartridge filled with magnesium turnings. Although the
reactor cartridge including the magnesium packing is used for
the synthesis of magnesium-based organometallic halide
reagents and, as a result, the magnesium packing is being
subject to continuous change during synthesis, the actual state
of the magnesium bed at the beginning of the synthesis is used
to determine the residence time distributions, ie., without
taking synthesis into account.

Materials and methods for residence time measurements

All solvents and reagents are used without further
purification: magnesium turnings (coarse: Merck KGaA, fine:
Almamet GmbH), tetrahydrofuran (>99.9%, p.a., Th. Geyer
GmbH & Co. KG), and toluene (>99.7%, Honeywell
International Inc.).

The following pumps are used: Postnova syringe pump
with 2.5 mL Hamilton glass syringes, Landgraf syringe pump
with a syringe size depending on the amplitude and
frequency to be achieved (B. Braun Melsungen GmbH), HNP
micro annular gear pump, and Ismatec valveless rotary piston
pump. Further details on the specific pumps are mentioned
in Table 1.

A Matrix-MF infrared (IR) spectrometer with a diamond
micro ATR probe from Bruker Optik GmbH is used for
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Fig. 1 Laboratory-scale reactor system to produce magnesium-based
organometallic halide reagents.

concentration measurements. Experimental data are recorded
using the software OPUS (version 6.5, Bruker Optik GmbH).
The residence time measurements are conducted by using
the displacement marking method (step function), in which
a tracer-free inlet flow is exchanged for a tracer-containing
flow (or vice versa) of the same size at time ¢ = 0. Toluene is
selected as the tracer substance (toluene peak at 732 cm ™),
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since it does not react with the magnesium metal and can be
used as a solvent in Grignard reagent synthesis as well.*>*°
Since residence time determinations under reactive synthesis
conditions are also planned in the further course of the
investigations (see part 2), the tracer must also behave inertly
towards the chemicals used in the Grignard reagent synthesis
and in particular towards the Grignard reagent itself, and the
chosen analytics in terms of hardware and software must not
be affected in a negative way by the chemicals.

Evaluation of residence time measurements

The evaluation of the measurement data obtained by IR
spectroscopy is done by using the dispersion model,
considering an open system in terms of dispersion, meaning
that dispersion can also occur across the inlet and the outlet
of the reaction section. The dispersion model is used to
describe nonideal tubular reactors and it takes into account
that a deviation from the ideal plug flow can occur in real
tube reactors by means of axial dispersion superimposed
onto the bulk flow, leading to a parabolic velocity profile.*”
Axial dispersion can occur due to molecular diffusion and
backmixing, introduced by turbulent eddies and fluctuations
in velocity. The dimensionless number to describe these
effects is the axial dispersion coefficient D,,, which is
considered constant throughout the reaction section.*®

The residence time distribution can be defined by the
cumulative distribution function F(¢) (eqn (1), dimensionless
form), describing the volume fractions leaving a reactor in a
residence time between 0 (entering reactor volume) and ¢,
and by the residence time distribution function E(¢),
describing the probability of a volume element leaving the
reactor at a certain time ¢ Eqn (2) represents the
dimensionless distribution function for a nonideal flow tube
reactor under consideration of the dispersion model and an
open system in terms of dispersion.

Dimensionless cumulative distribution function (1)

Table 1 Details and operating conditions of pumps used during residence time measurements

Pump Pump type Pump name Manufacturer Operating conditions

A Syringe pump PN1610 syringe dosing system Postnova Analytics GmbH Flow rate: max. 20 mL min™" (2.5 mL syringes)

B Syringe pump LA-120 Landgraf Laborsysteme Stroke volume: depending on syringe size

HLL GmbH No limits on the number of withdrawing/dosing

cycles per minute noted but pump is not
designed for frequent changes
Flow rate: max. 35 mL min ™"
(depending on syringe size)

C Micro annular mzr-7205 HNP Mikrosysteme GmbH Flow rate: 0.048-288 mL min "

gear pump Dosing precision: variation coefficient <1%
D Valveless rotary ~ Reglo-CPF digital with ISM321 Ismatec, Cole-Parmer Stroke volume: 10-100 pl

piston pump drive and RH1CKC pump head

2608 | React. Chem. Eng., 2023, 8, 2606-2619
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Speed: 40-1800 min™*
Flow rate: 0.40-180 mL min ™"
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Dimensionless residence time distribution function (2)

B(0) =+ ﬁ{%l—@)ZXBO}

2V nx0 4x0
Dimensionless forms can be obtained by introducing the
dimensionless time 6, which is the ratio of the time ¢ and the
mean residence time . The mean residence time 7 resembles
the time after which 50% of a tracer substance has left the
reactor. The hydrodynamic residence time 7 is the ratio of the
reactor volume Vy and the volumetric flow rate V. For an ideal
plug flow behaviour in which every fluid element experiences
the same residence time, 7z equals ¢.

. . . t
Dimensionless time 6 = - (3)
_ t
Mean residence time ¢ = J txdF(t) (4)
0
. . . Vr
Hydrodynamic residence time z = 3 (5)

Quantitative comparisons can be based on the Bodenstein
number Bo (eqn (6)) and the mean residence time 7 (eqn (4)).

. uxL
Bodenstein number Bo =

(6)

The Bodenstein number is part of eqn (2) and can be
calculated by dividing the product of flow velocity u and
channel length L by the axial dispersion coefficient D,,. Bo
reflects the ratio of convective to dispersive flow in the axial
direction. Small Bo represents more pronounced backmixing
and therefore a broad residence time distribution. For an
ideal continuously stirred tank system, Bo approaches 0,
whereas for an ideal tubular reactor with ideal plug flow
behaviour, Bo approaches infinity. In the rarest cases,
however, reactor systems exist which exhibit ideal behaviour.
The dispersion model though is applicable for Bo >7, above
which the residence time behaviour approaches more and
more plug flow behaviour.*®

ax

Procedure for determination of magnesium turning size
distribution

To obtain a representative sample for particle size
measurements, the method of “coning and quartering” is
used, in which a larger sample quantity is piled up into a
uniform cone and divided into four equal parts with the aid
of a dividing cross. Two opposing quarters are combined and
quartered again using the dividing cross until a suitable
magnesium turning quantity is obtained.

Using a transmitted light stage, high resolution
photographs of the prepared magnesium turning samples are
taken. For this, magnesium turnings were spread out to avoid
touching each other. These photos were then analysed using
Image] Particle Size Analyzer software to determine the
maximum and minimum Feret diameter. Assuming that the
magnesium turnings are flat and angular, the maximum

This journal is © The Royal Society of Chemistry 2023
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Feret diameter should be slightly larger than the actual
magnesium turning length and the minimum Feret diameter
should be approximately equal to the magnesium turning
width.

Procedure for residence time distribution measurement

The flow sheet for performing residence time distribution
measurements is shown in Fig. 2. The reactor cartridge R1 is
charged within one minute from the top of the replenishing
unit Mg with magnesium turnings (23 g for coarse
magnesium turnings, 27 g for fine magnesium turnings)
while the jogging motor M at the bottom of the reactor
cartridge is already started. After the reactor cartridge has
been filled, the magnesium bed is allowed to settle and be
compacted by the vibrations generated by the jogging motor
for another 30 minutes. Residence time measurements are
performed at room temperature with the jogging motor
running at 6 V electrical voltage. The determination of the
residence time distribution in the magnesium-filled reactor
cartridge is performed using infrared spectroscopy. The IR
probe is placed within a PTFE-T-piece directly at the reactor
inlet for measuring the inlet concentrations and directly at
the reactor outlet for measuring the outlet concentrations.
The measurements are conducted with 2 mol L™ toluene
in tetrahydrofuran (THF) solution. By simultaneously using
3/2-way valves V2 and V4 in front of the inlet T-piece,
switching between toluene solution and pure THF is possible
while pumps are running. A concentration change is
generated at the reactor inlet as a signal either by

iV §< H H
oA B0

V3 V4

R1

(PN
\2/

SO

\VA \VA

2 mollL Toluene in THF THF

Fig. 2 Flow sheet for residence time distribution measurement within
a magnesium-filled reactor cartridge.
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introducing the toluene solution into the THF filled reactor
cartridge or by displacing the toluene solution from the
reactor by using pure THF. The flow rates used are 2 mL
min~" utilising Postnova syringe pumps unless otherwise
specified. The incoming signal is detected at the reactor
outlet and recorded for further evaluation.

In the case of applying oscillatory flow, pump B or pump
D (P3) is integrated into the set-up and placed before the
reactor inlet. To generate an oscillating flow, the possible
amplitudes and frequencies are limited by the specific pump
and its operating range. During oscillatory flow experiments,
the jogging motor is turned off to investigate solely the
influence of oscillations, unless otherwise specified. No
relevant changes in the magnesium bed are to be expected
during a single measurement run.

To obtain the mean Bo and mean £, multiple measurement
runs are performed.

Results and discussion
Characterization of magnesium turnings

Commercially available magnesium turnings for Grignard
reagent synthesis are a mixture of particles with different
sizes (Fig. 3). The coarse magnesium turnings (Fig. 4) had a
mean Feret,,,, diameter of 1.38 mm and a mean Feretyi,
diameter of 0.90 mm. The size distribution ranged from
0.35 mm to 3.35 mm. The fine magnesium turnings (Fig. 5)
had a mean Feret,,, diameter of 0.85 mm and a mean
Ferety,, diameter of 0.54 mm. For these turnings, the size
distribution of the maximum diameter ranged from 0.44 mm
to 1.64 mm, with 70% of the turnings having a maximum
Feret diameter between 0.55 mm and 1.04 mm. The particle
size distribution is narrower than for the coarse turnings.

The void fraction ¢ within the reactor cartridge when using a
packed bed of coarse or fine magnesium turnings was 0.58 or
0.51, respectively. Thus, a denser magnesium packing can be
achieved when using smaller magnesium turnings. From the
particle size distributions of the representative Mg turning
samples and the void fraction, the total magnesium surface
within a filled reactor cartridge can be obtained: 0.33 m? for the
fine and 0.14 m? for the coarse turnings, with specific surface
areas of 21350 m> m~ and 10934 m”> m >, respectively.

Fig. 3 Magnesium turnings (left side: coarse magnesium turnings from
Merck KGaA, right side: fine magnesium turnings from Almamet GmbH).

2610 | React. Chem. Eng., 2023, 8, 2606-2619

View Article Online

Reaction Chemistry & Engineering

50 -+
45 o
40 4
(d
X 35 .
\35
c 30 -
.0
£ 25 1
o
a 20 -
o
s 15 4
10 +
5
0
0w wmuwn wmwuwuwnuwmuwuwmuwmuwmuwnmuwuwn w»n
N Ko midml @AM RO Am
Q@ Q@ QG g g g gm0
W wmwmuwmuwmuwmuwmuwmuwmuwmumuwmumu;muwm
e L B B T B T i By L B I B s
O O O O H = = =« =« N N N N N M

Feret,,,, diameter / mm

Fig. 4 Distribution of Feret,,,x diameters of coarse magnesium turnings.

To determine the amount of Mg turnings per cross section
through the packed bed, the assumption was made that
within a cross-section the magnesium turnings lie flat. From
the known particle size distribution and the bed porosity,
474 and 154 turnings per cross section were calculated for
the fine and coarse magnesium turnings, respectively.

The flow path diameter and length vary between
experiments due to the statistical nature of the poured
magnesium bed and the varying geometries of the turnings,
but according to Kraume,” the determination of the
hydraulic pore diameter is sufficient enough by assuming
straight, parallel and uniform flow paths. The hydraulic pore
diameter dj, is used to specify the mean pore size and can be
calculated by eqn (7), with ¢ = void fraction and d;, = Sauter
diameter of magnesium turnings (fine turnings: ds, = 2.81
pm, coarse turnings: dz, = 5.48 pm).

2
Hydraulic pore diameter d, = glidgz (7)
-&

The hydraulic diameters of the flow paths were 1.95 um (fine
turnings) and 5.05 pum (coarse turnings). If pores within the

w
o wu
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Fig. 5 Distribution of Feret,,,x diameters of fine magnesium turnings.
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Table 2 Density and viscosity of toluene and tetrahydrofuran

Toluene Tetrahydrofuran
Density (25 °C)/(g mL™) 0.87 0.89
Viscosity/(mPa s) 0.58 0.48

bed were of uniform size with the hydraulic diameters given,
5366 and 911 flow paths per cross-section would exist for the
fine and coarse magnesium turnings, respectively.

Residence time measurements in beds of metal turnings

The selection of the tracer used for residence time
measurements is of great importance. It must be an inert
substance that does not affect the physical properties of the
reactor contents and can be measured easily. In particular,
the viscosity and density of the tracer should be similar to
the actual reaction solution.® Furthermore, the tracer must
be added at the same flow rate as the carrier solution is
added to the reactor system under investigation. For the
measurements presented here, THF was used as the carrier
solution and toluene as the tracer. Though both solvents
slightly differ in density and viscosity, THF is one of the most
frequently used solvents for Grignard reagent syntheses and
toluene represents a solvent which can also be used for
Grignard reagent synthesis and which behaves inertly
towards THF and the magnesium turnings but has a very
similar density and viscosity to THF (Table 2). Using the
slightly lighter toluene as the tracer and introducing the
tracer into the reactor cartridge, effects and counter effects
on the axial dispersion and the Bodenstein number by means
of the pump system or the jogging motor are more easily
detectable, since axial dispersion is already pronounced due
to the small difference in density. On the other hand, by
displacing the toluene tracer from the reactor cartridge with
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the denser pure THF, a stable displacement® and therefore
recording of actual residence time distribution and mean
residence time should be possible. Hennico et al. obtained a
significant effect of viscosity on the axial dispersion
coefficient at large Reynolds numbers,>" but since the particle
Reynolds numbers of the systems studied here were low (0.11
for fine magnesium turnings, 0.19 for coarse magnesium
turnings), the influence of viscosity of THF or toluene on the
flow behaviour was neglected.

Larger Bodenstein numbers were registered for the fine
magnesium turnings (see Table 3). This is particularly related to
the denser magnesium packing and the smaller voids in the
magnesium packing (¢ = 0.51 for fine vs. ¢ = 0.58 for coarse
magnesium turnings). The broader particle size distribution of
the coarse turnings results in an increased axial dispersion and
thus lower Bo. Compared to a packed bed of fine magnesium
turnings, larger voids or flow paths might occur. Since the
cross-section of the flow channel has an influence on the flow
velocity at a constant volumetric flow rate, lower flow velocities
might be achieved with coarse magnesium turnings. According
to the definition of the Bodenstein number (eqn (6)), smaller
flow velocities and larger axial dispersions cause a reduction in
the Bodenstein number.

For Bo >100, only small deviations from ideal plug flow
occur, but already from Bo =7 one can speak of a flow
behaviour approaching plug flow behaviour.”® For the fine
magnesium turnings, higher Bodenstein numbers and thus a
more pronounced plug flow behaviour were registered. On
average, pump D achieved the highest Bodenstein numbers,
followed by pump C and pump A. This is remarkable because
pump D is a pump type with comparatively strong pulsation,
depending on the set stroke volume and speed (RPM). Pump
A also exhibits a short, albeit significant, deviation from
constant volume flow when switching between the
alternating syringes. Pump C, on the other hand, generates
an almost pulsation-free volumetric flow rate (Fig. 6).

Table 3 Mean Bodenstein numbers and residence times for the use of different pump systems in a reactor cartridge filled with coarse, fine or mixed
magnesium turnings and introduction or displacement of the tracer toluene (for distribution functions see the ESIt)

Magnesium Introduce/displace Mean Standard deviation Mean Af At
turnings Pump tracer Bo/1 of Bo/1 /s /s (mean-hydrodyn.)/s (displ.-introd.)/s
Coarse Syringe pump A Displace 81 13 652 595 57 -2
Introduce 61 10 597  -55
Micro annular gear pump C Displace 91 34 608 -44 2
Introduce 47 10 606  —46
Valveless rotary piston pump D Displace 96 5 683 31 110
Introduce 53 3 573  -79
Fine Syringe pump A Displace 154 49 583 514 69 -16
Introduce 161 22 530  -53
Micro annular gear pump C Displace 170 60 516  —67 16
Introduce 184 39 500 -83
Valveless rotary piston pump D Displace 212 35 590 7 103
Introduce 191 30 487 96
Mixed Syringe pump A Displace 148 17 601 590 -10 43
Introduce 57 7 547  -53
Valveless rotary piston pump D Displace 145 43 615 14 20
Introduce 49 1 595 -6

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Flow rates and flow behaviours introduced by pump A, pump C
and pump D.

Standard deviations of the obtained Bodenstein numbers
show the following correlations:

e Higher deviations are obtained when displacing the
tracer compared to the introduction of the tracer.

e Pump C exhibits the highest standard deviations among
all pumps.

¢ Using fine turnings results in higher standard deviations
compared to using coarse turnings.

The reproducibility of Bo depends on the reproducibility
of the magnesium bed. Thus, the results also show that
similarity of beds is difficult to obtain. For the fine turnings,
the formation of voids or preferred flow channels in an
otherwise dense bed will have a stronger impact on the
obtained results than in a bed of coarse turnings, where
more or bigger voids (higher void fraction) do already exist.
The standard deviations demonstrate that for the description
of a statistical, poured packed-bed, no conclusions can be
drawn from individual or single measurements. Therefore, to
make a statement about residence time distributions in an
average packed bed, multiple measurement runs must be
performed. On average, five measurement runs were
investigated to calculate the mean Bodenstein number listed
in Table 3.

A comparison of the mean residence times with the
hydrodynamic residence times shows that, apart from the
use of pump D (displace), the mean residence times in the
reactor cartridge were in some cases even more than one
minute below the ideal residence time (Table 3). Since this
deviation is present during both injection and displacement
of the tracer, this gives evidence for poorly accessible
volumes in the magnesium bed. Based on the residence
times, it can be concluded that these poorly perfused
portions account for up to 3 mL. Here, pump D shows the
most distinct deviation from the ideal residence time for
both the fine and coarse magnesium turnings. This is related
to the comparatively strong pulsation of the pump, which
seems to have an effect on the flow conditions leading to

lower or higher residence times compared to the
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hydrodynamic residence time and depending on the
introduction and the displacement of the tracer, respectively.

It is noticeable that pump C and pump A show the same
residence time differences in absolute values between
introduction and displacement, but the smallest deviation to
the hydrodynamic residence times was obtained with pump
A introducing 2 mol L™ toluene-in-THF, whereas with pump
C using pure THF to displace the tracer toluene. However,
compared to the fine turnings, the difference in absolute
values between pump C and pump A is less pronounced for
the coarse magnesium turnings. This is related to the overall
more inhomogeneous magnesium bed, in which the slight
differences in the operation of pump C and pump A are less
noticeable. In contrast to pump D, pump A experiences only
a brief stop in liquid delivery followed by a slower increase in
volume flow, when the syringes are switched. Thus, pump A
has less impact on the flow behaviour. Since pump C
generates a pulsation-free volume flow, the effects of the
pump are least pronounced here, so that the results of pump
C show the Bodenstein numbers and residence times without
additional influence of the hydrodynamics imposed by the
pumping characteristics. Considering the standard deviations
of the obtained Bodenstein numbers, the pump-induced flow
behaviour of pump A and pump D in terms of flow pulsation
has a positive impact on the reproducibility of residence time
distributions.

Mixed magnesium turnings

A magnesium bed of mixed magnesium turnings resulting in
a considerably broader particle size distribution corresponds
more to a changing magnesium bed during an ongoing
Grignard reagent synthesis. For a mixture of fine magnesium
turnings (75%) and coarse magnesium turnings (25%), the
void fraction ¢ was 0.52 and the magnesium mass was 26 g.
This is close to the bed porosity of a magnesium bed of
exclusively fine turnings due to the higher density of fine
magnesium turnings. A larger fraction of fine turnings was
used because during an ongoing synthesis, the average size
of the magnesium turnings in the reactor shifts to smaller
sizes and only the magnesium turnings replenished by
means of the replenishing unit have their original size.

For the mixed turnings, the difference in Bo between the
introduction and displacement of the tracer is much more
pronounced (Table 3). For the introduction of toluene, the
Bodenstein numbers are in a range comparable to the coarse
magnesium turnings. In contrast, when pure THF is used
(displacement), the measured Bo values are more like those
of fine magnesium turnings alone. The standard deviations
are also more like those of fine or coarse turnings,
respectively, depending on the introduction or the
displacement of the tracer. Probably, the slight difference in
density of the solvents is decisive for the differences in the
results obtained. The lighter toluene rises through the THF
due to buoyancy, leading to shorter residence times but
higher axial dispersion. When the toluene tracer is displaced

This journal is © The Royal Society of Chemistry 2023
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from the magnesium bed by using pure THF, the THF
displaces the toluene, only driven by the pump pressure. The
axial dispersion is less pronounced (larger Bo) and larger
residence times are observed. The broad particle size
distribution of the mixed magnesium turnings leads to even
further axial dispersion.’® For these reasons, wide particle
size distributions (mixed turnings but also coarse turnings
alone) cause deviations of the RTD between the two different
ways of generating the tracer signal. The broader the particle
size distribution, the more pronounced this effect is.

The displacement of the tracer toluene by pure THF with
pump D leads to residence times above the hydrodynamic
residence time independent of the bed composition
(Table 3). The average residence time of one component can
be higher than the ideal hydrodynamic residence time
calculated on the basis of the reactor volume and
(theoretical) volumetric flow rate, if either the real reactor
volume is larger or the real volumetric flow rate is smaller
than assumed, or if there is more backmixing or short-
circuiting flow of one component.

Influence of the jogging motor

The jogging motor placed at the bottom of the reactor cartridge
is used to maintain a homogeneous and dense magnesium bed.
It has been demonstrated in previous work that the use of the
jogging motor has a positive influence on the reaction start and
yields of Grignard reagent syntheses.*® The generated vibrations
cause abrasion of the passivating oxide layer on the magnesium
surface and thus a larger active magnesium surface is accessible
for Grignard reagent synthesis.

This jogging motor also plays an important role during the
initial filling of the reactor cartridge in preparation of the
synthesis. Fig. 7 depicts the Bodenstein numbers over a flow
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Fig. 7 Influence of the jogging motor on the Bodenstein number for
coarse magnesium turnings (introduction of tracer, pump A) and the
use of the jogging motor for different occasions: filling only, RTD
measurement only and combination of both (for exemplary
distribution functions see the ESI}). Lines within the data are solely to
guide the eyes.
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range of 1 mL min~" to 4 mL min~* when using a cartridge filled
with coarse magnesium turnings and introducing the tracer
toluene to a THF-filled reactor cartridge. If the jogging motor is
used during filling of the reactor cartridge and during RTD
measurements, Bodenstein numbers increase up to a value of
90. In contrast, if the jogging motor is only used during RTD
measurements, the Bo values are lower by about 25 and this
behaviour is independent of the chosen flow rate. This
behaviour is mainly due to less magnesium turnings being
filled in the reactor cartridge when not using the jogging motor
during the initial filling. Even though Fig. 7 shows the results
for the coarse magnesium turnings, independent of the size of
the turnings, around 10% less magnesium mass fits in the
reactor cartridge when not using the jogging motor due to the
missing compaction. If the jogging motor is used only for filling
the reactor cartridge, Bodenstein numbers are equally low as for
the case of RTD measurement only. Since missing compaction
and less magnesium mass cannot be the reason for this
observation, this indicates that the jogging motor also
influences the flow behaviour during RTD measurements. At
low volumetric flow rates, both effects influence the RTD. This
can be observed especially at a flow rate of 3 mL min™"
compared to 4 mL min": using the jogging motor only for
filling, the mean Bodenstein numbers decrease (46 to 41), while
when wusing it only for RTD measurements, the mean
Bodenstein numbers show a still increasing trend (52 to 56),
and in combination of filling and measurement, the trend
remains almost constant (80 to 81). The decreasing trend in
Bodenstein numbers for the case of “filling only” at 3 mL min™
to 4 mL min " indicates an increasing influence of the lighter
toluene shooting through at increasing volumetric flow rates. In
contrast, the cases of using the jogging motor during RTD
measurements indicate that the jogging motor superimposes a
transverse movement of the fluid counteracting the axial
movement due to the difference in densities. From Fig. 7, it can
be deduced that it is favourable to use the jogging motor for
filling with magnesium turnings to ensure compaction and also
during the introduction of a fluid of lower density to a fluid of
higher density, as it occurs in Grignard reagent synthesis, in
which the lighter halide educt solution enters the reactor from
the bottom with the higher density Grignard reagent already
formed within the reactor -cartridge. When using fine
magnesium turnings, only a few differences between the
Bodenstein numbers for using the jogging motor only during
filling of the magnesium cartridge or additionally during the
residence time measurement are noticeable (Fig. 8).
Furthermore, the fluctuations of Bo increase with increasing
volumetric flow rate. Both effects are due to the more compact
and more homogeneous packing which is possible because of
the smaller magnesium turnings. The influence of the jogging
motor on the flow behaviour is less prominent when using finer
magnesium turnings, and thus a denser magnesium bed, since
axial dispersion is already less pronounced in comparison to
coarse Mg turnings.

Deviations in Bo are mainly caused by deviations between
the magnesium beds in different experiments. One reason
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Fig. 8 Influence of the jogging motor on the Bodenstein number for

fine magnesium turnings (introduction of tracer, pump A) and the use
of the jogging motor for different occasions: filling only and during
filling and RTD measurement (for exemplary distribution functions see
the ESIt). Lines within the data are solely to guide the eyes.

for the inhomogeneity of the beds is the so-called Brazil nut
effect. Ripple et al.>* described that when soil columns are
packed by vibration, radial segregation and separation by
particle size can occur, resulting in inhomogeneities in the
packing. For the magnesium bed, this would cause larger
turnings to move to the top of the bed when it is shaken. It is
known that the dispersion coefficient increases and Bo values
decrease when packed beds are not well packed. Though
packing of the magnesium cartridge was done by using the
same procedure every time to minimize this influence,
having particles of non-uniform shape and size does not
allow for perfectly packed beds and deviations within the bed
and between beds must be accepted.

Oscillating flow conditions in packed magnesium beds

Since the impact of the flow conditions on the RTD was already
observed, oscillating flow conditions were evaluated as a
strategy to realize narrow residence time distributions by fine-
tuning the stroke frequency and stroke amplitude. Oscillatory
flow conditions can be described by a specific Reynolds
number, the oscillatory Reynolds number Re,. This Reynolds
number and the bulk flow Reynolds number Rey (eqn (8) and
(9)) can be correlated by the velocity ratio ¥ (eqn (10)).

21t Fexgen-d
Reynolds number (oscillatory) Rey = % (8)
prdnu
Reynolds number (bulk flow) Rey = (9)
. . - Re()
velocity ratio ¥ = Re (10)

N
with f = frequency in s, x, = amplitude in m, p = fluid density

in kg m™, d;, = hydraulic pore diameter in m, g = dynamic
viscosity in kg m™ s™* and u = flow velocity in m s .
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Fig. 9 Bodenstein numbers as a function of oscillatory Reynolds
number and velocity ratio for the use of fine magnesium turnings and
different stroke volumes (for exemplary distribution functions see the
ESIT).

To ensure comparability between the results, a net
volumetric flow rate of 2 mL min™" toluene/THF solution was
maintained in the results presented here. This volumetric
flow rate was generated by means of a pulsation-free micro
annular gear pump (pump C). In the case of the fine
magnesium turnings, an additional valveless rotary piston
pump (pump D) ensured the oscillation of the volume flow.
In the case of coarse magnesium turnings, a programmable
syringe pump (pump B) was used to generate the oscillation.
The maximum amplitudes and frequencies that can be
achieved depend on the pump used and its technically
possible operating conditions (Table 1).

The results for the fine and coarse turnings (Fig. 9 and 10,
respectively) show a clear dependency of the Bodenstein
numbers on the oscillatory Reynolds number. For the fine
magnesium turnings, Bo values decrease with increasing
oscillatory Reynolds number (Fig. 9). An average Bodenstein

velocity ratio / 1
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Fig. 10 Bodenstein numbers as a function of oscillatory Reynolds
number and velocity ratio for the use of coarse magnesium turnings
and different stroke volumes (for exemplary distribution functions see
the ESI).
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Fig. 11 Bodenstein numbers as a function of oscillation frequency for
the use of fine magnesium turnings and different stroke volumes.

number of 184 was registered for the pulsation-free operation
(compare Table 3). For small oscillatory Reynolds numbers,
an increase of Bo by 25% up to 230 was possible. Correlating
Bo to the pulsation frequency and amplitude reveals a
decrease with increasing frequency and with increasing
amplitude (Fig. 11 and 12). The scattering of the data points
in Fig. 12 results from the coupled impact of the amplitude
and the frequency. Even for a constant amplitude, different
Bo values were obtained at different frequencies.

With the coarse magnesium turnings, an improvement in
Bo can be observed too due to the additional oscillation. An
increase of the Bodenstein numbers with increasing
oscillatory Reynolds number up to Re, = 1.38 was found for
coarse magnesium turnings (Fig. 10). At Re, = 1.38, a
maximum is reached and a further increase of the oscillatory
Reynolds number leads to a drop of Bo. Whereas without
oscillation, a mean Bodenstein number of 47 (pulsation-free
pump C) is achieved, with a superimposed oscillation, a
Bodenstein number of up to 80 is possible, an increase by
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Fig. 12 Bodenstein numbers as a function of oscillation amplitude for
the use of fine magnesium turnings and different stroke volumes.
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Fig. 13 Bodenstein numbers as a function of oscillation amplitude for
the use of coarse magnesium turnings and different stroke volumes.

70%. In contrast to the use of fine magnesium turnings, no
clear dependency of Bo on the amplitude was found (Fig. 13).
Instead, Bo depends strongly on the stroke frequency
(Fig. 14). The comparison of two different sizes of
magnesium turnings with different particle size distributions
reveals that especially packed beds of broader particle size
distributions can benefit from a superimposed oscillation.

Interestingly, application of pump D (which was operated
at higher stroke frequencies) instead of pump B did not lead
to an improvement in Bo for coarse magnesium turnings.
Bodenstein numbers between 26 and 40 were measured,
which are even lower than those without oscillation (Fig. 15).
Despite the low amplitudes that can be realized with this
pump, a dependency of Bo on the amplitude is recognizable,
with the optimum being 50 pl stroke volume. Nevertheless,
the operating range of this pump is not suited for narrowing
the RTD for coarse Mg turnings, and the Bodenstein
numbers are close to those obtained by means of the syringe
pump induced oscillation.
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Fig. 14 Bodenstein numbers as a function of oscillation frequency for
the use of coarse magnesium turnings and different stroke volumes.
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Fig. 15 Bodenstein numbers for different stroke volumes as a function
of oscillatory Reynolds number for the use of coarse magnesium
turnings and pump D for inducing oscillation.

Considering the velocity ratio, for the use of coarse
magnesium turnings, the optimum (Bo = 80) lies within a range
of ¥ = 3-8, depending on the amplitude (Fig. 10). For the finer
magnesium turnings, the highest Bo can be obtained by using a
stroke volume of 10 pl, and by using this value, elevated Bo
values due to oscillatory flow are possible up to ¥ = 8 (Fig. 9).
Therefore, independent of the used size of magnesium
turnings, the optimum in terms of Bo and a minimum in axial
dispersion can be realized by paying attention to a velocity ratio
below 8. For smaller particles, the optimum velocity ratio is
lower than for larger particles. The optimal range of velocity
ratio values found for the reactor investigated in this work is
comparable to the results by P. Stonestreet et al. (¥ = 2-4 for a
reactor with 24 mm in diameter)>® and A. N. Phan et al. (¥ = 4-
10 for a reactor with 5 mm in diameter, dependent on the used
baffle type),® even though small-sized COBRs were used in
these studies and not a baffleless, magnesium-filled reactor
cartridge with a non-homogeneous, randomly packed bed of
non-uniform and non-spherical metal turnings. Although the
data gathered within the experiments are specific to the used
pumps and pump systems and their behaviour when it comes
to oscillation or dips within the flow rate, the use of the
dimensionless numbers to analyse the flow behaviour enables a
generalization of the findings. The results obtained expand the
general applicability of the oscillatory flow concept to baffleless,
non-homogeneous, randomly packed beds of a non-uniform
and non-spherical packing material. The presented findings
also clearly underline the necessity of choosing a suitable pump
system, since the pumping characteristics certainly do have an
influence on the residence time distribution in this kind of
packed bed reactor. Since residence time distributions are
known to have an impact on the yields and selectivities of
reactions, a thoughtful pump selection has the potential to
enhance product quantity and quality.

During oscillatory flow operation, the jogging motor was
only used for the initial compaction of the magnesium bed
and for the compaction in between measurement runs, but
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not during actual residence time measurements. Using
coarse magnesium turnings and low oscillatory Reynolds
numbers, a Bodenstein number of 47 is achieved, while a
maximum of 80 is possible at higher Reynolds numbers. This
range of Bo correlates to the Bodenstein numbers at 2 mL
min~" found for non-oscillating flow conditions (Fig. 7) and
indicates a similar influence of the vibrations introduced by
the jogging motor and the oscillatory flow on the actual flow
behaviour within a bed of coarse magnesium turnings. When
using fine turnings, the vibrations generated by the jogging
motor during measurements are not sufficient to reduce the
axial dispersion, but a superimposed oscillatory flow does.
The Bodenstein numbers could be increased up to 230. For
coarse as well as fine magnesium turnings, the optimum
oscillatory Reynolds numbers achieving the highest
Bodenstein numbers lie in a range of 0 to 1.5. Fine tuning of
operational conditions is more easily manageable by using
oscillatory flow instead of a jogging motor, but since
oscillatory flow will not lead to compaction of the
magnesium bed, the use of the jogging motor and its
influence is not negligible.

Conclusions

The residence time distribution in non-homogeneous and
randomly packed magnesium beds was found to strongly
depend on the properties of the used magnesium turnings
and the operational conditions. Axial dispersion could be
reduced by wusing finer magnesium turnings. The
characteristics of the pump (pulsation-free pump, pump
exhibiting intermittent pulsation, strongly and regularly
pulsating pump) were also found to have an influence on the
residence time distributions. Strongly and regularly pulsating
pumps were found to lead to narrower residence time
distributions in a packed bed reactor.

The general applicability of wusing superimposed
oscillating flows to influence axial dispersion in non-
homogeneous, randomly packed beds of non-uniform and
non-spherical metal turnings was successfully demonstrated.
Especially packed beds with broader particle size
distributions can benefit from a superimposed oscillatory
flow in terms of a narrowed residence time distribution. To
minimize the axial dispersion, fine tuning of the oscillation
amplitude and frequency to the properties of the packed bed
is required. In the case presented, magnesium turnings are
used, but the concept should be easily transferable to other
packed beds of metal turnings.

Analysis of dimensionless numbers enabled generalization
of the findings of the effect of oscillating flow behaviour. The
optimum velocity ratio found for the investigated non-
homogeneous, randomly packed beds of non-uniform and
non-spherical magnesium turnings is comparable to the
optimum velocity ratio of small-sized COBRs mentioned in
the literature.

For a magnesium-filled reactor, intended to be used for
Grignard reagent synthesis, it must be considered that

This journal is © The Royal Society of Chemistry 2023
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magnesium is one of the reactants in Grignard reagent
formation. Thus, the magnesium bed is subject to changes. The
impact of the changing bed on the residence time distribution
as well as the correlation to the selectivity of the Grignard
reagent formation is presented in part 2 of this contribution.

Notation

Bo Bodenstein number 1

ds, Sauter diameter m

dy, Hydraulic pore diameter m

Dax Axial dispersion coefficient m?s?t

E Residence time distribution function 1

F Cumulative distribution function 1

f Frequency st

L Channel length m

Rey Bulk flow Reynolds number 1

Re, Oscillatory Reynolds number 1

u Flow velocity ms’

Vv Flow rate m’s?

Vi Reactor volume m®
Time S

¢ Mean residence time s

Xo Amplitude m

Greek letters

& Void fraction 1

0 Dimensionless residence time 1

Y’ Dynamic viscosity kgm™ s

p Fluid density kg m™

T Hydrodynamic residence time s

v Velocity ratio 1
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