Open Access Article. Published on 15 April 2021. Downloaded on 6/19/2026 8:17:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Reaction

Chemistry &
Engineering

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: React. Chem. Eng., 2021, 6,
1023

Received 9th December 2020,
Accepted 1st March 2021

DOI: 10.1039/d0re00466a

Oscillating droplet reactor — towards kinetic
investigations in heterogeneous catalysis on a
droplet scalet
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In this work we present a new concept of a millistructured capillary reactor setup for contactless kinetic
measurements via in-line Raman spectroscopy for three phase reactions in single slugs. With this setup, it
is possible to decouple the residence time from the volumetric flow and the reactor length. Catalysts
palladium supported on carbon, in the form of Pd nano-particles on graphite fibres as well as in the form
of a fixed bed catalysts as particulates of porous carbon, were utilised. A 3D-printed catalyst holder was
designed to integrate the catalyst powder with a fixed bed in the capillary. The proof of concept was
demonstrated using two test reactions, namely the hydrogenation of nitrobenzene and cinnamaldehyde.
Multiple measurements were carried out and a good reproducibility was achieved, which lays the
foundation for the application of this 3-phase oscillating droplet reactor as a tool for assessing kinetics with
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Introduction

Around 80% of our today's chemicals are produced in
catalytic processes, from which most involve the use of
heterogeneous catalysts." In order to guarantee an economical
and safe process development concerning heterogeneously-
catalysed reactions, detailed knowledge about the kinetic
properties of such chemical reactions is the key. This
knowledge is not only advantageous regarding sustainability
and safety, but it is also the basis for an optimal process and
plant design.”

For the kinetic investigation of heterogeneously catalysed
gas phase reactions, usually fixed bed reactors equipped with
online analytical techniques are employed.’ In this context,
the parallelisation of such setups enables a rapid parameter
screening and greatly reduces the amount of time that is
required to gain comprehensive kinetic data.*” Kinetic
studies of  heterogeneously catalysed gas-liquid

“ Mannheim University of Applied Sciences, Institute of Chemical, Process
Engineering, Paul-Wittsack-Strafie 10, 68163 Mannheim, Germany.

E-mail: t.roeder@hs-mannheim.de

? hte GmbH, Kurpfalzring 104, 69123 Heidelberg, Germany.

E-mail: stephan.schunk@hte-company.de

¢ Technische Universitit Dortmund, Fakultdt fiir Bio- und Chemieingenieurwesen,
Apparatedesign, Emil-Figge-Strafie 68, 44227 Dortmund, Germany

T Electronic supplementary information (ESI) available: Synthetic methods,
material characterisation, and data evaluation methods. See DOIL 10.1039/
dOre00466a

1 Shared first co-authorship.

This journal is © The Royal Society of Chemistry 2021

respect to heterogeneously catalysed three phase reactions.

hydrogenation reactions, however, are in many cases
performed using discontinuously running batch autoclaves.
Although reactions carried out in batch setups can easily be
monitored by the gas consumption and in-line analytics
affording high quality data under very good reproducibility,
kinetic studies in batch autoclaves are not easily performed
under differential conditions and usually have a high
footprint of resources with respect to materials and personal
resources. Further, the handling of large amounts of
flammable gases, such as hydrogen, and an iso-thermal
reaction control for very exothermic reactions can be very
challenging.” Therefore, continuously running microreactors,
like the H-Cube,®° were found to be a good alternative due to
the high specific interfacial areas, through which an efficient
heat and mass transport can be ensured.'®'! Also micro-
structured catalyst beds have been developed in order to
increase the transport rates.'> By the use of microreactors,
only low amounts of reagents are consumed, which also
enables the handling of instable and dangerous
intermediates without any safety concerns. A further benefit
of microreactors is the very defined and narrow residence
time distribution within the reactor. This also gave rise to the
use of microreactors in alternative fields, such as the
synthesis of nano materials, such as quantum dots and
complex oxides and zeolites.">™® Nevertheless, for very slow
reactions, (ie. inherently small reaction rates) either low flow
rates or long reactors are required to achieve sufficient
degrees of conversion.’® In order to overcome this challenge,
a 3-phase microreactor, in which an oscillating droplet is

React. Chem. Eng., 2021, 6, 1023-1030 | 1023


http://crossmark.crossref.org/dialog/?doi=10.1039/d0re00466a&domain=pdf&date_stamp=2021-05-29
http://orcid.org/0000-0002-1982-745X
http://orcid.org/0000-0003-2624-7872
http://orcid.org/0000-0002-2367-1988
http://orcid.org/0000-0002-1253-4566
http://orcid.org/0000-0001-6258-9955
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0re00466a
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE006006

Open Access Article. Published on 15 April 2021. Downloaded on 6/19/2026 8:17:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

passing a catalyst in a millimetre scaled capillary, was
developed. Up to date, such oscillation setups were mainly
applied to 2-phase systems'’ ' and in the context of the
microfluidic synthesis of nanocrystals®*>* starting from a
solution-phase.

In the present study, the oscillation concept for the
measurement of reaction kinetics is extended towards a
3-phase system, in which the catalyst is present either in the
form of a non-porous fibre or as a fixed catalyst bed of a
defined particle size (Fig. 1).>* This concept combines the
advantages of a batch autoclave, namely the flexibility, and
the pros of a microreactor, such as the defined reaction
conditions. Also, by using this setup, the residence time can
be decoupled from the volumetric flow rate and the reactor
length. Therefore, the oscillating droplet reactor is also a
useful tool for the kinetic investigation of very slow reactions.
To demonstrate the feasibility of the oscillating droplet
reactor concept as a tool for obtaining kinetic data, the
hydrogenation  reactions of nitrobenzene and of
cinnamaldehyde were selected as exemplary test reactions.
Therefore, a droplet, consisting of the starting material and
solvent, was oscillated within a capillary filled with hydrogen
passing a catalyst. To monitor the reaction progress within
the 3-phase oscillation reactor, in-line Raman spectroscopy
was utilised.

Results and discussion
Oscillating droplet reactor setup

As mentioned before, a 3-phase oscillating droplet reactor
setup was developed to enable kinetic investigations of
heterogeneously catalysed reactions regarding three phase
reactions. The setup consists of a FEP-capillary (diameter
1.59 mm), which was filled with a gas mixture (20% H,, 80%
N, or pure H,) as a continuous phase, a Pd/C catalyst in
different forms and a 20 pL droplet containing the starting
material and the solvent. Since the drop fills the entire cross-
sectional area of the capillary and since the length of the
drop is significantly larger than the diameter (6.25 times the
diameter), the drop is referred to as a slug.*® Driven by two
contrary working syringe pumps, the slug is oscillated
between the Raman probe and the catalyst (superficial
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Fig. 1 Representation of the capillary of the 3-phase oscillation
droplet reactor setup. a) Shows the setup for the carbon fibre based
and b) shows the fixed bet setup for bulk catalyst measurement.
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Fig. 2 a) Schematic representation of the pendular tube for guiding
the droplets. The same applies to the Raman focus probe and the
measured concentration profile (double determination) of two
contacts on the catalyst. b) Photography of the set-up (corresponding
to a).

velocity = 0.7 mm s '), and after each oscillation cycle, the
starting material conversion was monitored vie Raman
spectroscopy (Fig. 2). For further explanations of the reaction
setup and the experimental procedure see the ESLf sections
S1 and S2. The period of one oscillation is about 36 s. A
slower movement leads to no change in the measured
kinetics, whereas a higher superficial velocity may cause
instability of the droplets. Approximately three spectra were
recorded to ensure that at least one spectrum from the slug
centre is taken. The main advantage of using contactless in-
line Raman spectroscopy lies in its universal application for
the analysis of a broad compound spectrum. To evaluate the
slug stability over the measurement time, the solvent signal
was monitored, which should in theory show a constant
intensity. The Raman spectra over time representation can be
found in section S3 of the ESL{ Both visual inspection and
time analyses of the Raman spectra did not reveal any
decrease in the volume of the droplets. An exemplary slug
length analysis can be found in Fig. S7 in the ESL} Since the
vapour pressures of the reactants are several orders of
magnitude lower than those of the solvent's methanol or
ethanol, it can be assumed that no significant amounts of
reactant or solvent evaporated despite the large droplet
surface. Also, no Pd leaching of the fibre catalyst occurred, as
the Pd content, determined by ICP-OES measurements before
and after the catalytic reaction, showed (see the ESL} section
S4).

For catalytic test reactions, the hydrogenation of
nitrobenzene to aniline in methanol and cinnamaldehyde to

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Catalytic test reactions. a) Hydrogenation of nitrobenzene
to aniline and b) hydrogenation of cinnamaldehyde.

hydrocinnamaldehyde in ethanol as solvent were selected
(Scheme 1). The progress of these reactions was evaluated by
looking at the intensity decay of the characteristic
nitrobenzene signal at 1350 em ™ and the characteristic
cinnamaldehyde signal at 1630 cm™, respectively (see the
ESL} section S3 for further information). Since the product
selectivities of the hydrogenation reactions are close to 100%,
the monitoring of the decrease of the starting material
amount was taken as feasible proportional measure for the
intrinsic reaction rate of the reaction. In the case of the
hydrogenation of cinnamaldehyde (Scheme 1, reaction b),
exclusively the C=C bond is hydrogenated, whereas the
aldehyde group remains untouched. In the hydrogenation of
nitrobenzene  as the  hydrogenation  of
cinnamaldehyde, the benzene core is not hydrogenated.
Catalysts either Pd supported on graphite fibres or Pd
supported on carbon with four different grain sizes (125-160
pm, 160-250 pum, 315-500 pum, and 500-1000 pm) were
explored. In the case of the Pd supported carbon fibres,
about 0.003 wt% Pd were present, whereas in the case of the
powder catalyst, Pd loadings of 2 and 5 wt% on carrier were
utilised. The catalyst syntheses and characterisations are
described in detail in the ESIL} section S4. For the
implementation of a fixed bed within the FEP-capillary, a 3D-
printed catalyst holder was developed. To keep the powder
catalyst fixed within the catalyst holder, both sides of the
holder were restricted with 100 pum stainless steel metal
meshes. The hydrogenation reactions were carried out at
hydrogen partial pressures in the range of 0.02-0.40 MPa. In
all tests the catalyst was pre-activated by flushing the entire
setup with hydrogen (2 ml min™") for 30 min.

well as

Carbon fibre catalyst

To demonstrate the application of the 3-phase oscillating
droplet reactor concept, a non-porous material was selected
as a first example. The use of a non-porous material should
guarantee a clearly defined “two-dimensional” catalyst system
and rules out the limitations due to effects of mass transport.
Therefore, graphite fibres were impregnated with Pd (0.003
wt%, see the ESLj section S4 for further details). The system
was validated using the hydrogenation of nitrobenzene as
test reaction. Table 1 shows the reaction conditions including
the catalyst substrate ratio.

This journal is © The Royal Society of Chemistry 2021
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Table 1 Reaction parameters for the hydrogenation of nitrobenzene on

the fibre catalyst at 100 mmol L™ nitrobenzene and 0.25 MPa hydrogen
pressure

Hydrogen partial pressure 0.25 MPa
Initial substrate concentration 100 mmol L™
Fibre weight 3.4 mg
Pd-Amount 29 ppm

Ratio Pd/substrate 2.32 x 10~* mol mol*

As described before, the reaction progress of the
hydrogenation of nitrobenzene was monitored by the
consumption of the latter starting material. In order to
investigate the reproducibility of the setup, four consecutive
reaction runs (on one fibre catalyst) were carried out at a
hydrogen pressure of 0.25 + 0.01 MPa and a nitrobenzene
concentration of 200 mmol L™ at the beginning of the
reaction (Fig. 3). On the time axes in Fig. 3 the effective
catalyst contact time is used and represents the time the
droplet has full contact in average. The real time for
measuring 17 points, as shown in Fig. 3, is about 103 min.
From run 1 to 3 there is an obvious steady increase in the
reaction rate, which is explained by increasing the catalyst
wetting and activation of the active metal. The next runs (2
and 3) show a highly comparable and reproducible
concentration profile over time. In further runs, the reaction
rate coefficient decreases slightly, which can be caused by
catalyst deactivation. Notice that there are approx. 10™° mol
palladium on the fibre, which might easily be affected by
impurities resulting from hydrogen flushing between the
runs or from the solvent or starting material. Also, poisoning
of the catalyst by the formation of hydroxylamines could be a
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Fig. 3 Reproducibility experiments based on the hydrogenation of
nitrobenzene in methanol using one Pd carbon fibre catalyst. The
starting conditions of the experiments shown are po = 0.25 + 0.01
MPa, co = 200 mmol L%, and 100% H,.
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plausible explanation. In this context, Pd leaching can be
excluded since no significant loss of Pd could be detected by
ICP-OES measurements of the fibre catalyst before and after
the catalytic reaction (see the ESILj section S4). Overall, the
results show a satisfactory reproducibility of the
measurements using this oscillating droplet reactor, with
only minor deviations.

Despite the complex mechanism and the numerous
individual steps in the heterogeneously catalysed
hydrogenation of nitrobenzene,”® the concentration curve can
be described with the differential equation for a first-order
reaction with respect to the nitrobenzene concentration.
Using this effective kinetic parameter, the activity of different
catalysts and the influence of reaction parameters, such as
concentrations, can be described. The reaction constant is in
the range of 0.204 min™" and 0.264 min™" with an average
value of 0.242 min .

In Fig. 4, the normalised concentration profiles (X-1) of
the hydrogenation of nitrobenzene with starting
concentrations of 100 mmol L™ and 200 mmol L™ are
shown. Assuming a first order reaction with respect to the
nitrobenzene concentration, the initial concentration has no
influence on the half-life. Considering the bandwidth of the
calculated reaction constants (Fig. 3), the reaction constants
can be regarded as equal for the different starting
concentrations.

Further, the influence of the hydrogen pressure at the
beginning of the reaction was investigated. The aim was
hereby to evaluate whether mass transfer limitations are
occurring during the diffusion of hydrogen gas into the slug.
The results of this study are shown in Fig. 5 and a slightly
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Fig. 4 Normalised concentration profiles of the hydrogenation of
nitrobenzene with starting concentrations of 100 mmol L™ and 200
mmol L? in methanol. Reaction conditions: p, = 0.25 + 0.01 MPa,
100% H,.
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Fig. 5 The concentration profile of the hydrogenation of
nitrobenzene in methanol with starting pressures of 0.25 MPa and
0.40 MPa. Reaction conditions: co = 200 mmol L™, 100% H..

different concentration profile becomes obvious when nearly
doubling the hydrogen pressure from 0.25 to 0.40 MPa. The
measurements shown so far suggested a rate law of the
pseudo-first order, which can be attributed to the significant
hydrogen excess relative to nitrobenzene even at a low
hydrogen pressure of 0.25 MPa, in the case of the
hydrogenation at a hydrogen pressure of 0.4 MPa, the
pseudo-zero order rate law description might not be
applicable over the whole concentration profile. Therefore,
the reaction might be described better by a pseudo-zero-
order rate law up to a nitrobenzene concentration of 74
mmol L™, which is followed by a pseudo-first order reaction
as soon as the concentration of the educts decreases further
(see the ESIj section S6 and Fig. S12). Such pseudo-zero-
order reactions can be observed in certain concentration
ranges at high reactant concentrations in heterogeneously
catalysed reactions.>” However, despite the slight deviations
of the fitted concentration from the measured concentration
profile, a first-order reaction can still be applied in the case
of the hydrogenation carried out at 0.4 MPa. This is also
confirmed by the fact that the kg sompa/ko.25mpa ratio of 1.61
corresponds very well with the calculated pressure ratio of
1.6. The SEM images of the fibre material (ESI;f section S4)
show a very low porosity. Likewise, no significant weight
increase due to wetting could be detected. With regard to
possible diffusion effects, pore diffusion can be neglected.
Since no significant change of the kinetics could be
detected when doubling the hydrogen pressures and since
the change of the reaction constant k corresponds to the ratio
of the pressure as described, it can be assumed that there is
no mass transfer limitation caused by the diffusion effects on
the hydrogen/liquid interface of the slug. In this context, the

This journal is © The Royal Society of Chemistry 2021
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fact that sufficient hydrogen is still dissolved in the liquid
methanol phase even when the slug is not in contact with
the catalyst, must be considered. The effect of pre-charging
the droplet with hydrogen is an inalienable feature of the
process since hydrogen is used not only as a reactant but also
as carrier gas within the capillary. Based on studies by
Choudhary et al., who determined a Henry constant of 3.65
mmol L™ bar' for the given system,”® a hydrogen
concentration of 9.125 mmol L™ in the slug can be
estimated. The nitrobenzene conversion at the first catalyst
pass and consequently the one with the highest reaction rate
is 12.4 mmol L. This results in a hydrogen hold up of
approx. 25% (stoichiometric coefficient = 3). Thus, a
sufficiently large mass transfer from hydrogen into the
methanol phase can be assumed, since 28 mmol L™
hydrogen must be transferred during the reaction time on
the catalyst. Without contact with the catalyst, the reaction
stops, but there is obviously still contact between the gas and
liquid phases.

Overall, it can be concluded, that the small amounts of
palladium on the catalyst surface leads to a reasonable Pd/
substrate ratio and overall reaction rates can be estimated
with sufficient accuracy based on the measurable
concentration ranges. Nevertheless, the low amount of Pd
and the non-porous nature of the fibre lead to an exceedingly
high atom efficiency. The normalised (by Pd weight) initial
reaction rate r, is approx. 7.4 mol L™" s mg™".

Fixed bed catalyst

Since the results obtained from the 3-phase oscillating
droplet reactor incorporating a non-porous fibre were very
promising, the application towards more industrially relevant
fixed bed catalysts with porous supports was a logical
extension. Despite the fact that significantly higher amounts
of catalyst (relative to the substrate) are used in this system
than in batch reactors, catalyst activities should be
comparable. The underlying micro kinetics can be assumed
to be transferable between lab scale and industrial scale
systems. Since the hydrodynamic effects and transport
phenomena within a catalyst bed and the catalyst particle are
very complex,* the application of a fixed bed catalyst should
give an insight into the properties of a catalyst, such as the
influence of the particle size and the pore system and
consequently the impact of pore diffusion processes. As
shown in Fig. 1 the packed bed can be accomplished by
using a 3D-printed holder (more detailed CAD graphics are
available in the ESL} section S2).

However, going from a 2D to a 3D catalyst also
complicates the data evaluation. In contrast to the fibre,
where the reaction is stopped after the droplet is not in
contact with the catalyst anymore, a part of the droplet
remains on the fixed bed catalyst. This retained volume can
be considered as the sum of the inter particle and the macro
pore volume and it depends strongly on the particle size. The
macro pore volume was determined experimentally (data

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Reproducibility experiments of the hydrogenation of
nitrobenzene. Reaction conditions: po = 0.1 MPa, ¢, = 100 mmol L™?
(nitrobenzene in methanol), 20% H, in N,. An initial increase in the
reaction rate can be observed.

available in the ESL} section S4). The reactant fraction that
remains on the fixed bed continues to react, while most of
the droplet migrates under the probe to be measured. When
the droplet passes the fixed bed again, complete mixing can
be assumed. To take this effect into account, a linear
regression of the concentration was performed, which
considers the respective volumes and the oscillation times
(Fig. S11 in the ESI{ provides a graphical representation).
Based on this interpolation procedure, the reaction progress
of the hydrogenation of nitrobenzene is shown in Fig. 6. All
reactions using fixed bed catalysts were carried out under
atmospheric pressure, since an enhanced pressure reduces
the slug stability on the catalyst bed. Table 2 shows the
reaction conditions including the catalyst substrate ratio.

The decrease of the starting material follows exactly the
same trend as observed for the Pd carbon fibre catalyst,
whereas from experiment 1 to experiment 3 an enhanced
reaction rate can be observed, probably due to the wetting of
the catalyst bed and activation processes on the active metal,
there is an obvious decrease in reaction rate for the fourth
experiment. These experimental findings may be attributed
to catalyst deactivation or poisoning processes. Obviously,

Table 2 Reaction parameters for the hydrogenations of nitrobenzene
and cinnamaldehyde on the fixed bed catalyst at 100 mmol L*
nitrobenzene and 0.02 MPa hydrogen pressure

Hydrogen partial pressure 0.02 MPa
Initial substrate concentration 100 mmol L™
Catalyst weight 1.8 mg
Pd-Amount 2 wt%

Ratio Pd/substrate 0.17 mol mol™

React. Chem. Eng., 2021, 6,1023-1030 | 1027
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further work is needed to elucidate these phenomena
statistically in more detail and to provide a more in-depth
knowledge about what is causing the decrease in reaction
rate. However, at this point the aim of this setup is to provide
a sufficient screening tool for the activity of certain catalysts.
As mentioned before, the experiments using the fixed bed
catalysts were performed under atmospheric pressure. To
reduce the reaction rate, instead of pure hydrogen gas, a
mixture of 20% H, in nitrogen was applied. Although very
small amounts of catalyst have already been used, the
hydrogenation of nitrobenzene is relatively fast, which
corresponds to a high conversion rate per catalyst pass. In
order to be able to record a sufficient number of measuring
points via Raman spectroscopy, a lower conversion rate per
run is advantageous. Consequently, there is no excess of
hydrogen during the reaction present and for long
measurement times, no full conversion of the nitrobenzene
could be reached, due to gas diffusion through the capillary
wall. Therefore, only the initial reaction rates based on the
first three measured concentrations were determined using a
linear fit for the kinetic evaluation of the experimental data.
The initial reaction rates shown in Fig. 6 were calculated for
a conversion up to 20% (12% for run 4). They show a
satisfactory agreement with the already mentioned slowing
down of the rate in the fourth experiment. The rate of the
first three experiments is in the range of 1.9 + 0.1 mmol L™
To estimate the expected comparability of a batch
experiment with the same catalyst, the reaction was carried
out in a common laboratory batch autoclave. Compared to
the droplet experiment, the amount of -catalyst was
significantly reduced, since the Pd/substrate ratio is about 19
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Fig. 7 Reproducibility experiments of the hydrogenation of
cinnamaldehyde. Reaction conditions: po = 1 MPa, co = 100 mmol L™
(cinnamaldehyde in ethanol), 100% H,. An initial increase in the
reaction rate can be observed.
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times lower. During the batch experiment, a mass transfer
limitation was observed. Also, when comparing the respective
hydrogen uptakes, a significantly higher one (increased by a
factor of two) was determined in the droplet. A detailed
description of the batch experiments can be found in the
ESL,t section S7.

To extend our 3-phase oscillating droplet reactor towards
further chemical reactions, the hydrogenation of
cinnamaldehyde to hydrocinnamaldehyde was investigated.
This reaction was thought to be a very interesting second test
reaction since it is progressing on a very different time scale
in comparison to the hydrogenation of nitrobenzene. As it
becomes obvious in Fig. 7, the initial reaction rates of the
hydrogenation of cinnamaldehyde are about twice as high as
those of nitrobenzene, assuming a first-order kinetics with
respect to the aldehyde concentration. Due to the higher
conversion within the first three measuring points, a higher
variance can be expected. Nevertheless, all measured values
here are in the range of 3.0 + 1.0 mmol L™ s™*. A decrease in
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Fig. 8 (a) Specific pore volumes of the different pore sizes of the
original activated carbon material. (b) Initial reaction rate of the
hydrogenation of nitrobenzene and cinnamaldehyde depending on the
catalyst particle size.
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the reaction rate is also observed as shown in the previous
experiments.

Fig. 8a shows the reaction rates for all four particle
fractions in the hydrogenation of nitrobenzene and the
reaction rates of the hydrogenation of cinnamaldehyde for
two particle sizes. Since the catalyst was passed through by
the slug twice, the substrate concentration was determined
before the first contact and after the second. This method of
operation allows a quick screening of the catalysts. Besides
the lowest grain size, the reaction rate decreased with an
increasing particle fraction for the hydrogenation of
nitrobenzene.

To explain these experimental observations in more detail,
the pore volumes of the different catalyst particle sizes were
determined from centrifugation experiments (Fig. 8b, for
further information see the ESL} section S4). It becomes
obvious, that there is a clear decrease of the macropore
volume when the particle size is increased. The smaller the
particle size, the greater the influence of the smallest pores,
in which mass transfer limitations become more probable.
Therefore, an ideal mixing during the contact time could not
be assumed. Table S1 in section S4 of the ESI} shows an
estimation of the diffusion time as a function of the particle
radius. However, the smallest catalyst particle fraction
showed an unusual behavior, which might be attributed to
the enhanced number of micro pores leading to limitations
in the liquid exchange with the slug as well as a larger liquid
was held up due to capillary forces between the particles.

Consequently, the usability of the reactor concept for kinetic
studies is limited by the particle size of the catalyst and a
compromise must be found between the maximum and
minimum particle size in order to avoid mass transport
limitations on the one hand and the non-ideal liquid mixing
during the contact time on the other hand. Since only two data
points are available for the hydrogenation of cinnamaldehyde,
no further conclusions can be drawn about the influence of the
particle fraction on the kinetic behaviour at this point.

Conclusions

The proof-of-concept for a 3-phase oscillating droplet reactor
concept for kinetic investigations regarding three phase
reactions was proven as a part of this study. Based on the
hydrogenation of nitrobenzene and cinnamaldehyde, the
implementation of a non-porous fibre Pd/C catalyst and a
porous fixed bed Pd/C catalyst was investigated.

Experiments on the Pd/C fibre catalyst could be carried
out at different hydrogen pressures under very good
reproducibility. This gives the possibility to investigate the
performance of various metals supported on carbon in
certain catalytic reactions. This element-screening could also
be interesting with respect to catalytic wall-coating reactors.

Experiments concerning the fixed bed catalyst bed could
be carried out with the aid of a 3D-printed catalyst holder,
which was developed as a part of this project. In this context
also the influence of the catalyst particle size on the

This journal is © The Royal Society of Chemistry 2021
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hydrogenation reactions rates was investigated. As it was
expected, smaller particles showed higher reaction rates, since
mass transport limitations are more prone to affect bigger
particles. The investigations revealed that the reactor concept
cannot be applied to particles, which fall below a certain size,
because an ideal liquid exchange during the slug/catalyst
contact time cannot be assumed due to an increased number
of micro pores. To be able to examine catalyst bulk materials of
different particle sizes in the best possible way in the future,
the catalyst holder could be adapted. Hereby the aim is to alter
the holder individually via 3D printing to ensure a constant
ratio of the inner diameter to particle size. Despite this
limitation, kinetic data of reasonable quality could be obtained
using the oscillating droplet reactor setup even for bigger
catalyst particles. To perform experiments under higher
pressure, two points must be addressed. Firstly, the geometry
of the catalyst holder must be adjusted with respect to its
diameter. A reduction in the diameter will also reduce bypass
flows of hydrogen, which can lead to droplet deformation and
breaking. The second point is an appropriate sealing also with
respect to gas permeation through the polymer-based parts.
More hydrogen tight materials, such as high-density
polyethylene or poly vinyl chloride might be better alternatives.
To perform oscillation experiments at even higher pressures,
stainless steel equipment or pressure tight quartz flow cells
might be applicable.

Also, our investigations have shown that the 3-phase
oscillating droplet reactor is an interesting tool for the kinetic
investigation of slow reactions. In this case the gas
consumption per time interval is decreased, so that the
reaction should not be limited by gas diffusion. Furthermore,
due to the slower reaction, full conversion on the catalyst bed
between two oscillation cycles can be avoided, so that the
interpolation  procedure to determine the reactant
concentration can be simplified. Alternatively, the
concentrations of the reactants (substrate and/or hydrogen),
the contact time of the slug with the catalyst or the activity of
the catalyst could be reduced to achieve a similar effect.

Overall, the 3-phase oscillating droplet reactor can be
employed as a valuable tool for obtaining kinetic reaction
data of hydrogenation reactions using 2D and 3D metal
catalysts. Obviously, the investigation of a wide array of
chemical reactions and various catalyst sets is needed to
demonstrate a wide applicability of the setup. However, we
think that the examples shown here already indicate that this
setup might be a very valuable tool to understand and
develop catalytic reactions and processes.
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