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ABSTRACT: The incorporation of flowing nanoparticles or Reaction application
microparticles for use in catalysis as well as in the enhancement
of mass transfer in microreactors opens a new avenue for chemical
process intensification. In this work, the recent application of
handling suspended solid particles in microreactors for carrying
out efficient chemical conversions is reviewed, including the use of
colloidal suspensions, Pickering emulsions, and catalyst slurries.
Emphasis is laid on the effect of the presence of solid particles on
the microflow characteristics, mass transfer property, and reaction
enhancement, especially in multiphase fluid systems as the most = Continuous fquic phase Another immiscibl figuid
frequently used one in microreactors. A future perspective Dispersediqid orgas priase  +° S0l (a3 parices
regarding the potential application of such microreactor systems

as well as challenges, especially related to stable flow operation and catalyst recycling, is further provided.
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1. INTRODUCTION flow smoothly in microreactors. In the presence of a solid
phase (e.g, as the reactant, catalyst, or product), difficulties
may arise in operation with microreactors. Fouling, clogging,
and even breakage likely caused by the presence of solid
materials could pose a (significant) threat to the lifetime of

Microreactor technology has emerged as an important tool for
process intensification via miniaturization, and it has received a
large amount of attention in recent decades for new reaction
pathway discovery and process development in a continuous

flow fashion." Microreactors are characterized geometrically by microreactors.” The direct use of solid reactants is rarely
lateral channel dimensions typically below ca. 1 mm (which applied in microreactors, and it is more convenient to use the
can be extended reasonably to a few millimeters provided that liquid form given the fact that many solid reactants can be
the benefits due to miniaturization are maintained).” The small dissolved in a proper solvent. Better control of the reaction
reaction channels offer distinct advantages for chemical process conditions in microreactors allows the synthesis of nano-
improvement, such as substantial heat/mass transfer intensi- particles with smaller size and dispersion than conventional
fication (primarily due to a significant reduction of the species batch synthesis protocols.” Strategies such as introducing an
diffusion path and argumentation of the surface area to volume immiscible fluid carrier or coupling with ultrasonification have
ratio), and tight process control over the temperature and been employed to avoid nanoparticle deposition on the
residence time (distribution).”* These merits allow obtain- microreactor wall, which are also applicable for other reactions
ment of significantly boosted reaction conversions and target forming solid products in flow."*™"” Solid catalysts are more
product yields in microreactors when compared with conven- attractive than homogeneous ones in terms of catalyst
tional batch processing.s Due to the small reagent inventory separation and recycle, and are typically used as wall coatings
and eflicient heat transfer rates, microreactor operations are in microreactors (Figure 1a). The thin coating (e.g., 1—10 ym

particularly suitable for reactions with highly hazardous (e.g.,
flammable, toxic, or explosive) reactants.”™> Thus, micro-
reactors have been widely explored as efficient devices for
performing a variety of unit operations and chemical
transformations.

In multiphase reactions/operations, the application of
microreactors has been shown to be well-suited and promising
in uncatalyzed or homogeneously catalyzed gas—liquid/
liquid—liquid reaction processes, such as absorption,6 extrac-
tion,” oxidation reactions,®” and other chemical syntheses,w’11
as the reaction system only consists of fluid phases that can

thick) is well suited for fast reactions due to the improved
internal diffusion rate.'® However, tailored coating procedures
often need to be developed,” and the catalyst removal (e.g,, in
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Figure 1. Examples of multiphase reactions in microreactors with wall-coated catalyst (a) or packed bed catalyst (b) and with solid (catalyst)
particles suspended in the dispersed (c) or continuous (d) phase or in another dispersed droplet separated by gas bubbles (e), as well as in the
possible configuration of flowing Pickering emulsions with the emulsion droplets dispersed in the continuous phase (f) or enclosed in another
droplet of the dispersed phase (g). The dispersed phases in parts a, b, and d can be liquids (as droplets) or gases (as bubbles). The flowing solid

particles in parts c—e can range in size from nanometer to micrometer, including colloids and slurries.

the case of deactivation) is not trivial without damaging the
reactor. An alternative approach is using packed beds in
microreactors (Figure 1b), which is more flexible in terms of
directly deploying readily available commercial or lab-prepared
catalysts as well as catalyst replacement. Such packed bed
microreactors exhibit superior heat/mass performance due to
the fine particle sizes in use.” Nevertheless, this also results in a
high pressure drop penalty and complex multiphase hydro-
dynamics over the bed (e.g, irregular flow patterns, wall
channeling, and local dewetting), reducing their application
potential to some extent."”

Recently, continuous transport of solid catalysts in flow has
emerged as another option for performing heterogeneously
catalyzed reactions in microreactors,”’ which also allows
flexible and multipurpose production.”’ The distribution of
solids within the liquid flow can be controlled by adjusting
particle—fluid and particle—surface interactions.'> So far,
several solid suspension systems in microflow (Figure lc—g)
have been reported, including colloids (with suspension of
nanoparticles), Pickering emulsions (PEs; with solid particles
of nanometer or micrometer size stabilized on the two
immiscible liquid—liquid interfaces), and slurries (of typically
micrometer-sized particles). Colloid nanoparticle catalysts are
considered to be semi-heterogeneous combining the advantage
of the both high activity of a homogeneous catalyst and the
bulk properties (e.g., nanoeffect and high surface area) of a
heterogeneous catalyst.”> Polymer—nanoparticle hybrids,
surfactants or ionic liquid-stabilized colloid nanoparticle
catalysts have shown potential to catalyze, among others,
hydrogenation, oxidation, and C—C coupling reactions.”” The
promising use of colloidal suspensions of noble metal
nanoparticle catalysts has been demonstrated in microreactors
for enhancing the reaction efficiency, e.g., in the hydrogenation
of various alkenes in a gas—liquid—liquid slug flow (Figure
le).”” In addition, colloidal suspensions of nanoparticles (e.g.,
metals, oxides, and carbon nanostructures) were also used as
the so-called nanofluids for modifying the functional properties
of the base fluid (e.g, water, glycols, alcohols, and oils).”*
Nanofluids have been widely used to enhance the thermal
conductivity of the base fluid and thus heat transfer
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capabilities, as well as mass transfer (e.g, according to the
shuttle mechanism) with or without reactions (e.g, CO,
absorption and benzylation of toluene) in microreactors.”*
The Pickering emulsion (PE) has emerged in the field of
biphasic catalysis, which greatly increases the interfacial area
available for reactions compared with the classical two-phase
emulsion.”” Developing relevant PE catalysis in flow (Figure 1f
and g) is attractive from both a catalytic efficiency and a
process engineering point of view.”® Thus, PE as another type
of advanced catalytic system that can be applied in biphasic
catalytic reactions has promising application aspects in
microreactors for delivering a greener and more sustainable
chemical synthesis,”” as demonstrated in the recent work of Vis
et al.”’

Commercially available or lab-made powder catalysts are
usually dispersed on a support for achieving a favorable
catalytic activity, the size of which tends to be much larger
(e.g, from micrometer to millimeter range). They can be
suspended as microparticles in the liquid (e.g., after crushing
and sieving to a certain micrometer range) to form a liquid—
solid slurry to facilitate their transport and catalysis in
microreactors, which allows an easy catalyst separation (by
filtration) and extends the versatility of microreactors.
Recently, microreactors using such suspension catalysts have
been applied under slug flow operation in (photo)catalytic
reactions such as (transfer) hydrogenation, fluorination, and
polymerization,”' ~** where the catalyst was dispersed in either
the continuous or dispersed liquid phase within a biphasic slug
flow (Figure 1c—d).

In brief, compared with wall-coated and packed bed
microreactors, the incorporation of suspended nanoparticles
or microparticles in microreactors opens a new avenue for
realizing efficient heterogeneous catalysis and significant
process intensification, which is thus the aim of this review.
The existing knowledge has been summarized to elucidate the
influence of the presence of solid particles (including colloids,
PEs, and catalyst slurries) on the microflow characteristics,
mass transfer property, and (photo)catalytic reaction enhance-
ment, followed by a discussion of the future challenges and a
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perspective for the potential application of such microreactor
systems.

2. CONTINUOUS SOLID PARTICLE FLOW FOR
CHEMICAL CONVERSIONS IN MICROREACTORS

The application of suspended solid (catalyst) particles in the
form of colloids, PEs, and slurries has been reported for a
number of reaction cases in microreactors, especially in the
presence of multiple fluid phases. This section provides a
detailed discussion of the hydrodynamic and mass transfer
characteristics during handling such a particle flow in
microreactors and their reaction application examples. Some
examples in millireactors are also discussed, as these can be
easily transferred to microreactor applications for even further
process intensification. Thus, a channel (hydraulic) diameter
(d) of 2 mm has been set as the boundary between
microreactors and millireactors to facilitate the discussion.

2.1. Colloidal Nanoparticle Suspension in Micro-
reactors. Colloidal suspensions of nanoparticles are not true
solutions but heterogeneous mixtures with a high mobility in
flow. Due to the particle size on the nanometer scale, colloidal
catalysts present high catalytic activity similar to homogeneous
catalysts and possess heterogeneous catalytic properties
allowing a relatively easy catalyst separation/recovery.””>®
They have gained widespread attention in reaction applica-
tions”** and slowly progressed into the field of microreactors
for achieving significant reaction performance improvement
(Table 1, entries 1—12).

2.1.1. Hydrodynamic Characteristics. A good dispersion of
colloidal nanoparticles in flow is the prerequisite for their wide
application in microreactors. Several classical methods have
been used to improve the dispersion of nanoparticles in the
prepared suspension, such as adding the dispersant (e.g,
sodium dodecyl benzenesulfonate (SDBS),” sodium dodecyl
sulfate (SDS),”® and polyvinylprolidone (PVP)*°), employing
magnetic stirring and sonication. The application of
dispersants or surfactants is the most economical method to
improve the stability of colloids, which can prevent the
agglomeration of nanoparticles by reducing the surface tension
of the base fluid.”* For examples, Fe;O,-carbon nanotube
(CNT)-water with various surfactants (acacia senegal,
tetramethylammonium hydroxide, trisodium citrate dehydrate,
or sodium laurylsulfonate) can remain stable for 2 weeks.””
Besides, magnetic stirring is commonly employed in the lab to
increase the homogeneity of the prepared colloids by reducing
sedimentation of nanoparticles and is mostly applied together
with ultrasound.”® Sonication provides a better dispersion than
magnetic stirring.24 It was also proven that a better dispersion
of nanoparticles in the base fluid was achieved by using a probe
sonicator rather than a bath sonicator, due to the direct
immersion of the probe in the suspension and its higher power
delivered to the suspension.” The ultrasonication time also
affects the colloidal stability.””~** There seems to exist an
optimum ultrasonication time to reach a good stability (e.g., 60
min reported for the case of the multiwalled CNTs-water
nanofluid), with a stability deterioration at prolonged ultra-
sonication time."’

The high mobility of colloidal nanoparticle susgensions in
flow makes them behave like a pure liquid flow;" thus, they
might be treated as a pseudo homogeneous liquid phase with
suspension mixture properties.”® As a result, multiphase flow
patterns involving colloidal nanoparticle suspensions appear to
be similar to those involving pure liquids; for example, biphasic
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or triphasic slug flow has been reported for utilizing such
suspensions to enhance mass transfer or reaction efficiency in
flow.””?° In addition, it has been reported that the addition of
nanoparticles could alter the wettability of the polytetrafluoro-
ethylene (PTFE) microreactor wall to be more hydrophilic due
to nanoparticle deposition,” as characterized by the presence
of a lubricating film around N, bubbles after dispersing
nanoparticles in pure water, whereas the film absence was
observed during N,-water slug flow in the PTFE microreactor.
The hydrodynamic knowledge largely established in this area
can thus be relied on to help rationalize the microreactor
desigg 4%32 operation involving colloidal nanoparticle suspen-
sions.”” "

Slug flow of a gas-colloidal suspension (Figure 1d) has been
used to study the promotion effect of SiO, nanoparticles (size:
22 nm) on the physical absorption of CO, into water in
microreactors.”® The bubble size appeared to decrease when
increasing the particle concentration, due to the viscosity
increase of the suspension. Such viscosity increase further led
to a higher pressure drop (e.g., the range of the pressure drop
gradient was from 4.92 kPa/m to 75.58 kPa/m when
increasing the particle loading from 1 wt % to 20 wt % at a
total flow rate from 80 mL/h to 780 mL/h) through the
microreactor (width X height: 0.8 X 0.8 mm),” suggesting
increased friction between particles and bubbles in the film
region and likely more probability of particle collision in the
slug, which caused a greater pumping power requirement.*’
The pressure drop under slug flow of N,-nanofluids (i.e., TiO,
or Al,O; nanoparticles dispersed in water or its mixture with
ethylene glycol) in PTFE microreactors was found to be well
described by the model of Kreutzer et al.*’ at the mixture
Reynolds number >100, while the model of Warnier et al.*®
provided a better prediction at the mixture Reynolds number
<100 due to the consideration of the effect of film thickness
and bubble velocity at such low Reynolds numbers.** In both
model calculations, the nanofluid was simply considered as a
pseudo homogeneous liquid phase (e.g,, characterized by the
mixture viscosity and density).

In gas—liquid—liquid flow hydrogenation operations, the
aqueous droplets containing colloidal catalysts were generated
and separated by H, bubbles, both traveling in the continuous
organic slug containing the reaction substrate (Figure le and
Table 1, entries 1—3).°”***" In this flow pattern, an annular
organic film lubricates bubbles and an interfacial organic film
separates bubbles and aqueous droplet caps, the presence and
thickness of which are crucial in determining the reaction
performance. Dewetting and breakage of the annular film were
found to easily occur when the channel diameter was relatively
large (e.g, 4 mm), showing the importance of using small-
diameter microreactors to maintain the surface tension-
dominated flow regime instead of the gravity-dominated one.
The interfacial film was squeezed out (but did not drain out
completely) and redistributed into the annular film at higher
flow speeds.”® Colloidal nanoparticle catalysts in liquids
without the presence of gas reactant have also been reported
in microreactors for (photo)catalytic reactions in micro-
reactors (Table 1, entries 10—12),”°">* which possibly deal
with a (liquid—)liquid—solid flow depending on whether there
was a presence of gaseous product or another immiscible liquid
or not.

Colloidal nanoparticles can be present either in the
dispersed phase (e.g, Figure 1c) or the continuous phase
(e.g, Figure 1d and e). The first option provides a more

https://doi.org/10.1021/acs.iecr.2c00473
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Table 1. continued

Ref

Results and advantages of flow operation

&

Reaction conditions

b

Catalyst or

Reactor

Product

a

particles
SiO,-stabi-

Substrate

Entry

30

(benzylidene malononitrile) yield in 34 min; 34% substrate
conversion in the FBS with 10% intermediate and 17% final product

intermediate product (benzaldehyde) yield and 25% final product
yields under identical conditions

100% benzaldehyde dimethyl acetal conversion in the FPE, with 69%

Continuous phase: 4-propylguaiacol (containing 0.16 M

benzaldehyde dimethyl acetal, 0.4 M malononitrile,
0.016 M 2-(1-ethylpropyl)piperidine, and 2 wt % silica);

Dispersed phase: water (containing 0.032 M HCI).
90 °C

Tube-in-tube microreactor
(details in entry 13)

Benzylidene ma-
lononitrile

lized Pick-
ering emul-
sion

acetal

Benzaldehyde dimethyl
d,, (mean) particle size; RhNP, rhodium nanoparticle; PtNP, platinum nanoparticle; PANP, palladium nanoparticle. bd,, inner (hydraulic) diameter of the (micro)reactor; L, reactor length; PTFE,

polytetrafluoroethylene; PFA, polyfluoroalkoxy; FEP, fluorinated ethylene propylene. “THFA, tetrahydrofolic acid; SDBS, sodium dodecyl benzenesulfonate.

14

a
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narrowed residence time distribution and is inherently safe
from the fouling or clogging caused by the deposition of
nanoparticles on the microchannel wall.>® Besides, a
modification of the microreactor surface (e.g., to be super-
hydrophobic) can decrease the possibilities of aggregation and
sedimentation of nanoparticles in microreactors, due to the
reduced wall shear stress in the slip flow regime.*’

Moreover, when it concerns colloidal suspensions of
magnetic nanoparticles (i.e., ferrofluids), a unique approach
is provided for manipulating the flow of such ferrofluids in
microreactors by applying external magnetic fields in addition
to the action of pressure-driven flow.”* For example, the
breakup, deformation, and lateral migration of ferrofluid
droplets in a shear flow can be modulated by the applied
(uniform) magnetic field,”*">° which has attracted much
attention in microfluidics. The use of ferrofluids also opens
new possibilities for the intensification of mass transfer in
microreactors, e.g., in the presence of inert magnetic particles
suspended and transported in flow (vide infra).

2.1.2. Mass Transfer. The addition of nanoparticles to
promote gas—liquid mass transfer has been shown in
conventional reactors such as bubble columns, for which
several arguable mechanisms of mass transfer enhancement
have been proposed.”’ >’ For example, nanoparticles can
enhance mass transfer by repeating the cycle of gas absorption
and desorption between the boundary layer and the bulk liquid
(shuttle mechanism), adhering on the bubble surface to
strengthen its stiffness and reduce the coalescence (bubble
breaking effect), or changing the hydrodynamics of the
surrounding fluid (boundary layer mixing mechanism).

Recently, the enhancement of gas—liquid mass transfer by
Si0,/H,0 nanofluid (22 nm particle size) was investigated in
a microchannel under the slug flow regime (Figure 1d) for
CO, absorption.26 The mass transfer enhancement factor was
found to be ca. 2.5 times higher with 20 wt % silica
concentration than that with 1 wt % silica concentration at a
high gas—liquid flow ratio. The enhancement was obvious
especially at relatively high silica loadings and gas—liquid flow
ratios, which is ascribed to the facts that more particles could
be transferred from the slug to the film region and the liquid
was not saturated, giving intensification potential via the
additional particle adsorption and transport (i.e., according to
the shuttle mechanism). The addition of nanoparticles (SiO,
and BaSO,) on improving the liquid-phase mixing in
microreactors was also shown in the work of Dong et al.*’
and explained by the enhancement from Brownian movement
of nanoparticles, despite the adverse effect of the liquid
viscosity increase that might weaken the mixing performance.

The liquid—solid (external or internal) mass transfer
coefficient is often required to be known for predicting and
interpreting the microreactor performance when using
colloidal nanoparticle catalysts. A rough (order of magnitude)
estimation can be made based on the classical approach, e.g,
using the two-film mass transfer theory’® or the concept of
effective factors.”> However, a more precise estimation should
further consider phenomena related to the motion of
nanoparticles in the solution such as the additional diffusion
resistance caused by the often used capping agent (to stabilize
nanoparticles) and other local hydrodynamic effects (if
present), an area still to be further explored.

In addition, external magnetic or ultrasonic fields can be
used to enhance biphasic (gas—liquid, liquid—liquid) mass
transfer in the presence of flowing nanoparticles in micro-

https://doi.org/10.1021/acs.iecr.2c00473
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Figure 2. Gas—liquid—liquid hydrogenation of alkenes to the corresponding alkanes in microreactors using colloidal catalysts. (a) Reaction scheme
of 1-hexene hydrogenation; (b) schematics of triphasic slug flow; and (c) catalyst recovery from the aqueous—organic phase separation. Adapted
with permission from ref 20. Copyright 2014 Royal Society of Chemistry.

reactors. An up to 70% improvement in the overall mass
transfer coefficient was found for the extraction of succinic acid
from n-butanol to water, by adding magnetic nanoparticles
(MNPs) of Fe;O, in the organic phase (at an optimum
concentration of 0.005 wt %) excited remotely with a static
magnetic field.®" This enhancement is due to the actuation of
MNPs that induced additional (chaotic) advection between
immiscible fluid streams. Fe;O,-derived nanobars were placed
inside droplets generated in the microchannel, which created
many vortexes (by using a common magnetic stirrer) to
effectively stir the fluid flow as well as microparticles in the
droplet.” A rapid mixing was thus achieved, without
destabilizing and rupturing droplets. A measurable improve-
ment of the gas—liquid mass transfer was reported under a slug
flow of oxygen and dilute suspensions of Fe;O, MNPs in water
through microreactors, as a result of the improved mixing in
the film region surrounding bubbles by spinning MNPs under
transverse rotating magnetic fields.”” The combination of
ultrasound and Fe;O, nanoparticles was also reported to
significantly enhance the liquid—liquid two-phase mass transfer
rates in Cu(II) removal from aqueous solution using D2EHPA
solvent in a microreactor.”* Besides the stimulation of liquid
phases, the ultrasonic wave further induced nanoparticle
movements from the organic to the aqueous phase. This has
caused the presence of a very fine droplet distribution at low
flow rates or a chaotic mixing pattern at high flow rates to
promote mass transfer, in comparison to slug or parallel flow in
a plain microreactor (without sonication and nanoparticles).

2.1.3. Reaction Application Examples. Table 1 depicts
typical reaction examples of using colloidal catalyst particles in
microreactors.

Khan’s group studied the transitional metal-catalyzed
hydrogenation of various alkenes (e.g., 1-hexene, cyclohexene,
styrene, nitrobenzene, and 4-nitrochlorobenzene) to the
corresponding alkanes, a reaction type of relevance to the
pharmaceutical industry, in a PTFE microreactor (Table 1,
entry 1).”° The reaction was operated under a gas—liquid—
liquid slug flow (Figure le), where aqueous droplets were
loaded with rhodium nanoparticle (RhNP) or platinum
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nanoparticle (PtNP) catalyst stabilized by PVP, in the presence
of gas (hydrogen) bubbles and a continuous organic slug
(containing alkenes). At a constant flow rate of the aqueous
and organic phases, increasing the gas flow rate caused longer
bubble lengths. Despite the shortened residence time, the mass
transfer of hydrogen and the alkene substrate was thought to
be accelerated, because of the reduced distance (i.e., the slug
length, w,,, see Figure 2) to reach the catalyst near the
aqueous—organic interface. As a result, the 1-hexene
conversion over the colloidal RhNP catalyst reached 82% in
0.9 min in the microreactor under ambient conditions, while it
required 30 min to reach similar conversions in a batch reactor.
The much enhanced mass transfer in the microreactor further
afforded a significantly higher conversion of other alkenes, as
mentioned above over the colloidal RhNP or PtNP catalyst at
a reaction time of about 10—100 times smaller than that in
batch under identical conditions. The colloidal PtNP catalyst
in microflow was also estimated to provide higher activities in
the hydrogenation of nitrobenzene than the wall-coated PtNP
catalyst in microreactors. Moreover, a simple phase separation
by decantation allowed the facile recovery and reuse of the
colloidal catalyst in the aqueous phase (Figure 2c), and the
consistently high activity of the colloidal PtNP catalyst has
been demonstrated in the hydrogenation of nitrobenzene in six
catalyst recycles.”” The reaction productivity increase could be
further achieved via utilizing either parallelized microreactor
networks integrated with online catalyst recycle (Table 1, entry
2)* or larger channel dimensions in which the desired flow
pattern for rapid mass transfer as depicted in Figure 2b could
still be maintained (Table 1, entry 3).%°

Another example applying colloidal palladium nanoparticle
(PANP) catalyst dispersed in glycerol for hydrogenation
reactions was demonstrated by Reina et al.®® under three
continuous flow systems (i.e., IMM R600 micromixer, Corning
millireactor, and tube-in-tube PTFE microreactor). The
performance of these reactors was compared on the hydro-
genation of nitrobenzene to aniline (a versatile starting
material for synthesizing fine chemicals) catalyzed by the
prepared colloidal PANP catalyst stabilized by trisodium 3-

https://doi.org/10.1021/acs.iecr.2c00473
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bis(3-sulfonatophenyl) phosphanylbenzenesulfonate (TPPTS)
(Table 1, entries 4—9). The tube-in-tube microreactor proved
to be the most suitable system, achieving 54% conversion
within 90 s at 55 °C. In contrast, the micromixer showed less
than 5% conversion within 180 s, while the Corning
millireactor required 270 s to achieve 15% conversion. It was
revealed that the tube-in-tube microreactor, with a gas porous
Teflon membrane inserted into a PTFE tube, could hold a
maximum pressure of 12 bar H, and allowed for a balanced
gas—liquid mass transfer facilitating the optimal effusion of
hydrogen into the two immiscible phases (ie., nitrobenzene
and the glycerol suspension of the colloidal catalyst). A
triphasic bubbly or slug flow regime was formed in this
microreactor (however, no further flow details were
mentioned), leading to a better solubilization of molecular
hydrogen. The much lower conversion in the other two
reactors was ascribed to a poor control over the flow pattern
and thus mass transfer of H, therein. An annular flow regime
was observed in the micromixer even with low hydrogen
pressures (1—3 bar H,), where the glycerol layer wetted the
stainless steel reactor wall with H, and nitrobenzene being
blown out without creating the desired gas—liquid—liquid slug
flow as illustrated in Figure 2b. In the Corning glass
microreactor, although the gas—liquid mass transfer was
significantly better than that in the micromixer, the triphasic
slug flow was also not achieved. Instead, large H, bubbles and
small droplets of nitrobenzene were observed due to the high
viscosity of the glycerol suspension.

They further investigated the hydrogenation of nitrobenzene
in this tube-in-tube microreactor with colloidal PANP catalysts
stabilized by quinidine (QN) or PVP. A high 91% conversion
over the catalyst stabilized by PVP was found within 210 s at
80 °C, accompanied by a 100% selectivity to aniline. This is in
strong contrast to the 7200 s needed in batch reactors for a
similar level of conversion. However, the respective con-
versions for the colloidal catalysts stabilized by QN and
TPPTS are <5% (in 150 s at 80 °C) and 54% (in 150 s at 100
°C) in the microreactor. The low activity of these two catalysts
could be due to their poor stability in flow (e.g., induced by the
mechanic stress from pumps), causing nanoparticle aggrega-
tion. The colloidal catalyst stabilized by PVP proved to be
robust in flow and could be recycled via the product extraction
of the glycerol solution (with toluene). However, a significant
activity drop of the recycled catalyst was observed in the
microreactor, possibly due to the oxidation of metal nano-
particles and/or the particle surface interaction with certain
chemicals incurred during the workup. A possible method to
recover the catalyst activity is via further regeneration under
hydrogen atmosphere, which was successfully demonstrated in
batch reactors and can be potentially operated in flow as well.

Recently, metal (Fe/ppm Pd nanoparticle)-catalyzed
Suzuki—Miyaura coupling reactions in perfluoroalkoxy alkane
(PFA) microreactors were reported (Table 1, entry 10).>*
Separate streams of the organic phase (tetrahydrofurfuryl
alcohol (THFA) as the carrier containing the organic
reagents), Fe/ppm Pd nanoparticles suspended in an aqueous
micellar medium (containing the surfactant TPGS-750-M),
and an aqueous base (K;PO,-H,0) were mixed prior to the
synthesis in the microreactor under 95 °C. A 97% yield of 4-
methoxybiphenyl, 88% yield of 1-(4-methoxyphenyl)-
naphthalene, and 93% yield of 2,4,6-trimethylbipheny were
obtained within 10 min, 2 min, and 10 min, respectively.
However, to synthesize products with high melting points or
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crystallinity (e.g., tert-butyl-[1,1’-biphenyl]-4-ylcarbamate),
neat triethylamine (TEA) was used as the organic base
instead, as a considerable amount of the precipitated gelatinous
TPGS-750-M would appear from water after the addition of
phosphate base for a long reaction time, which could clog the
microreactor. Accordingly, a 96% yield of tert-butyl-[1,1'-
biphenyl]-4-ylcarbamate, 80% yield of 4-phenyl-3,6-dihydro-
2H-pyran, and 91% vyield of 3’-chloro-[1,1’-biphenyl]-4-
carbaldehyde were realized using neat TEA within 8 min, 10
min, and 2 min, respectively.

Besides colloidal nanoparticles of noble metals, nanofluids
featuring the use of colloidal suspensions of metal oxides as the
catalyst (support) were also reported in microreactors.”””"
Benzylation of toluene with benzyl chloride generating
monobenzyltoluene and dibenzyltoluene (both as the main
components of heat transfer fluids) was conducted in a PFA
capillary microreactor.”® The catalyst-containing nanofluid was
prepared by suspending silica-supported FeCl; catalysts in
benzyl chloride with the addition of SDBS to reduce the
catalyst particle size (to around 70 nm) and improve the
nanofluid stability. A moderate mass ratio of catalyst to benzyl
chloride (0.02) was chosen to increase the reaction efficiency
and avoid clogging of the microreactor (observed at higher
catalyst loadings due to the accelerated agglomeration of
nanoparticles in the nanofluid). The benzyl chloride
conversion in the microreactor could reach 78.7% in 30 min
at 100 °C over the 10 wt % FeCl; impregnated on silica with a
total selectivity of 94.2% to monobenzyltoluene and
dibenzyltoluene, and approached 100% in 60 min (Table 1,
entry 11). The flow pattern in the microreactor was not
mentioned in the research, which could be complex given the
possible presence of gaseous product (HCI). Furthermore, the
catalyst was recycled by filtration followed by calcination and
then reused (in the form of nanofluid) in the microreactor
three times. A gradual activity loss was noticed, likely
associated with the particle aggregation and oxidation of
catalysts in the recovering procedure.

Later, the same group applied TiO,/H,0O nanofluid as the
photocatalyst for the reduction of nitrobenzene to aniline
under UV irradiation in capillary microreactors.”’ The
nanofluid was prepared by mixing TiO, (d, = 5—10 nm)
and polyethylene glycol-400 in water, and the reactant solution
contained nitrobenzene and formic acid dissolved in
isopropanol. Upon mixing these two fluids in the photo-
catalytic microreactor (with no details provided for the
operating flow pattern), the nitrobenzene conversion and
aniline yield both exhibited a volcano-type shape with respect
to the catalyst loading, which reached the highest value (being
ca. 88% and 64%, respectively) at a TiO,/nitrobenzene mass
ratio of 0.4 (Table 1, entry 12). The dropped activity at higher
TiO, loadings was considered to be caused by serious particle
agglomeration. This continuous flow synthesis protocol
achieved a remarkably higher photonic efficiency (0.0142)
than that in batch (0.0086). The catalyst could be recovered by
centrifugation, and subsequent washing (with isopropanol)
and drying at room temperature. However, the reusability test
in the microreactor under several cycles revealed a gradual loss
of catalyst activity, possibly caused by the catalyst loss in the
workup.

2.2. Pickering Emulsion in Microreactors. PE is an
emulsion stabilized by solid particles that adsorb on the two
immiscible liquid—liquid (e.g., water—oil) interfaces. The size
of the solid particles ranges from about 10 nm to 100 gm, and

https://doi.org/10.1021/acs.iecr.2c00473
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that of PE droplets is usually from 10 to 1000 ym.”* PE has
received much attention for its applications in the food,
pharmaceutical, and biomedical industries and, more recently,
in catalysis, and it has proven to be a versatile tool especially
for biphasic catalysis.”” Thus, it offers promising aspects for
boosting the reaction efficiency in multiphase microreactors.”’
2.2.1. Hydrodynamic Characteristics. Recently, micro-
fluidic emulsification has been used to prepare PEs.’® A typical
microfluidic device for such a process consists of a T-junction
(Figure 3a) or flow-focusing inlet mixer (Figure 3b), where a
droplet of the dispersed phase is formed at the mixer junction
in another continuous fluid carrier. The flow conditions should
be tuned such that the droplet formation time is long enough
for its surface to be covered by solid particles and to avoid
coalescence between droplets. Microfluidic emulsification
presents some advantages over other methods (e.g, the
rotor-stator homogenization, high-pressure homogenization,
and (ultra)sonication), including a superior control of the
droplet size, no extensive mechanical shear (causing otherwise
the particle disruption or aggregation), and no heat production
(with no risks of particle/emulsion destabilization).”® This
microfluidic approach allows coupling the efficient synthesis of
PEs and their reaction enhancement in the same microreactor,
e.g., biphasic reactions under the liquid—liquid slug flow
(Figure 1f) or monodispersed droplet flow regime.*’
Alternatively, PEs can be prepared via conventional
procedures and then fed to the microreactor for a continuous
flow reaction, without generating a significant pressure drop in
a similar manner as for solid particles in a packed bed
reactor.”” The liquid—liquid flow behavior of the Pickerin%
emulsion—water system was studied in one microchannel.’
PEs were obtained by dispersing water in oil (ethyl acetate)
stabilized by SiO, particles (modified to be hydrophobic),
using ultrasonication followed by vigorous mixing in batch.
Four stable flow patterns, namely slug flow, monodispersed
droplet flow, jetting droplet flow, and parallel flow, were
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observed (Figure 3c). The former two flow patterns could be
attractive for potential reaction applications given their well-
defined interfacial area and good mixing properties, implying
that the reactions are confined in the droplets where PEs are
dispersed (see Figure lg as well). The encapsulation of
modified SiO, particles in PEs allowed a stable microreactor
operation without channel fouling or blockage. In comparison,
during the immiscible flow of water and particle-laden ethyl
acetate in the microchannel, SiO, particles were found to be
easy to deposit at the bottom due to gravity and to adhere to
the microchannel wall.

The unique interface self-assembly property of solid particles
in PEs reduces the possibility of collision and coalescence
between the adjacent emulsion droplets.”® This helps achieve a
stable emulsion flow and finely controlled liquid—liquid
interface in the microreactor.>”°® In addition, this decreases
the possibility of particles clumping together or adhering to the
inner walls, suppressing the fouling or blockage of micro-
reactors.

2.2.2. Mass Transfer. PE offers attractive mass transfer
properties beneficial to biphasic catalytic reactions. Due to the
uniform dispersion of micrometer-sized droplets compartmen-
talized by a layer of (inert) particles in another immiscible
liquid, a well-defined and high interfacial area and a short
diffusion path of species inside the droplet could be achieved in
conventional reactors as well as microreactors.”” The reagents
and homogeneous catalysts can reside in (each of) the two
phases. Another attractive option is to catalyze reactions using
solid catalyst particles at the interface.”” The adsorption of
solid particles is often considered irreversible at the liquid—
liquid interface due to a very high desorption energy (which
can be several orders of magnitude higher than the thermal
motion energy of molecules).”" The stabilizing effect of
particles (i.e., preventing coalescence) on emulsions implies an
improved interfacial area for mass transfer when compared
with that without particle addition. The interfacial area is

https://doi.org/10.1021/acs.iecr.2c00473
Ind. Eng. Chem. Res. 2022, 61, 6269—6291


https://pubs.acs.org/doi/10.1021/acs.iecr.2c00473?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00473?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00473?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c00473?fig=fig3&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c00473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

REVIE

pubs.acs.org/IECR

@) ) e, ,\
CP inlet ? 0 NN
o) HC A~y _ Base
q | ]
Me L\//
‘- 1 2 3
ol QN!"!REE 100+
Heating device
2 d 804
Caplllary}"
5 = B
DP e 8. 1 & < 604
inlet L—ﬂ- o = “ " =
T-assembly __ -~ " -7 FEP tubing '\ * 3
o " 2 RN S 404
= )
20
v : -
FBS FPE
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Reproduced with permission from ref 30. Copyright 2020 Wiley.

related to the amount of stabilizing particles which could
control the size of droplets. It was shown that a larger particle
loading allowed the formation of smaller droplets of PE and
then increase of the interfacial area.”” Nevertheless, the
“plateau” of droplet size was observed with the possible
presence of excess solid particles in the continuous phase,”
which led to an increased viscosity of PE and the cluster of
solid particles. The occupancy of particles at the interface also
tends to diminish the effective mass transfer area. During the
saponification reaction between sodium hydroxide (in the
continuous aqueous phase) and benzoyl chloride (in the
dispersed organic phase) in a stirred tank, a steady decrease of
the molar mass transfer flux up to 26% was found when
increasing the loading of silica nanoparticles from 0.5 wt % to
1.5 wt %. This flux decrease is due to the higher coverage
(about 23% at 1.5 wt % loading) of the droplet interface with
nanoparticles. Thus, in order to maximize the effective mass
transfer rate for an efficient conversion in PEs, these opposite
effects need to be carefully addressed, e.g., by selecting the
appropriate particle type, shape, loading, and reactor operating
conditions in order to keep the interfacial area largely
accessible for mass transfer.”*

To the best of our knowledge, there are no detailed studies
that investigate the interfacial mass transfer of substrates and
products in microreactors with continuous flow of PEs. Only
one recent piece of literature reported reaction applications in
such microreactors.’® Biphasic catalysis in PEs in microflow
was shown to enhance the (tandem) reaction efficiency, owing
to the presence of inert solid particles at the interface that
increased the interfacial area available for reaction and reduced
the mutual contact of homogeneous acid/base catalysts present
in different liquid phases (Table 1, entries 13 and 14). More
details are found in section 2.2.3.

2.2.3. Reaction Application Examples. The use of PEs for
reaction efficiency increase has been demonstrated to some
extent in batch and flow reactors, primarily thanks to their
enhanced mass transfer and well-controlled interface catalysis.
Some recent examples include the coupling of the KHSO,-
catalyzed glycerol dehydration reaction with in situ product
(acrolein) extraction to the organic phase in batch,”> the
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addition reaction of various alcohols with 3,4-dihydro-2H-
pyran (both in the following toluene phase) catalyzed by
H,S0, distributed in the aqueous droplet of a PE packed into a
column reactor,”” and the use of Pd-based solid catalysts to
stabilize and catalyze the reduction of nitrobenzene with
NaBH, in a water/toluene PE in batch.”®

Only one literature work reported applications of continuous
flow Pickering emulsion (FPE) catalysis in microreactors,”’
using the acid-catalyzed deacetalization of benzaldehyde
dimethyl acetal to benzaldehyde as a model reaction (Table
1, entry 13). The PE droplet was obtained using a tube-in-tube
microreactor fed with an acidic aqueous phase and an organic
solvent (4-propylguaiacol containing the reactant and dis-
persed silica particles) (Figure 4a). Compared with the simple
flow biphasic system (FBS) in the same microreactor (ie.,
without silica addition), the FPE significantly boosted the
reaction efficiency. The product yield was increased from 10%
in the FBS to 90% in the FPE after a reaction time of 22 min at
room temperature. A full conversion was achieved in only 2
min in the FPE at 60 °C, in contrast to ca. 18 min in the FBS.
This reactivity enhancement was ascribed to the higher
aqueous—organic interfacial area in the FPE due to a better
stability of droplets stabilized by silica (thus preventing droplet
coalescence as observed in the FBS). The benefits of the FPE
in the tandem catalysis were further demonstrated in the same
microreactor system via the deacetalization—Knoevenagel
condensation (by further adding a base catalyst and
malononitrile as the second substrate in the oil) (Table 1,
entry 14). It enabled a full conversion of benzaldehyde
dimethyl acetal at 90 °C in 34 min, with the intermediate
product (benzaldehyde) yield at 69% and final product
(benzylidene malononitrile) yield at 25%. Under identical
conditions, the respective intermediate and final product yields
are 10% and 17% at only 34% benzaldehyde dimethyl acetal
conversion in the FBS (Figure 4b). This implies that solid
particles in the FPE acted as a physical barrier at the liquid—
liquid interface and thus limited the mutual destruction of the
acid and base catalysts, whereas a much faster acid—base
quenching was present in the FBS, leading to a much inferior
tandem reaction performance.

https://doi.org/10.1021/acs.iecr.2c00473
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solid distribution patterns based on the real-time solid motion observed in experiments for superficial liquid velocity (U;) = 0.0175 m/s (b);
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2011, and 2013 Elsevier.

2.3. Slurry in Microreactors. Slurry catalysts, prepared by
suspending microscale catalyst particles into a mobile fluid
phase (e.g., the reaction solvent) with a typical solid content
below 25 mg/mL, have been combined with different flow
operations in microreactors in various (photo)catalytic
reaction applications such as hydrogenation, oxidation,
fluorination, polymerization, and reduction reactions (Table
2).

2.3.1. Hydrodynamic Characteristics. For solid-catalyzed
gas—liquid reactions, an attractive flow pattern is triphasic slug
flow, where the slurry phase is the continuous phase separated
by the dispersed gas bubbles (e.g, of H, or oxygen) (see
Figure 1d). The slug flow characteristics and solid particle
distribution in the slurry in microreactors have recently been
critically reviewed by Peng et al’® The stability of the
suspension is jointly determined by parameters such as particle
size and surface properties, liquid medium properties (e.g.,
viscosity), and operating conditions (e.g., slug/bubble
velocities).”” Fine solid particles (e.g, 1 um size) could be
uniformly dispersed in the slug flow, while larger particles (e.g.,
38 um size) did not circulate and settled near the rear of the
slug under the same conditions.

Particles can remain suspended in the same slug, fall through
the liquid film between the bubble and microreactor wall (i.e.,
in the case of a wetting liquid phase), and travel among
different liquid slugs, which can be explained using a
theoretical model based on the force balance analysis of
particles.”® Under a given particle size, a critical capillary
number or particle density exists for the particle to fall into the
liquid film. Particles with more hydrophobic surfaces (i.e., in
the aqueous slug) are more prone to be settled into the liquid
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film under a specified particle size and capillary number.
Besides, introducing particles in the liquid phase increases the
liquid viscosity, leading to the decrease of the bubble
detachment time at the microreactor inlet and of the formed
bubble length.”

The velocities of the liquid—solid slurry (Vy,s) and the gas
phase (V) also affect the solid distribution. At a low range of
V.. three different solid distribution patterns (SDP) were
observed with increasing superficial gas velocity (Ug), namely
particles distributed in the central region of the slug (SDP i),
trapped inside the liquid circulation (SDP ii), and distributed
at the edges of the liquid circulation (SDP iii) (Figure Sa and
b).”%%%*1 On the other hand, it was demonstrated
experimentally that adding solid (catalyst) particles in the
liquid slug had a negligible effect on the slug velocity profile
under lower gas (N,) and slurry velocities (e.g., 0.002 or 0.004
m/s).>* The solid charge in each slug was visually
homogeneous, being mainly circulated in the lower part of
the slug, despite the turbulence and vortex observed around
the particle. At a high range of Vg, the slurry film was thick
and more particles were observed in the film with the increase
of Vi, which resulted in the bubble surface becoming more
distorted (Figure 5a).*’

For applications involving two immiscible liquid phases (e.g,,
biphasic reactions or reactions in droplets inside another inert
carrier), solid catalysts can be suspended in either the
dispersed droplet (Figure 1c) or the continuous slug (Figure
1d) phase of the liquid—liquid slug flow.

With solid particles in the dispersed phase through
horizontal microchannels, depending on the properties of the
liquid—liquid system (e.g., velocity and viscosity), the

https://doi.org/10.1021/acs.iecr.2c00473
Ind. Eng. Chem. Res. 2022, 61, 6269—6291
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circulation of solid particles was usually observed in the
anterior section of the droplet, with more solids staying in the
lower part especially if the solid has a much larger density than
the dispersed liquid (Figure 5c).** In addition, counter-
rotating vortices in the posterior section of the droplet were
observed at high droplet velocities. However, high solid
loadings would lead to a stagnant and extended posterior
section, reducing the size of the anterior circulation section.
This is supplemented by the work of Olivon and Sarrazin,*’
where three regimes for the suspension of (catalyst) particles
were observed. At low flow rates, particles were stuck near the
liquid—liquid interface (e.g, at the back of the droplet).
Particles were better dispersed inside the droplet at
intermediate flow rates, but still with a partial sedimentation
at the bottom. Eventually, good homogenization could be
achieved at high flow rates (Figure Sd). The transition between
each dispersion state could be roughly rationalized via
comparing the durations needed for the particle sedimentation
and suspension via the flow-induced recirculation.

With solid particles in the continuous slug phase, Ufer et
al.*” observed an asymptotic and stable particle flow pattern
(Figure Sc). An agglomeration of hydrophobic particles was
found at the rear end of the aqueous droplet cap (i.e., the front
of the organic slug), with a gradual extension into the organic
wall film at higher solid loadings, despite a fraction of particles
still remaining suspended in the slug by the inner circulation.
This agglomeration was likely associated with the slug flow
formation process in the vertical T-mixer used, where particles
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in the organic phase (momentarily blocked in the upper
capillary) could precipitate on the rear area of the emerging
droplet.

2.3.2. Mass Transfer. Given the small particle size (e.g,, 1—
10 um) and the mobile nature of the slurry catalyst in
microreactors, an improved (external and internal) mass
transfer is excepted compared with that in packed bed
microreactors. This offers great opportunities for slurry-based
microreactors in performing solid-catalyzed multiphase (gas—
liquid or liquid—liquid) reactions which are usually hindered
more by mass transfer than heat transfer.

For a gas—liquid—solid slurry slug flow in microreactors, the
measured liquid—solid (L-S) mass transfer coefficient, ex-
pressed in the dimensionless form of Sherwood numbers (Sh),
was found to increase when increasing the two-phase velocity
(Ugp) from 2.2 to 16 cm/s (Figure 6a).** However, the Sh
value had an only slight change at Uy > 16 cm/s (being
roughly the minimal velocity to achieve a homogeneous
particle distribution in horizontal microreactors), the reason
for which is still unclear. The flow orientation (vertical and
horizontal) exerted no obvious influence on the L-S mass
transfer coeflicient, despite the fact that it influenced the
particle distribution in the continuous slug. This suggests that
the L-S mass transfer is only slightly affected by the particle
dispersion, provided that particles are kept in motion and more
or less homogeneously suspended. The increase of the solid
loading (i.e.,, from 6 to 17 g/L) and mean particle size also
showed little effect on the L-S mass transfer in microreactors,
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Copyright 2013 Elsevier.

possibly due to the still undisturbed particle circulation in the
slug and somewhat negligible particle sedimentation given the
relatively high velocity ranges studied. These results allowed
development of the empirical Sh correlation in such micro-
reactors, based on which the mass transfer performance of
microreactors was compared with conventional counterparts
(e.g, stirred tanks and bubble columns). The comparison
results indicate that the triphasic slurry slug flow in
microreactors can not only provide a comparable and good
external mass transfer but also offer quasi ideal plug flow
behavior attractive for reaction operations. Moreover, the L-S
mass transfer coefficient under certain two-phase velocities in
such microreactors was found to be independent of the slug
length (Figure 6b).*°

For a liquid—liquid—solid slurry slug flow in microreactors,
the L-S mass transfer coefficient was found to depend mainly
on the two-phase velocity, particle size, and circulation of solid
particles in the liquid phase.®” For example, with Upp increased
from 1 to 2.5 cm/s, the L-S mass transfer coefficient increased
from 0.005 to 0.01 cm/s in aqueous—hexanol flow, and the
used resin particles (dp = 90—160 ym) accumulated somewhat
in the rear end of the aqueous droplet (Figure 6c). In contrast,
the L-S mass transfer coefficients were very small (e.g., 0.0013
cm/s) in aqueous—toluene flow under a Uyp of 1—6 cm/s
velocity, and the resin particles (dp = 80—125 um) were
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entirely segregated in the lower rear cap of the aqueous droplet
(Figure 6d), possibly due to the (significant) particle
agglomeration that slowed down the internal diffusion.

The gas—liquid mass transfer is also improved under the
gas—liquid—solid slurry slug flow in microreactors. The
absorption of CO, in water was shown to be enhanced by a
factor of 1.43—2.15 via the addition of activated carbon
particles (d, = 1.96 um), which is attributed to the shuttle
mechanism.% ® A model was developed to relate the gas—liquid
mass transfer enhancement factor (E) to parameters such as
the adsorptive capacity of particles (m) and the coverage
fraction of particles at the gas—liquid interface ({). The
increase rate of E was fast at first; then, it slowed down with
the increase of m. The addition of fine particles (meaning large
{) can increase the apparent liquid viscosity, thus decreasing
the mass transfer contribution by the shuttle mechanism, under
which conditions E becomes constant. This model can provide
a reasonable agreement with the experimental results; however,
it neglects the solid particle properties at the gas—liquid
interface (e.g., particle holdup and distribution).

The use of magnetic microparticles provides another
strategy for actively controlling the liquid—solid mass transfer.
The trajectory of particles could be controlled by the external
magnetic field, e.g, to be in an oscillation movement
orthogonal to the axial flow. This way, the fluid over the
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microchannel cross section could be spanned by particles,
resulting in the reduced diffusion length and enhanced liquid—
solid mass transfer.”” The liquid—solid mass transfer is also
affected by periodical changes in the particle velocity induced
by the applied magnetic field. According to the simulation in
the case of a fast chemical reaction on the surface of catalytic
magnetic microparticles placed in laminar flow microreactors,
the liquid—solid mass transfer coeflicient could be reduced up
to 7.6% by the periodic particle movement with different
particle velocities, when compared with that under steady state
motion with the same mean velocity.”® Thus, a further
optimization of magnetic actuation is necessary to maximize
the mass transfer rate.

2.3.3. Reaction Application Examples. An extensive
collection of examples about the application of slurry catalysts
for reactions in microreactors as well as some examples for
millireactors is listed in Table 2, including catalytic reactions
such as (transfer) hydrogenation, oxidation, and Friedel—
Crafts reactions (entries 1—6 and 12—14) and photocatalytic
reactions such as fluorination, polymerization, reduction,
dehydrogenation, and oxidation reactions (entries 7—11).
Very recently, Peng et al.’® also discussed the application of
slurry in microreactors for uses in, for example, crystallization,
synthesis of fine particles, and some catalytic reactions.

A notable application of slurry catalysts in microreactors was
reported by Liedtke et al.>' for the gas—liquid hydrogenation
of 3-methyl-1-pentyn-3-ol to 3-methyl-1-penten-3-ol (as an
important intermediate for manufacturing fine chemicals)
(Figure 7a; Table 2, entry 1). The catalyst (S wt % Pd/SiO,
with a mean particle size of 40 ym) was suspended in the
reaction solvent (ethanol) under stirring, and the formed slurry
was pushed into the PFA capillary microreactor (d, = 1.65
mm) to merge with H, to form a stable gas—liquid—solid slug
flow (Figure 7b—e). The experimental specific pressure drop
gradient was 1.1—2.1 kPa/m with the increase of gas flow rate
(14—30 N mL/min) under a 3 mL/min slurry flow rate. The
conversion of 3-methyl-1-pentyn-3-ol reached about 90% in
150 s at 20 °C, with the selectivity of 3-methyl-1-penten-3-ol
close to 1 (due to using quinoline as the modifier to avoid its
successive hydrogenation to 3-methyl-pentan-3-ol). Under this
temperature, the substrate conversion profile in the micro-
reactor matched that obtained in a well-stirred batch reactor in
which reaction was proven under the kinetic regime. This
supports the overall high mass transfer rate achieved under
such gas—liquid—solid slug flow operation for this fast reaction.

The beneficial gas—liquid hydrogenation over slurry catalysts
has also been demonstrated in Corning advanced-flow
microreactors with the hydraulic diameter of fluidic channels
around 1 mm.*”*"" The enhanced heat and mass transfer in
microreactors enabled a drastic reduction of the required
reaction time for the desired conversion to below 2 min
(versus >10 h in batch), as shown for the highly exothermic
hydrogenation of a ;)harmaceutical compound over a noble
metal slurry catalyst.”” Furthermore, the slurry hydrogenation
of ethyl cinnamate to ethyl 3-phenylpropanocate (as a
pharmaceutical intermediate or used in organic synthesis) in
this type of microreactor was tested.”’ Using the commercial
Pd/C catalyst in a stable slurry form (in ethanol), a high yield
(98%) of ethyl 3-phenylpropanoate was obtained in the
microreactor at 75 °C in 18 s, corresponding to a productivity
of 51.3 g/h (in contrast to 27.8 g/h at 25 °C) (Table 2, entry
2). However, the yield decreased to 93% in 30 s, which was
ascribed to the nonoptimal mixing of the gas—liquid—slurry
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mixture leading to lower heat/mass transfer rates. Similar
intensification potentials of slurry catalysis in flow have been
shown in earlier research reports of Enache and co-workers in
millireactors as well as microstructured (heat exchange)
reactors for gas—liquid hydrogenation reactions (of isophorone
or resorcinol over, e.g,, Pd/C catalyst) and oxidation reactions
(of glycerol over Au/C catalyst) (Table 2, entries 3—6).”"7*~%*
For example, the hydrogenation of isophorone to trimethyl
cyclohexanone over the slurry catalyst of Pd/C in a capillary
reactor (d, = 3.86 mm) yielded a reaction rate increase of 5—8
times at 60—100 °C compared with the batch autoclave system
(Table 2, entry 4), due to the enhanced mass transfer in flow
that enabled the reaction to be actually operated under kinetic
control.*' However, in all the above-mentioned research no
specific data about the gas—liquid—slurry hydrodynamics were
provided (e.g, regarding the flow stability and flow regime
inner details though it seemed that slug flow likely prevailed
under a range of conditions), hampering a more in-depth
reactor performance analysis.

The slurry catalyst within a gas—liquid—solid slug flow has
been further utilized to achieve more efficient photocatalysis in
microreactors as well as millireactors.”>***>°° The first type of
applications in this respect deals with the use of an inert gas
phase to enhance the liquid—solid slurry mixing and thereby
the photocatalytic performance. In the work of Pieber et al.,*’
the photocatalyst (i.e., a modified carbon nitride, CMB-C;N,)
was suspended in the viscous 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim]BF,)—water mixture to suppress its
settling. The stable catalyst suspension was dosed into a gas—
liquid slug flow of nitrogen and the reaction solvent (acetone/
acetonitrile—water mixture) in a FEP (fluorinated ethylene
propylene) capillary microreactor (d, = 1.6 mm). As such,
similar amounts of CMB-C;N, were homogeneously dis-
tributed in each liquid slug by its interior vortices and,
therefore, uniformly irradiated by the 420 nm LED array. The
photocatalytic microreactor system was demonstrated among
others for the decarboxylative fluorination of phenoxyacetic
acid using selectfluor (Table 2, entry 7). A quantitative yield
(94%) of fluoromethoxyenzene as the monofluorinated
product was obtained in a residence time of 14 min. Moreover,
for this reaction the generated CO, could easily desorb from
the liquid slug to the gas bubble without (much) disturbing the
flow integrity. A three-step filtration—extraction protocol
allowed the desired product isolation and recovery of the
catalyst and the suspension solvent [Bmim]BF,. When using
the homogeneous Ru[bipy];Cl, photocatalyst in the micro-
reactor, the desired product yield was lower, accompanied by
the reactor fouling of a solid material (assumed by the
decomposition of Ru[bipy];Cl,) that seriously disrupted an
otherwise regular gas—liquid slug flow. This confirms the
better performance of the heterogeneous CMB-C;N, photo-
catalyst and triphasic slug flow using slurry catalysts.

Such inert-gas-assisted liquid—solid photocatalytic reaction
under triphasic slug flow was also applied for PET-RAFT
(photoinduced electron/energy transfer reversible addition—
fragmentation chain transfer) polymerization of methyl
methacrylate (MMA) in a PFA capillary microreactor (d, =
1.6 mm) (Table 2, entry 8).>* The slurry was prepared by
adding mesoporous graphite carbon nitride catalysts (mpg-
C3N,, d, ® 5 pum) into the reactant liquid (MMA as the
monomer, 4-cyano-4-(dodecylsulfanylthiocarbonyl)-sulfanyl-
pentanoic acid as the RAFT agent, triethanolamine as the
reducing agent, and dimethyl sulfoxide as the solvent) (Figure
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Figure 8. PET-RAFT polymerization of MMA in the microreactor. (a) Reaction scheme. (b) Schematic diagram of the continuous gas—liquid—
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Copyright 2020 Elsevier.

8a). N, was added to create a gas—liquid—solid slug flow that
could well stir the solid photocatalyst by recirculation in the
liquid slug (Figure 8b). Under a UV LED light irradiation at
500 W, the apparent rate constant for MMA polymerization in
the gas—liquid—solid slug flow is ca. 2 times higher than that in
a batch reactor (10 mL test tube), showing the better light
penetration through slurries in the microreactor. The MMA
conversion in the microreactor increased from 19% to 46%
when the catalyst loading changed from 0 to 0.5 mg/mL in 100
min and slightly decreased when further increasing the loading
to 3 mg/mL. This phenomenon was explained by the blocked
light transmission caused by the excess photocatalyst
suspended in the liquid slug. Besides, the mpg-C;N, catalyst
in the triphasic flow could be recycled (by filtering and then
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washing and drying) and reused five times, showing a stable
polymerization rate.

Another example was demonstrated by the same group in
the photocatalytic reduction of nitrobenzene to azo-com-
pounds (azoxybenzene and azobenzene as important pre-
cursors in, e.g, the pigment and pharmaceutical industries),
using the slurry catalyst of graphitic carbon nitride (d, ~ 10
um) and inert N, within a gas—liquid—sold slug flow through
the PFA capillary microreactor (d, = 1.6 mm) (Table 2, entry
9).”> Under illumination by a blue LED light source, the
nitrobenzene conversion could achieve 88% within 7.5 min at
50 °C, with the selectivities to azoxybenzene and azobenzene
being 11% and 68%, respectively. In comparison, 90 min was
needed for a comparable conversion (93%) in the batch
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Figure 10. Photocatalytic oxidation of 4-(trifluoromethyl)benzyl alcohol in a glass capillary millireactor. (a) Reaction scheme. (b—d) Performance
of gas—liquid—solid slug flow without ultrasound and (e—g) with ultrasound. Parts b and e are the full view of the reactor (flow rate was 1 mL/min
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reactor due to a much worse light penetration. An optimal
catalyst loading was found at S mg/mL, beyond which the
reaction rate in the microreactor decreased due to a quick light
decay within the catalyst slurry, consistent with the PET-RAFT
polymerization case.”* Furthermore, the reaction rate was
improved at a relatively high gas fraction (0.67) and increasing
flow rate, which was explained by the enhanced mass transfer
between the catalyst and reactants in the (shortened) liquid
segment and the increased thickness of the liquid film around
bubbles to help receive more photons.

Recently, the activity of microreactors with the slurry
catalyst and catalytic wall coatings in the photogeneration of
hydrogen from the water—ethanol mixture has been studied
(Table 2, entry 10).”” Au/TiO, photocatalyst was either
dispersed in the reaction mixture or coated onto the quartz
microreactor wall (Figure 9), with the inert Ar carrier gas being
used to create a gas—liquid(—solid) slug flow and facilitate the
transfer of hydrogen from liquid to gas. Under UV irradiation,
the photoactivity in terms of the hydrogen production rate
(i.e., via ethanol dehydrogenation) based on the photocatalyst
amount was found to be ~3.5 times higher in the coating
configuration than the slurry configuration, due to the opacity
of the slurry (especially at high catalyst loadings) that tended
to limit the photon transfer. Thus, to unlock the full potential
of the slurry configuration in microreactors for efficient
photocatalysis, more research including the proper reaction
system selection and operation parameter optimization thereof
is further required.

The second type of photocatalytic applications concerns the
presence of gas-phase reactant and slurry catalyst in a triphasic
slug flow. This has been demonstrated for the photocatalytic
oxidation of 4-(trifluoromethyl)benzyl alcohol to 4-
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(trifluoromethyl)benzaldehyde using molecular oxygen and
TiO, photocatalyst in a glass capillary millireactor (d, = 2.2
mm) under UV-A irradiation (Figure 10; Table 2, entry 11).”
The slurry of TiO, powders (dp ~ 3.8 yum) dispersed in the
alcohol reactant—acetonitrile mixture merged with O, forming
a gas—liquid—solid slug flow in the capillary. To realize a good
catalyst suspension, the reactor was coupled with ultrasound
(i.e., by wrapping the capillary around an irradiating cylinder
connected with a sonotrode and a Langevin-type transducer).
Applying ultrasound proved to have a pronounced and positive
effect on the slurry flow stability and reaction efficiency.
Without ultrasound, a quick sedimentation of TiO, particles
occurred at the (very) upstream of the capillary, leading to a
gradual decrease of the particle amounts present along the
reactor length (Figure 10b—d). Accordingly, the alcohol
conversion decreased from 57% to 24% when increasing the
residence time from 14 to 55 min (at 1 mM alcohol
concentration and S mg/mL catalyst loading at approximately
room temperature), since the particle settled in a smaller
fraction of the reactor length reducing the effective reactor
volume with a good particle suspension. The particles were
resuspended within seconds after applying ultrasound, which
was caused by the enhanced mixing from the generated
cavitation bubbles and surface wave oscillation of the oxygen
bubbles (Figure 10e and f). As a result, the alcohol conversion
was much improved with ultrasound (e.g., maximum being 3.6
times) due to the better exposure of particles to the light, and
the conversion logically increased from 71% to 86% upon
raising the residence time from 14 to 28 min. In both
scenarios, 4-(trifluoromethyl)benzyl alcohol was found as the
main product, with the selectivity being around 95% or 85% at
conversions below 40% or above 60%.
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Figure 11. Schematic of the catalytic transfer hydrogenation of m-nitrotoluene within a liquid—liquid—solid slug flow in the microreactor. Pd/C
catalyst (4 g/L) in the wall-wetting organic toluene phase was seen to form a contiguous cap around the dispersed aqueous slug. Reproduced with

permission from ref 32. Copyright 2011 Wiley.

Slurry catalysts have also been suspended in droplets of the
reactant—solvent mixture in (micro)flow, using an additional
immiscible liquid carrier, for catalyzing liquid-phase or gas—
liquid reactions.”>”® Nieuwelink et al.”® performed liquid-
phase hydrogenation of methylene blue (MB) to Leuco-MB in
a microreactor (Table 2, entry 12). The microreactor has three
parallel channels separated by two 50 pm thick polydime-
thylsiloxane (PDMS) walls with high H, permeability. A
fluorinated hydrocarbon oil flowed in the middle reaction
channel (d, = 250 ym) as the inert continuous phase, with Pd/
SiO, particles (d, = 40 ym) encapsulated in droplets of ethanol
containing 20 ppm MB, and H, diffused from the other two
channels through the PDMS wall to facilitate the reaction.
Droplets encapsulating single particles were formed, which are
challenging to obtain due to fluctuating particle concentrations
near the reactor inlet, allowing for diagnosing multiple catalyst
particles. The preliminary results show that the fast hydro-
genation of MB to Leuco-MB only needed approximately 8 s
to complete in the microreactor, as visualized by the
discoloration of catalyst particles in ethanol droplets. The
acylation of anisole as an industrially relevant reaction was also
investigated in a PFA capillary millireactor (d, = 2.2 mm) over
slurry catalysts (Table 2, entry 13).** The slurry was prepared
by dispersing zeolite (such as Y720, Y760, and Beta; d}, =8-10
um) in pure anisole and then mixed with the other reactant
(acetic anhydride) in the reactor and traveled down as droplets
carried by an inert fluorinated oil. Under such liquid—liquid—
solid slug flow (e.g., Figure 1c), up to ~10—30% yield of the
product (4-metoxyacetophenone) was attained in about 40
min for the three catalysts studied in the millireactor. The yield
profile for each catalyst compares well with that in a well-
stirred batch reactor, showing the current flow system as a
promising candidate for kinetic study and catalyst screening.
Interestingly, the catalyst dispersion in the droplet was found
to change from partial to good homogenization when
increasing the flow rate as a result of competition between
sedimentation and flow-induced recirculation. However, this
suspension state difference did not influence the liquid-phase
reaction kinetics obtained, suggesting that for this slow
reaction, a sufficient catalyst—reactant contact was still ensured
by convection in droplets even in the case of partial
homogenization (e.g, particles preferentially located in the
bottom hemisphere of droplets; see Figure 5d). Though the
primary focus of these two research reports is on high-
throughput catalyst screening,*>”® they provide important
insights into solid flow manipulation toward efficiency increase
in (gas—)liquid—solid reactions under suspension catalysis in
microreactors.

The principle of using suspension catalysis in microreactors
for the liquid—liquid catalytic reaction has been demonstrated
by Ufer et al.>>** The catalytic transfer hydrogenation of m-
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nitrotoluene (dissolved in toluene) with aqueous potassium
formate to m-toluidine over 10 wt % Pd/C slurry catalyst was
tested (Table 2, entry 14), which is a useful reaction type
adopted toward the synthesis of specialty chemicals and
pharmaceuticals. The catalyst particles suspended in the
organic (toluene) phase flowed through a PTEFE capillary
microreactor (d, = 1.6 mm) as the continuous slug. A
prevailing liquid—liquid—solid slug flow pattern was found,
with the catalyst particles accumulating around the rear cap
end of the dispersed aqueous droplets and extending into the
surrounding organic wall film (Figure 11). At 70 °C and
residence times up to 35 min, the m-nitrotoluene conversion in
the microreactor was found to be slightly lower than that
obtained in a stirred tank reactor under identical reaction
conditions, and the conversion difference was enlarged when
lowering the flow rate. This was explained by the reaction rate
under kinetic control in batch due to a (nearly) perfect mixing
and large interfacial area generated by the high energy input,
while in the microreactor, the reaction was hindered by the
somewhat inadequate mass transfer, particularly due to the
incomplete circulation in the slug at lower slug velocities,””**
indicating further room for optimization.

3. CHALLENGES AND FUTURE PERSPECTIVES

Though microreactors have been shown to greatly improve,
among others, the reaction efficiency by operation with the
continuous transport of solid (catalyst) particles, there are
several major challenges to overcome in order to increase its
technical feasibility and economic potential toward real
industrial applications.

Solid handling is not trivial in microreactors. Fouling and
even blockage can happen when particles have a chance to
become in direct contact with the microreactor wall.'”
Moreover, the particle growth or sedimentation over time or
under flow/reaction conditions can result in an inferior
(catalytic) performance. Colloids are heterogeneous mixtures
of two or more substances and, thus, have an insufficient
stability period.”” After a certain time, the dispersed nano-
particles can settle from the continuous liquid phase and form
two separate phases, which can have a negative effect on their
properties or cause clogging of microreactors resulting in their
performance deterioration.”> Some physical (e.g, magnetic
stirring and ultrasonification) and chemical (e.g, adding
surfactants or polymers as capping agents) methods of
treatment have been used to increase their stability;36 still,
long-term stability (e.g, over months) remains not easy to
achieve, as it entails more dedicated colloidal suspension
preparation procedures. Besides, there is another possible
approach to improve the dispersion of solid particles in fluids.
The manipulation of magnetic solid particles (e.g., ferrofluids)
in flow can be better achieved by applying external magnetic
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fields in addition to pressure-driven flow.>*™>° This also
provides new possibilities for improving biphasic (gas—liquid,
liquid—liquid, or liquid—solid) mass transfer and reaction in
microreactors.’”**®* Moreover, the controlled synthesis of
(catalyst) nanoparticles has been well explored in micro-
reactors.”> This, combined with their further uses in micro-
reactors, offers an excellent opportunity for increasing the
microreactor application potential.

For slurry catalysts using microparticles, the sedimentation
in flow is even more visible given the larger particle size in the
micrometer range. These uncertainties pose a threat to their
wide and flexible application in microreactors. Coupling
microreactors with ultrasonification or encapsulating particles
in droplets seems to help mitigate the wall deposition.**"°
Ultrasound was reported to assist crystallization or particle
synthesis in microreactors,'”’ for example, to obtain a small
mean crystal size of adipic acid with a narrowed size
distribution and high crystal production rate.'”’ During
ultrasonic irradiation, seeding is no longer needed to induce
primary nucleation, because cavitation occurs which can
promote crystal nucleation with better control.'”> Due to
strong cavitation effects, ultrasound broke up the particle
agglomerates, and the mean size and span of the synthetic
particles (e.g., calcium carbonate) could be reduced by 1 order
of magnitude by applying low-frequency ultrasound in
microreactors. ~ Moreover, there was a steady pressure drop
for a long operation time in the presence of ultrasound, which
proved that ultrasound did prevent clogging. In contrast, the
pressure drop increased rapidly in the liquid without applying
ultrasound and reached up to 4.5 times higher.'”* Hence,
ultrasound is envisaged as a promising method to improve the
dispersion of solid catalysts in the slurry system in micro-
reactors. A recent work showed that the photocatalytic
microparticles (e.g, TiO,) rapidly settled down in a gas—
liquid—solid slug flow through millireactors without ultra-
sound, whereas they were resuspended within a few seconds
when ultrasound was ::1pplied.96 The cavitation bubbles, acting
as microstirrers, moved randomly and oscillated vigorously in
the liquid slug to improve the particle dispersion. However,
this cannot be easily adapted for all reaction systems without
introducing further complexity of the setup or flow pattern.
The improved transportation of particle-laden liquids has been
shown in large-sized conduits through the creation of swirling
flow patterns, e.g,, using pipes with continuously varying cross
sections'”® or attaching helical blades inside pipes.'” The
application of swirling flow intensified the turbulence motion,
thus improving the dispersion of solid particles and minimizing
the wear on the pipe walls and the pipe blockage.'”” Such
turbulence motion enhanced the mixing of fluids and, hence,
improved the mass transfer performance.'”™"'" To induce
such swirling flow in microreactors might provide another
option to keep a good dispersion of solid (catalyst) particles in
the liquid flow and enhance the liquid—solid mass transfer.

Another challenge is the recovery of catalyst from the flow
(e.g., for reasons of catalyst deactivation or its reuse). Though
a simple decantation was used to separate aqueous-based
colloidal catalysts from the organic phase® or filtration/
centrifugation could be applied to collect nano- or micro-
particles at the microreactor outlet,””** tedious procedures
(done in batch) are often required to either isolate the product
from the catalyst-containing liquid or regenerate the catalyst
via thermal treatment. Ideally, these procedures should also be
made in continuous flow in order to well match with
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microreactor processing at high production capabilities.”” In
this regard, the use of magnetic (nano)particles as catalysts
suspended in flow through microreactors may present an
attractive alternative. They might be easily recycled out of the
reaction medium with a magnetic field and reused without a
(significant) reduction of catalytic performance as reported for
reactions such as hydrogenation and oxidation in batch.'"'"*

The application of flowing PEs in microreactors remains a
much less explored area,”® and thus, ample opportunities are
foreseen here. One major challenge in this area is to further
improve the emulsion stability using nanoparticles that can be
applied as both a highly active catalyst and stabilizer at the
liquid—liquid interface under a variety of reaction conditions.”’
Research along this direction will expand reaction databases
that can benefit from PE-based microreactor operation in a
more efficient and sustainable manner. Besides, most research
focuses on describing the stabilization mechanism of spherical
solid particles while that of nonspherical particles is less
known,""® which could limit, to some extent, the choice of
promising catalysts (or its support) and, thus, applications in
microreactors. Moreover, performing reactions involving gas
reactant (e.g, H, or O,) in the presence of PEs could be
another interesting area to explore in microreactors. In short,
PEs still represent an emerging area with rarely reported
catalytic applications in microreactors, which needs a joint
effort from both chemists and chemical engineers.

Last but not least, scaleup of microreactors containing solid
particles in flow to high production capacities that meet
industrial needs is essential for technology implementation in
practice. Strategies based on a numbering-up approach have
been well studied for reaction systems involving pure liquids
within a single-phase or multiphase flow.''* To further handle
particle flow in the upscaled microreactor system, these
strategies might still be applicable with a further consideration
of the local particle hydrodynamics.*>**’® The practical
application of microreactors is being slowly integrated into
the chemical industry, given their great potential for
continuous flow chemistry and chemical synthesis. A pilot
plant was established for heterogeneously catalyzed gas-phase
reactions (epoxidation of propene to propene oxide with H,0,
in vapor form, over titanium silicalite catalysts coated on the
microreactor wall).''> Around 90% selectivity of propene
could be obtained for a total period of more than 250 h, and a
good catalyst stability was observed. Besides, the operation
conditions were reproducible over a wide parameter range
during all operation processes, proving the feasibility of the
direct transfer from the lab scale into production on an
industrial scale. The Corning advanced-flow reactor, as one
well-known type of commercial milli- or microreactor based on
glass, has different scale-up versions realized via the
numbering-up and sizing-up strategies."'*"'®""” It has been
shown to enable producing 1000 to 10,000 ton/year of active
pharmaceutical ingredient (API) in the fine chemical and
pharmaceutical industries.””"'*""® These successful examples
will certainly help pave the way for the future industrial
application of microreactors containing solid particles in flow
toward achieving efficient and more sustainable chemical
conversions.

4. CONCLUSION

Manipulation of solid particle flow in microreactors provides
great opportunities to perform (heterogeneously) catalyzed
reactions in an efficient way. Compared with wall-coated or
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packed bed microreactors, catalyst particles in microflow allow
flexible production with a relative ease of catalyst recovery and,
in the meantime, render a good or even better heat/mass
transfer rate. Promising reaction applications utilizing the
colloidal suspensions, PEs and catalyst slurries have been
demonstrated in microreactors. Important examples include,
among others, (gas—liquid or gas—liquid—liquid) hydro-
genation, gas—liquid oxidation, inert-gas-assisted fluorination
and polymerization, and biphasic liquid—liquid catalytic
reactions, where solid particles are typically encapsulated as
colloidal or slurry (photo)catalysts within either the dispersed
droplet or the continuous slug or located at the liquid—liquid
interface as the stabilizer of PE droplets. Significant
intensification potential has been illustrated primarily thanks
to the enhanced transfer (of matter and/or light) under such
particle-laden flow processing in microreactors, which allowed
obtainment of the maximized reaction rate (i.e., in the kinetic
regime) or superior performance (in terms of the reaction
conversion or product yield) compared with their batch
counterparts. A further understanding of the reaction behavior
in microreactors could be aided by the existing knowledge of
particle hydrodynamics (e.g,, solid distribution pattern and
circulation in the droplet or slug) and the effect of particle
dispersion state on (gas—liquid, liquid—liquid, and liquid—
solid) mass transfer.

Despite these application advantages showcased in micro-
reactors, there are still some challenges to overcome for their
successful implementation in industrial practice. The long-term
particle stability during flow processing in microreactors under
reaction conditions has to be improved via, e.g, developing
effective particle synthesis procedures, choice of a proper flow
regime, or coupling with ultrasonification. More simplified
procedures for the facile recovery of catalysts in flow and their
subsequent reuse without performance loss also need to be
developed. Scaling-up strategies with a consideration of local
particle hydrodynamics in microreactors need to be further
examined for the production capacity increase.

Numerous opportunities are envisaged for using micro-
reactors with continuous flow of solid particles in other
multiphase (photo)catalytic reactions, especially for the case of
PEs, which remains a much less explored area. The
fundamentals of the hydrodynamics and mass transfer of
these solid-laden microflow systems also need to be further
studied in great depth, in order to better elucidate the
microreactor performance and help to unlock its full potential
in chemical process intensification.
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