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ABSTRACT: Flow chemistry is rapidly growing as it can outperform batch processes in terms of production costs, product quality,
and overall environmental footprint. However, the reaction scope in flow is currently restricted due to solid handling limitations.
Solids such as heterogeneous catalysts (powders) or precipitates are known to clog flow reactors, leading to periods of downtime to
clean (or sometimes even replace) the reactor. Here, we report on liquid-walled continuous flow reactors that are virtually insensitive
to clogging (or abrasion) and mix an order of magnitude faster than do solid-wall analogs. Our walls consist of chemically inert
ferrofluids that are held in place with permanent magnets, leading to a stable liquid−liquid interface. We show efficient formylation
of aryl bromides that is normally plagued by in-line precipitation.
KEYWORDS: flow chemistry, clogging, mixing, formylation

1. INTRODUCTION
Flow chemistry offers numerous advantages over batch
processes in selected cases,1 such as (i) uninterrupted
production�no downtime due to emptying/cleaning sessions,
(ii) smaller footprint,2 (iii) lower solvent consumption�a 10-
fold reduction,3 crucial since 50% of the resource usage (and
GHG emissions) in API processes is due to organic solvents,4,5

(iv) better quality due to an overall better control over the
reaction parameters such as thermal andmass transfer,6,7 and (v)
improved safety.8 Flow chemistry therefore leads to a drastic
reduction in the production costs (significant OPEX reduction)
as well as a lower environmental footprint.2,3 However, despite
the clear assets of continuous flow techniques, batch processes
remain dominant among fine chemical and pharmaceutical
industrials.9 One of the main reasons is the narrow application
scope offered by continuous flow reactors as they cannot handle
solids�ubiquitous in chemistry�without clogging or breaking.
In fact, Lonza shared that among 80 API chemical processes,
about 50% could greatly benefit from a batch to flow
transposition, but 2/3rd cannot be performed into flow reactors
due to solid handling difficulties (ranging from in-line
precipitation to resorting to heterogeneous catalysts).9 In this
context, many efforts have been made to find a way around this
technical limitation, such as using slug flows,10 applying
sonication,11 oscillatory flows,12 or cascades of continuous
stirred-tank reactors,13,14 to prevent blockage of the equipment.
However, these solutions remain either impractical at the
industrial scale (costly, unscalable, etc.) or limited in terms of
acceptable solid content. Here, we show liquid-walled
continuous flow reactors capable of handling chemical slurries
by flowing the reaction media through an immiscible ferrofluid
jacket that is held in place by a simple quadrupolar magnetic field
(see Figure 1a−c).15−17

Previously, we have shown how diamagnetic liquids can be
magnetically levitated by immiscible ferrofluids in quadrupolar
magnetic fields.15 Briefly, 4 permanent NdFeB magnets are

positioned as shown in Figure 1a, resulting in a theoretical
magnetic null-line at the center of the gap (between the
magnets) and extending over the entire length of the reactor.
Emanating outward from the null-line are increasingly high
magnetic field values ranging up to ∼0.5 T. When injecting a
ferrofluid, it occupies the high-field zone, whereas diamagnetic
liquids are pushed to the null-line. The ferrofluid remains in the
reactor at all times because it is magnetically attracted. In effect,
this creates “liquid tubes” of the diamagnetic liquid surrounded
by a ferrofluid jacket. Liquid tubes have unique properties such
as 60−90% reduced drag,18 plug flow depending on the ratio of
viscosities of the flowing media and that of the ferrofluid,19 and
ultrasoft walls (2−10 kPa).20 Liquid tube diameters can range
from μm to cm,19 and lengths of 1 m have been demonstrated.15

The liquid walls can easily deform to adapt to the shape of any
solid aggregate and evacuate it in a nearly frictionless
manner.15,18 This grants the liquid tube technology unique
solid handling capabilities, thus unlocking previously impossible
continuous flow processes such as heterogeneous catalysis or
crystallization/precipitation without clogging issues or produc-
tion downtime.

2. MIXING TIME CHARACTERIZATION
Other than solid handling, a second requirement for efficient
reactors is good mass transfer. Indeed, fast mixing is key in
numerous continuous flow processes to ensure high yield and
selectivity, e.g., flash chemistry,21 a widespread powerful toolbox
in chemical and pharmaceutical industries known to involve
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highly reactive species. We therefore quantified the mixing times
of our reactors using the (gold-standard) Villermaux−Dushman
reaction used by the flow community.22−24 It consists of 2
parallel competitive reactions including an acid−base reaction in
a borate buffer (eq 1) and an iodine−iodate reaction (eq 2),
yielding iodide that further reacts with iodine ions to yield
triiodide ions (eq 3), which can be photometrically detected
using UV−vis spectrometry (at 353 nm).

+ ++B(OH) H B(OH) H O
k

4 3 2
1

(1)

+ + ++5I IO 6H 3I 3H O
k

3 2 2
2

(2)

+I I I2 3
k

k

3

3

(3)

where k1, k2, k3, and k3′ are the reaction rate constants. Since
Reaction 1 is considered instantaneous, in the case of a perfect
mixing, it will be dominant, and triiodide will thus not be
formed. In the case of poormixing, local pockets of acid will yield
the formation of triiodide (since both reactions can then occur
simultaneously). In short, it is possible, thanks to recent
contributions,24 to characterize the mixing efficiency of any
reactor by recording the UV−vis absorption signal at 353 nm
whenmixing 2 streams inside the reactor (acid and borate buffer,
see green and blue in Figure 1d, respectively).
The volume V2 (for the acid stream) can be described as its

initial value modified by the incorporation of the volume V1 (for
the borate buffer stream), where g(t) is called the incorporation
function (eq 4).
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The evolution of the quantity of each species can therefore be
derived as follows (n in moles)
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where r1, r2, and r3 are the reaction rates of the Villermaux−
Dushman reaction (see eqs 1−3), where the linear incorpo-
ration function g(t) is defined as

=g t t
t( )

m (12)

where tm is the characteristic mixing time of the device.
By solving this set of equations, one can access, by fixing a tm

value, the corresponding segregation index of any system (see eq
13).
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One can then plot the mixing time as a function of the
segregation index and use this as a tool to access mixing times of
any reactor based on the experimental segregation index values
calculated from the initial conditions and the extracted UV−vis
signal (directly accounting for the concentration of I3− anions).

Figure 1. : Flow behavior and mixing in a liquid-walled reactor. (a) Schematic edge-on and side views of a typical reactor with control over the
diameters of the reaction media (dr), chamber (dc), and magnet distance (dm). The quadrupolar magnet arrangement ensures a null magnetic field line
in the reaction media along the flow direction. (b) Multiple additional inlets (here, one shown in green) can be inserted, whose flow traverses the
ferrofluid to access the reaction media. (c) X-ray transmission image of a 1 mm diameter liquid tube of water inside a silicon-based ferrofluid (MFS
6022 fromMagron). (d) Schematic layout of the setup to quantify mixing time using the Villermaux−Dushman reaction. (e) Rapid mixing of the acid
stream (green) and buffer stream (blue). (i−ii) The ferrofluid layer forces the acid stream to form droplets, which are (iii) accelerated toward the
center of the liquid tube due to diamagnetic repulsion, (iv) leading to eddies and mixing. (f,g) Mixing times quantification (at least n = 3, error bars
show standard deviations) for 1 and 2 mm diameter tubes; length is 50 mm for both (dr, dc, and dm are defined in panel a). Solid-wall controls were 3D
printed to match the geometry (angle of inlet 2) and the dimensions of the corresponding liquid-walled reactor. The exact dimensions of both the
reactors and their respective controls are in Figures S4 and S5.
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Scheme 1. Formation of Solid LiOH (Insoluble in THF) When Traces of Water Are Present

Figure 2. (a) 3D-printed chamber (3 mm I.D., 20 cm shown in white) on an opened magnet holder consisting of 16 bar magnets. See Figure S5 for a
large technical drawing of the chamber with exact dimensions. (b) Chamber held inside the closedmagnetic frame. The attraction of themagnets in the
quadrupolar arrangement ensures that the holder stays firmly closed. (c) Two syringe pumps inject ferrofluid inside the chamber until 2 mm I.D. of the
THF phase is reached (verified by X-ray transmission imaging, see Supporting Information Section 2.3).

Table 1. System Setup andOptimization of the Formylation of Aryl Bromides in a Liquid-Walled Reactor under Continuous Flow
Conditionsa

entry BuLi equiv. DMF equiv. S1 residence time S2 residence time yieldb (%)

1 1.6 5 30 s 37 s 56
2 1.6 5 60 s 74 s 67
3 2 6.25 60 s 74 s 71
4c 2 6.25 60 s 74 s 71

aReaction conditions: 4-bromoanisole 1a (3 mmol) in THF (10 mL), commercial solution of butyl lithium in hexanes (1.6 M), DMF (2.5 mmol)
in THF (5 mL); the outcome of the reactor was collected over water. Temperature: 0 °C. bYields were determined by 1H NMR analysis of the
crude mixture after workup. In all cases, less than 5% of side product anisole 3a was detected. cReactions done in solid tubes (see Supporting
Information Section 1.5 for the reactor setup).
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We found that rapid mixing is only achieved when inlet 2 is
positioned below the ferrofluid layer, that is, the acid (aqueous)
phase needs to traverse the oily ferrofluid layer (cf. the orange
dashed box in Figure 1b). The oily ferrofluid acts as a droplet
generator, but upon (acid) droplet formation, a high
diamagnetic repulsion is exerted, resulting in rapid merging
and mixing with the borate buffer stream (Figure 1e). The
droplet generation at inlet 2 and its expulsion into the main
channel (coming from inlet 1) was visualized by high-speed
high-resolution X-ray radiology (see Video S1). Due to this
“forced droplet merging” effect, the mixing times in our devices
are about 1 order of magnitude better than those in solid-wall
analogs (Figure 1f,g). Specifically, inQ1−5, we achieve 56 ± 38
and 6 ± 1 ms at, respectively, 0.8 and 10 mL min−1. For Q2−5,
we obtained 107 ± 63 and 6 ± 3 ms at 0.8 and 10 mL min−1,
respectively. As a comparison, standard T-micromixers typically
have mixing times 1 order of magnitude higher.25 In addition,
compared to their solid-walled control, the mixing efficiency of
the liquid-walled reactors is nearly independent of the flow rate
(Figure 1f,g). Static mixers can provide good mixing times but
often suffer from poor solid handling.26,27

To illustrate the need for a reliable flow reactor capable of
solid handling, Kappe’́s group described the formation of
peptides via the azide method in continuous flow.28 In their
work, the precipitation of intermediates in the aqueous media
forced�through repeated clogging issues�the use of an
organic cosolvent. The latter cosolvent addition did permit the
translation of the process to continuous flow, thus addressing the
safety issues of this method in batch operation. However, lower

yields were achieved, and the substrate scope was reduced
compared to that of the process using only water as solvent.

3. CHEMISTRY BENCHMARK (FORMYLATION OF
ARYL BROMIDES)

Having shown efficient mixing and solid handling, we
demonstrate the liquid-walled reactor performance on for-
mylation of aryl bromides using a lithium organometallic base
since it requires fast mixing to avoid hot spots or concentration
differences.29 Moreover, both the reagents and intermediates
require a strictly dry environment to prevent side reactions and
production of solid LiOH (see the bottom pathway in Scheme
1), which clogs traditional flow reactors.30

The liquid-walled reactor consists of a 3D-printed chamber
(20 cm long, 3 mm I.D.; see Figure S5 for detailed technical
drawings) placed inside an aluminum frame with NdFeB
magnets (Figure 2a). The lid of the frame is then closed (Figure
2b), thus forming quadrupolar magnetic fields around the
chamber. Ferrofluid (0.78 mL) is injected using two syringe
pumps (Harvard Apparatus, Pump 11 Elite) at 0.1mLmin−1. To
ensure an even distribution of the ferrofluid throughout the
chamber, the ferrofluid was introduced in four 0.195 mL
injections (one per magnet) with the tip of each syringe aligned
with the middle of the corresponding magnet (Figure 2c).
Finally, the system was equilibrated by flowing tetrahydrofuran
(THF) for 30 min through the inlets at the flow rates that are to
be used in the reactions.

The flow system, see Table 1a, was assembled consisting of
the above explained liquid-walled reactor, a peristaltic pump,
and two syringe pumps. To set the temperature to 0 °C, the

Scheme 2. Substrate Scope of Benzaldehydes Synthesized by the Developed Continuous Flow Protocol in a Liquid-Walled
Reactora

aYields shown are the isolated products after column chromatography purification. The value in parentheses denotes the 1H NMR yield of the
crude after workup.
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chamber was submerged in an ice bath. The distribution of the
three inlets formed 2 different reactor sections in the liquid tube
reactor. In reactor section S1, the first two inlets introduce the
starting material solution and the butyl lithium solution,
resulting in the lithiation of the aryl bromide substrate. Then,

the addition of dimethylformamide (DMF) in THF solution
allows the formylation in reactor S2, thus completing the
reaction sequence. n-Butyl lithium is a highly reactive and
pyrophoric compound; it must be handled under an inert
atmosphere (e.g., argon or nitrogen) and with appropriate

Figure 3. Scale-out processing of the developed protocol. Yield was determined by 1H NMR analysis of the crude after workup. (a) Picture of the
reactor. (b) Reaction scheme and conditions used. (c) Comparison of the evolution of pressure between liquid tube and solid tube processing,
highlighting the nonclogging asset of the liquid-walled reactor (no downtime).
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personal protective equipment, including flame-resistant lab
coats, chemical-resistant gloves, and safety goggles, to prevent
exposure and mitigate fire hazards.
As a model substrate (Table 1b), 4-bromoanisole (1a) was

used, yielding 4-methoxybenzaldehyde (2a) as the desired
product. To hard-test the solid handling capabilities of the liquid
reactor, high-performance liquid chromatography quality (non-
dry) THF was used to increase the production of solids inside
the reactor. A screening campaign was undertaken, see Table 1,
to identify if high yields could be obtained when applying such a
relatively high-water-content solvent. A promising first result
(entry 1) was obtained, providing a moderate 56% yield. By
doubling the reaction times and increasing the equivalents of
both reagents (entries 2 and 3), a good yield of 71% was
achieved. Interestingly, despite use of nondry solvent, a very low
presence (<5%) of side product 3a was observed in all
experiments. To demonstrate the chemical inertness of the
ferrofluid layer used in the liquid-walled reactor, we performed a
control reaction at short run times (<60 min) before clogging
could occur in solid-walled tubes. Virtually identical results
(entries 3 and 4) were obtained using either the liquid-walled
reactor or a solid-walled reactor as a control. This observation,
especially for such a sensitive reaction and involving highly
reactive reagents, strongly indicates that the ferrofluid does not
interfere with the reaction media.
Using the optimal conditions explained above, the substrate

scope was extended to determine the applicability of this
method to other aryl bromides (Scheme 2). Several electron-
neutral and electron-rich benzaldehydes were successfully
obtained from the corresponding aryl bromides after column
chromatography purification in moderate yields.
In order to demonstrate the benefits of liquid tube technology

for organolithium reactions, scale-out experiments using the
model substrate were performed (Figure 3a,b). This involved 55
mL of starting material solution (300 min processing time),
using the previous optimal conditions (Table 1�Entry 3). To
determine the stability of the reactor over time, the collection
was split into 3 different stages during the run. Gratifyingly, 71%
yield was observed by the 1H NMR analysis of the crude of each
collection, confirming a consistent yield during the 5 h run.
Additionally, 1H NMR spectra of the crudes from each stage
presents a very high similarity even when comparing the
baselines (see Figure S2). These results show a high stability
over time of the ferrofluid under harsh chemical conditions.
Finally, we explored the feasibility of performing the same scale-
out reaction using a solid tube reactor (see Supporting
Information Section 1.5), using the exact same conditions. An
increase in pressure, see Figure 3c, was detected by the pressure
sensor of the Vapourtec SF-10 pump after 50 min. The pressure
continued to increase, reaching 5 bar at 124 min, at which point
the syringe pumps stopped due to overpressure, leading to the
termination of the reaction. In contrast, no increase in pressure
was observed when utilizing the liquid-walled reactor. These
findings demonstrate that the liquid tube technology effectively
overcomes the common challenges associated with solid
handling in traditional solid tube reactors.

4. CONCLUSIONS
In conclusion, we have shown liquid-walled continuous-flow
reactors that exhibit improved mixing times compared with
similar solid-tube counterparts. The dependence of mixing times
on flow rates, as is common in solid-tube systems, is not as
pronounced for liquid-walled reactors due to the unique droplet-

mixing mechanism. In using harsh lithium organometallic
reagents, we did not observe degradation, nor instability of the
ferrofluid walls, and continuous prolonged operation was
possible, whereas the solid-tube analog reactor clogged
irreversibly after only 2 h. We foresee the use of liquid-walled
reactors as a universal practical solution in many other
continuous flow processes that suffer from clogging due to
solids such as heterogeneous catalysis or crystallization/
precipitation.
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