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For complete chemical processes, downstream operation steps are essential, but on a miniaturized scale, they are not so
far developed as the microreactors. This contribution presents three different unit operations for phase and component
separation. Liquid–liquid extraction is often performed in columns, which were miniaturized for higher separation
efficiency and flow rates suitable for processes in flow chemistry. Two-phase mass transfer processes in capillaries
benefit from rapid final phase separation, which can be performed in an in-line phase splitter based on different surface
wetting behavior. Crystallization is often a final purification step, which is performed in a continuously operated helical
tube setup with narrow residence time distribution. For all unit operations, design criteria are shown with typical
applications. The methodology of downscaling of known equipment and employing typical microscale phenomena
such as good flow control, laminar flow, or dominant surface forces leads to successful equipment design.
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1. Introduction

In the past years, continuous-flow reactors with channel dimen-
sions in the micro- or millimeter region have found widespread
application in organic synthesis and process development [1, 2],
and now, they are starting to reach into production plants [3]. The
characteristic properties of these reactors are their exceptionally
fast heat and mass transfer, rapid mixing, and small holdup [4]. As
a result of the small reactor volumes, the overall safety of the
process is significantly improved [5], even when harsh reaction
conditions prevail [6]. Many processes in microreactors, particu-
larly single-phase flow with mixing [7–9], heat transfer [10], and
residence time distribution [11, 12] with related reaction perform-
ance are well understood [13, 14]. Meanwhile, reports on complete
chemical processes for pharmaceutical ingredients demonstrate the
power and diversity of opportunities in small-scale continuous
processing [15].
The majority of specialty products and pharmaceuticals are

conventionally produced in batch mode as lot sizes are rather small
compared to petroleum-based bulk chemicals. Nevertheless, con-
tinuous processing offers various advantages in relation to batch
production, regarding constant product quality in steady-state oper-
ation, increased resource and energy efficiency, and process safety
[16–18]. Recent examples are given in the following.
Eli Lilly and Co. performed a high-pressure asymmetric hydro-

genation synthesis of an active pharmaceutical ingredient (API) in
a plug flow reactor (PFR), followed by a three-stage cross-current
liquid–liquid extraction in a mixer-settler setup and continuous
antisolvent crystallization in a two-stage mixed suspension mixed
product removal (MSMPR) cascade [19]. The Massachusetts Insti-
tute of Technology (MIT) and Novartis AG demonstrated the end-
to-end continuous manufacturing process of aliskiren hemifuma-
rate tablets from an intermediate substance, incorporating 14 con-
tinuously operated unit operations in a shipping container size
plant [20]. The process included a three-step synthesis, whereas
the last synthesis step was a continuous reactive crystallization.
The downstream process included also liquid–liquid extraction
steps, continuous cooling and antisolvent crystallization, continu-
ous filtration and cake washing, and, finally, continuous drying and
tableting steps. The nominal throughput was 45 g/h. Bayer

Technology Services GmbH demonstrated the continuous two-
stage synthesis and work-up of a pharmaceutical intermediate on
production scale in a shipping container based plant [21]. In a
study published by Lonza AG, the synthesis of hazardous 2-nitro-
ethanol was carried out in a microreactor, followed by acidification
and precipitation of the basic catalyst in a continuous stirred tank
reactor (CSTR), inline filtration of the precipitated salt, purification
of the product by vacuum distillation, and recycling of uncon-
verted reactants to increase the overall yield of the process [22].
Recently, researchers from MIT reported on a fridge-size plant,
incorporating upstream and downstream modules with a variety of
fully automated unit operations [15]. Various processes schemes
can be configured in the setup. Four different API molecules were
exemplarily synthesized and formulated continuously in g/h
capacity by single- or multistep synthesis and corresponding
work-up by liquid–liquid extraction, precipitation, crystallization,
filtration, crystal washing, and dissolution.
Even though continuous process concepts haven proven to be

highly advantageous for the fine chemical and pharmaceutical
branches, there is still a lack of commercially available and suitable
equipment, which would allow for rapid assembling of plants on
laboratory or miniplant scale for process development and scale-up
for production scale. This results in dedicated design of equipment
for almost every application being reported in the literature until
present [15, 20]. Modular equipment setup and a general device
toolbox are essential to overcome this limitation.
Equipment toolboxes for continuous reaction (upstream) pro-

cesses, e.g., microreactors [23, 24] and small-scale separation
equipment have not been fully established in industrial application,
yet. Information handling tools are required, bringing together
equipment design, physical/chemical properties, and required proc-
ess conditions [25, 26]. These tools can assist chemists and process
engineers identifying suitable equipment beforehand of realization
and experimental process validation. Thus, reusing or ordering of
existing equipment designs from a catalogue can be enabled. Still,
sufficient characterization of equipment according to heat, mass
and momentum transfer, residence time distribution (RTD), and
multiphase flow behavior is required to map separation equipment
in engineering databases and tools.
Separation steps such as distillation and absorption include

vapor or gas phase flow and need large cross sectional area for
considerable capacity. Here, miniaturization is often not necessary
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or beneficial. Tiny distillation equipment is already available with
high separation efficiency at small flow rates [27]. Other processes
such as membrane separation [28, 29] or adsorption [30, 31] are
often employed in microfluidics and can be scaled-up straightfor-
ward by just increasing area. The challenges here are more related
to materials development in combination with the chemical
systems.
However, there are still some open issues in miniaturized equip-

ment and process design: multiphase flow in small channels
[32–34], highly exothermic reactions [35, 36] and their selectivity
[37, 38], as well as solids formation [39] are still active fields in
academic and industrial research and development. The complete
area of downstream processing has only shown minor progress in
the last years, which should be emphasized in this contribution. In
conventional process and biotechnological engineering, many
downstream processes are known and well defined [40]. Some
follow a simple scale-up strategy by enlarging surface (membrane)
or volume (fixed bed absorption) without loss of performance.
Multiphase flow and countercurrent arrangement is an issue in
microscale [41–43].

Considering multiphase applications, even less equipment con-
cepts are reported to allow for performing small-scale processes on
lab and miniplant scale. Typical fine chemical and pharmaceutical
products are characterized by high melting and boiling temper-
atures and low thermal stability. Comparing to bulk chemicals,
which are commonly purified by distillation, extraction and crys-
tallization from solution are key purification and product isolation
operations, as reviewed above. For small-scale chemical processes
in laboratory or miniplant environment, downstream operations are
far away from being considered as complete toolbox. For multi-
phase processes on miniplant, pilot, and production scale, NiTech®
Solutions Ltd. [44] developed a continuously operated oscillatory
baffled flow device for chemical synthesis [45, 46] and crystal-
lization [45, 47–49] application, whereas the multiphase mixtures
are dispersed by means of a pulsed flow through orifices. Further
possible applications were claimed, such as liquid–liquid separa-
tion [46]. For the crystallization application, this type of equipment
is often referred to as “continuous oscillatory baffled crystallizer”
(COBC) [47]. Commercially available equipment ranges from V =
1.25 to 3.50 L internal volume for the DN15 device [44], and a
DN25 device with V = 12 L was reported [47]. Before conducting
continuous processes, initial process development is often carried
out in batch oscillatory baffled devices to lower the material
consumption [47, 50].
In this contribution, three concepts are presented for continuous

lab-scale equipment being operated in the mL/min range, enabling
two-phase liquid–liquid (LL) and liquid–solid (LS) downstream
processing as well as LL phase separation: a stirred-pulsed column
which allows for multistage countercurrent LL extraction and
coiled flow inverter (CFI) as simple tubular device for cooling
crystallization from solution. The equipment design and character-
ization approaches will be introduced, allowing for versatile appli-
cation to chemical systems during process development and small-
scale production. This should demonstrate successful employment
of miniaturization effects, process intensification, and scale-down
of known conventional equipment.

2. Extraction Column

Microchannel devices provide high mass transfer rates and are
suited for the accomplishment of simple continuous small-scale
extraction tasks. Although the implementation of countercurrent
flow within these devices is only feasible with high effort under
strong limitations [42], the maximum performance of a single
microchannel is equivalent to one theoretical stage. The arrange-
ment of multiple single channels in a countercurrent mode is

possible [42], but the required number of pumps rises with the
number of stages, which makes this concept inefficient for chal-
lenging extraction tasks. A more suitable way to realize multistage
countercurrent extraction processes on the lab scale is the applica-
tion of miniaturized extraction columns, a scaled-down version of
well-established equipment. These columns with an inner diameter
of 15–25 mm can handle very low flow rates, which typically
occur in the laboratory, and provide several theoretical stages,
depending on the column height.
Conventional extraction columns with external energy input are

either pulsed or stirred in order to disperse one of the liquid phases.
Generally, stirred columns provide high extraction efficiencies,
while pulsed columns allow for increased throughput and flexibil-
ity. In the case of miniaturized columns, it is beneficial to combine
both types of energy inputs. Holbach et al. [51, 52] have developed
a miniaturized column with an inner diameter of 15 mm (DN15),
which is operated in such a stirred-pulsed mode. A major issue on
this scale is the increased specific surface area of the column wall,
because the droplets immediately coalesce at the wall and, thus,
flooding occurs. As a consequence, it is impossible to operate the
DN15 column in a stirred-only mode. Axial pulsation is applied to
prevent the coalescence and to enable the operation of this small-
scale column. Figure 1 presents the basic setup of the DN15
column. In the head and bottom, the phases are allowed to settle,
while the actual extraction, i.e., mass transfer between the phases,
takes places in the active extraction part of a jacketed glass tube
with inner diameter of 15 mm, where an assembly of stirrer shaft,
plates, and bearings is implemented. The plates divide the active
extraction part into single compartments and reduce axial back-
mixing. In each compartment, the flow pattern consists of two
toroidal vortices around the stirrer blades, which is typical for
stirred extraction columns. Adjusting the separation performance
of the device can be easily done by changing the height of the
active extraction part, which consists of several sections connected
by flange junctions. The column shown in Figure 1 consists of five
stirred sections, has a total height of 1.5 m, and is mounted in a
metal framework (2 m height and 0.6 × 0.5 m2 footprint) together
with the required periphery, such as pumps and stirrer drive. This
framework fits easily into common floor-mounted fume hoods,
allowing an uncomplicated application in the laboratory.

The DN15 stirred-pulsed extraction column was characterized
by Holbach et al. [51] using the test system water–acetone–butyl
acetate. The miniaturized column provides a high extraction effi-
ciency of about 20 theoretical stages per meter at total throughputs
from approximately 5 up to 40 mL/min. The major reason for the
exceptional separation performance is the increased specific sur-
face area inside the column. Based on droplet size distribution and
dispersed phase holdup measurements, values of up to 3000 m2/m3

were calculated, which is in the range of microchannel devices
[51]. Hence, the DN15 column is a highly efficient apparatus,
which can be used for the continuous countercurrent extraction
on the lab scale in combination with microreactors or for complete
extraction process development.
Beside the examinations with the test system, the DN15 column

has also been used for the examination of technically relevant
extraction processes. Sindermann et al. [53] investigated the
extraction of 5-hydroxymethylfurfural (5-HMF) from aqueous
solution into organic solvents. 5-HMF is considered to be a prom-
ising bio-based platform chemical, which, for instance, can be used
as a feedstock for the production of furan-based polymers [54]
(Figure 2).
In the 5-HMF production process proposed by Torres et al. [55],

an extraction is required to isolate the 5-HMF from the aqueous
medium leaving the reactor. As Sindermann et al. [53] have
shown in their study, reasonable yields of 5-HMF are only acces-
sible by multistage extraction. Based on their results in terms of the
liquid–liquid equilibrium, a single extraction step leads to
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approximately 50–70% yield, depending on the 5-HMF concen-
tration in the feed and on the amount of solvent used. In contrast,
they easily achieved up to 99% yield by conducting the extraction
in the DN15 stirred-pulsed column and, thus, proved the feasibility
of multistage countercurrent extraction for this separation task. In
further studies, the DN15 column can also be applied for the
extraction in a continuous lab-scale plant, which covers the com-
plete production process of 5-HMF.
The DN15 column was also used to investigate the enantiose-

lective liquid–liquid extraction (ELLE). Here, separation of a
racemic mixture is achieved with an enantioselective host mole-
cule, which is dissolved in one of the liquid phases. This leads to
an accumulation of one of the enantiomers in the phase containing
the host. In one study, Holbach, Godde et al. [56] focus on the
ELLE of phenylsuccinic acid (PSA), an aromatic acid. Here, the
liquid–liquid system consists of n-decanol as well as an aqueous
buffer solution, wherein hydroxypropyl-β-cyclodextrin (HP-β-CD)
is used as host. Figure 3 presents a flowsheet of their experimental
setup. A racemic mixture of PSA dissolved in n-decanol is fed into
the middle of the active extraction part, while pure n-decanol enters
the bottom of the column and the aqueous buffer solution contain-
ing HP-β-CD is fed into the head of the column. The (S)-enan-
tiomer of PSA accumulates in the aqueous phase, and (R)-PSA
remains in the organic phase. For both enantiomers, an enantio-
meric excess of 60% and 80% yield is achieved.
In a further study, Holbach, Soboll et al. [57] investigate the

ELLE of 3,5-dinitrobenzoyl-(R,S)-leucine, a derivate of the amino
acid leucine (Figure 4). 1,2-Dichloroethane and an aqueous phos-
phate buffer solution are used as solvents and a cinchona alkaloid
is used as host. The experimental setup is the same as for the PSA
extraction. Since the cinchona alkaloid provides a better chiral

Figure 2. Bio-based raw materials as starting material for 5-HMF, used as building block for polymers or fine chemicals [53]

Figure 1. Stirred-pulsed extraction column with 15 mm inner diameter. Left: overall setup; middle: flow visualization; right: column internals [51]

Figure 3. Flowsheet for the enantioselective extraction of PSA in the DN15
column and Conolly surfaces of PSA and HP-β-CD (modified from ref. 56)
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recognition than the cyclodextrin, higher enantiomeric excesses
and yields are achieved (80% enantiomeric excess and 90% yield
for both enantiomers). In conclusion, the researchers proved the
feasibility of the ELLE in extraction columns. Additionally, due to
the minor consumption of chemicals in the DN15 column, they
were able to conduct a large number of experiments and to gather a
lot of important data on the investigated extraction processes.
A comparison of the DN15 column with some alternative

devices for lab-scale countercurrent extractions reported in litera-
ture is given in Table 1. Compared to the DN15 column, the DN32
Kühni column is the next in size extraction column known from
literature. As can be seen in the table, this device already requires
quite high volume flow rates for proper operation, which actually
makes it unsuitable for flow chemistry applications. In contrast, the
DN30 mixer-settler battery can be operated in the desired flow rate
range, but one disadvantage of this device is the large internal
volume, which leads to long startup periods. Microfluidic liquid–
liquid contactors work within the desired flow rate range and
provide a small internal volume, but, as already mentioned, a great
number of pumps is required for the countercurrent arrangement.
As shown by Aota et al., there are approaches to overcome this
issue by realizing direct countercurrent flow in microfluidic devi-
ces [58]. However, the operational windows, especially the feasible
flow rate ranges, of the corresponding devices are strongly limited.

3. Two-Phase Splitting

Liquid–liquid (LL) systems in microchannels have long been
investigated for the process intensification by the researchers.
When two immiscible liquids are engaged at laminar flow via a
mixing element, generally, four flow patterns can be observed in
capillaries, i.e., the parallel flow, the slug flow, the regular droplet
flow, and the irregular dispersed flow (Figure 5). These flow

patterns can be achieved by the effect of several parameters such
as velocity of the phases, velocity ratio of the phases, channel
geometry, physical properties of both phases, and the wall material
[41, 61–64]. Generation of these flow patterns is more or less state
of the art [34, 61, 65, 66], whereas the continuous splitting and
separation of two-phase flow systems are still challenging subjects
on small length scale for the researchers [42].
Instantaneous splitting of liquid–liquid systems is crucial in

order to precisely characterize the mass transfer at laboratory
scale applications and to achieve robust processes. The biggest
issue here is a possible increase in contact time that might occur
within the splitter. This can result in uncontrolled mass transfer
between the phases, and thus, it is prone to major measurement
errors. Moreover, an increased residence time can also influence
the selectivity of a product in case of a complex chemical
reaction system between two phases. Additionally, small hold-
up volumes are resided in lab-scale equipment. Therefore, typ-
ical splitters such as settlers [68] cannot be implemented to the
system as they require certain hold-up for the phase splitting.
Furthermore, other LL phase splitting technologies such as
capillary force based splitters [62], plate-type coalescer [69],
and membrane separators [70] can induce a distribution of the
residence time of phases during the splitting.
Splitters that take into account of wettability characteristics

of phases on wall materials have been often investigated by the
researchers as they provide instantaneous phase splitting. These
splitters are tabulated in Table 2. Kashid et al. [71] investigated
the splitting performance of a Y-junction with steel and Teflon
outlet in order to split kerosene–water and n-butanol–water

Figure 4. Three-dimensional interacting model of DNB-leucine and
quinine derivative as selector molecule (modified from ref. 57)

Table 1. Devices for lab-scale countercurrent extraction. Vstage denotes the required volume per theoretical stage

Device V̇ total (mL/min) Vstage (mL) Remark Ref.

DN15 stirred-pulsedcolumn 5–40 10 – 52
DN32 Kühni Column >100 100 High flow rates needed 59
DN30 mixer-settler battery 5–80 200 High internal volume → large startup time

(approx. 7 h at 5 mL/min)
60

Microfluidic liquid–liquid droplet flow contactors 1–15 1.6 N stages require N + 1 pumps 41
Laminar microflow device 10−3 10−3 Only very low flow rates 58

Figure 5. Liquid–liquid flow patterns with corresponding velocity
profiles and streamlines in microchannels, where the wall is made of
a hydrophobic material. a) Parallel flow; b) slug flow; c) regular droplet
flow; d) irregular dispersed flow [67]
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systems. They achieved the separation of these systems for very
tiny flow rates (0.083–1 mL/min). Afterwards, Scheiff et al. [72]
achieved splitting of kerosene–water and velocity oil–water sys-
tems by creating a side stream. They inserted a flat-tipped hypo-
dermic steel needle into the microcapillary, which is made of
polyolefin plastomer resin, with different angles to split the aque-
ous phase via side stream. They proposed a pressure balance
model for the splitting efficiency. However, they concluded that
the extrapolation of the model is difficult for different LL
systems, as the phase splitting is influenced by a number of
geometrical and rheological parameters. Gaakeer et al. [73]
provided a slit-shaped microdevice for LL slug flow phase
separation. They revealed that separation efficiencies of 99.5%
can be achieved for the volumetric flow rates of 30–50 mL/min
and the separator provides a small residence time. Holbach and
Kockmann [41] utilized a simple microdevice for LL slug and
regular (monodispersed) droplet flow separation. However, they
had to regulate the separation of the organic phase with a pump
at the outlet. Recently, a modified version of the LL phase
splitter was improved by Kurt et al. [67] regulating the organic
phase outlet via angle control of the splitter (approximately by
1° to 5). Figure 6 represents the working principle of the splitter.
An aqueous phase tends to wet the surface of the stainless steel

sieve, whereas an organic phase tends to wet the surface of poly-
chlorotrifluoroethylene (PCTFE) as it is a hydrophobic material.
As it can be seen from Figure 6, dispersed (d) aqueous phase can
be instantaneously split via the steel sieve within the splitter
regarding the wettability characteristic, whereas the continuous
(c) organic phase leaves the splitter via the outlet that is made of
polymer, i.e., PCTFE. Hence, LL mass transfer characterization of
different systems can be measured more precisely with this setup.
Kurt et al. [67] proved the working principle of the splitter

(Figure 6) with optical observations. They fabricated the splitter
by using a polymer material, i.e., poly(methyl methacrylate)
(PMMA). In their study, the working principle of the phase splitter
was observed by using 1-octanol–water system. Figure 7 repre-
sents the PMMA splitter and a snapshot from an experimental run,
at which the total volumetric flow rate and the volumetric flow
ratio (aq/org) were adjusted to 2 mL/min and 1, respectively.
As it can be seen from Figure 7, the dispersed phase (water) is

instantaneously split by stainless steel sieve that is inserted inside
the splitter. The reason is high wettability characteristic of water on
stainless steel as it is a hydrophilic material. On the other hand,
continuous phase (1-octanol) is separated via another outlet made
of PMMA. The dispersed phase near the outlet of the continuous
phase, which can occur during the startup, is at a stationary
position and does not flow through the outlet of continuous phase.
However, it can be easily taken out via dispersed phase outlet by

manipulating slope angle of the splitter. They also characterized the
splitting efficiency of this splitter by using a standard EFCE test
system for LL extraction, i.e., n-butyl acetate–acetone–water sys-
tem. Kurt et al. [67] investigated the splitting efficiency for the
flow ratios (aq/or) of 0.5, 1, 1.5, and 2. The total volumetric flow
rate was varied in the range of 1–0 mL/min. Experiments revealed
that the splitting efficiency decreases with decreasing droplet size
inside the capillaries, i.e., higher volumetric flow rates decreases

Table 2. Design parameters and test systems of various continuous phase splitters that provide instantaneous phase splitting

Device V̇ total

(mL/min)
System Splitting method Splitting performance Ref.

Capillary tube with Y-junction
di = 0.5, 0.75, 1 mm

0.17–2.00 Water–kerosene Wettability based, Y-splitter with
stainless steel and Teflon outlets

Pure organic phase achieved,
some organic remained in

aqueous phase

71

Microcapillary films with
T-junction (dh = 0.63 mm)

0.17 Kerosene–water
mineral oil–water

Wettability based capillary tube
(di = 1 mm) with flat-tipped,
hypodermic steel needle

(di = 0.82, 0.51)

High splitting performance 72

Slit-shaped separator with Teflon
and glass rectangular bars

n-Heptane–water Wettability based separator,
rectangular capillaries,

10 mm width, 0.1–2 mm depth

High splitting performance,
water breakthrough at higher

flow rates

73

Capillary tube setup with jet flow
and breakup, contacting (glass
plate microreactor) and splitter
section, dt = 4 mm (slug and
dispersed flow)

9 n-Nonane–water Wettability based splitter,
stainless steel and PEEK

Nearly complete partitioning of
the phases achieved

41

Capillary tube with T-junction
di = 1 mm

1.0–7.8 n-Butyl acetate–water Wettability based T-splitter,
stainless steel and PCTFE

High splitting performance 62

Figure 6. a) Working principle of the splitter that is used in the present
work. Inlet diameter of the splitter is 2 mm, whereas outlet diameter of
continuous (c) and dispersed (d) phase are 1 mm and 2 mm, respec-
tively. b) Splitter that is made of stainless steel. c) The horizontal
position of the splitter at the beginning of the experimental trials on
the left and the sloped position of the splitter with an angle approx-
imately 10° as an example for regulating the splitting efficiency on the
right [67]
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the size of droplets and, thus, flow pattern tends to behave as a
regular droplet flow and/or irregular dispersed flow (Figure 5). The
similar observation was also done by Holbach and Kockmann [41]
as they started to investigate this kind of splitter. They found that
monodispersed droplets are very helpful to achieve an efficient
phase separation. Finally, Kurt et al. [67] proposed an efficient
splitting domain for the studied LL test system. They revealed that
an instantaneous phase splitting can be achieved and, thus, LL
mass transfer processes can be robustly run by neglecting an
additional residence time that is spent within the splitter at lab-
scale applications.

4. Coiled Flow Inverter for Crystallization

Capillary systems in the range of 100 μm to few millimeters are
widely used for lab-scale flow processes, as small tubes are avail-
able from various polymeric and metallic materials. To make
tubular setups, more compact coiling is often applied. Thus, con-
tinuous process steps requiring mean residence times of several
minutes to hours can be realized. Nevertheless, the residence time
distribution (RTD) is often rather poor in laminar flow tubes due to
axial dispersion, which can be an issue, when transferring process
from batch to continuous operation.

In 1984, Saxena and Nigam introduced a tubular device with
a specific coil design, providing an extremely narrow RTD close
to ideal plug flow behavior. The design concept is characterized
by a defined number of helical tube segments, nseg; a defined
number of turns in each helical coil, nturns; and a defined coil
pitch, p. Furthermore, 90° orientation changes between two of
each helical segment are applied (Figure 8). By flowing on the
circular pathway through the helices, centrifugal forces act on
the flow, shifting the velocity maximum of the parabolic velocity
profile closer to the outer side of the wall. This induces a
secondary flow, the so-called Dean vortices, which enhance the
radial mixing, and, therefore, reduce axial dispersion and lead to
a narrow RTD in laminar flow. The 90° bends further enhance
this effect, as the orientation of Dean vortices changes and the
flow profile has to reestablish. Thus, the equipment concept is
called coiled flow inverter (CFI) [74].
The CFI design offers various degrees of freedom to adapt to

specific applications, as the inner tube diameter, di; the tube length,
l; the coil diameter, dc; the number of turns per helical coil, nturns;
and the number of bends, nbends = nseg – 1, can be chosen
individually. The Reynolds number, Re, eq. (1), and two corre-
sponding dimensionless numbers, the Dean number, Dn, eq. (2),
and the modified Torsion parameter T*, eq. (3), can be utilized to
adjust CFI geometry, process conditions, and physical/chemical
properties of the system to an operating range, where a narrow
RTD can be ensured.

Re ¼ wdi
v

¼ 4 �mL

πdiηsol
ð1Þ

In curved flow, the ratio of the hydraulic diameter to the curve
radius (or diameter dc) determines the generation of secondary flow
and the so-called Dean vortices, characterized by the Dean number.

Dn ¼ wdi
v

ffiffiffiffiffi
di
dc

s

¼ 4 �mL

πdiηsol

ffiffiffiffiffi
di
dc

s

> 3 ð2Þ

The influence of the vortices on the flow profile and RTD is
noticeable with Dn > 3, or in complex channel geometries with
deflected flow. The modified torsion parameter T* describes the
influence of the helix pitch (stretching of the coil) on the flow
profile. To achieve a nearly undisturbed Dean vortices flow and a
narrow RTD, the torsion number should be larger than a certain
threshold value (eq. (3)) [77].

T� ¼ wdi
v

πdc
p

¼ 4 �mL

πdiηsol

πdc
p

> 1000 ð3Þ

Figure 7. a) Top view of the phase splitter that is made of PMMA for
optical observations. b) A snapshot of PMMA splitter (top view) that is
taken by a high speed camera (500 fps) during an experiment, where
the continuous phase is 1-octanol and the dispersed phase is water [67]

Figure 8. CFI cooling crystallizer from PVC tubing on supporting structure (modified from ref. 75), “zickzack” design [76]
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The RTD of a tubular device can be characterized by the
Bodenstein number Bo (see eq. (4)), whereas Bo > 100 indicates
a narrow RTD close to ideal plug flow [78].

Bo ¼ wl
Dax

> 100 ð4Þ

Further CFI design guidelines [76, 77] and a modular design
approach [79] for CFI equipment have been developed by our
group. The CFI concept proved superior characteristics for various
processes [80], including heat transfer [81–83], single-phase reac-
tions [35, 84], biotechnical applications [85, 86], single-stage
liquid–liquid extraction processes [67, 87, 88], or gas–liquid reac-
tive precipitation of inorganic compounds [79]. Microstructured
CFI (MCFI) setups have been reported, combining the advantages
of a narrow RTD with intensified heat and mass transfer character-
istics [76, 83, 88, 89]. A cooling crystallization application of the
CFI concept was recently reported by our group [75]. The concept
will be introduced in the following.
Continuous crystallization of organic molecules from solution

can either be carried out in continuously operated stirred vessels,
the so-called “mixed suspension mixed product removal”
(MSMPR) crystallizers with a strong backmixing behavior or in
equipment with plug flow characteristics. In comparison, plug flow
equipment offers a higher space-time yield, but tubular equipment
is generally limited according to smooth temperature control and
particle settling, scaling, and clogging [17]. Cooling crystallization
is widely used in the fine chemical and pharmaceutical industry for
separation, providing that the solubility of the product in the
solvent significantly decreases with lower temperature.

A literature overview on tubular equipment concepts for con-
tinuous cooling crystallization of small organic molecules from
solution is given in Table 3.
While the reported COBC devices are characterized by an inner

volume in the liter range, most of the tubular crystallizers from
polymeric tubes provide a process volume in milliliter range.
Likewise, the applied flow rates of the crystallizing solution/
suspension are generally lower for the reported polymeric tube
devices compared to the COBC setups. Nevertheless, the COBC
concept already proved its applicability for various organic sys-
tems and performance indicators, such as RTD, particle transport,
surface scaling, or temperature profile, were characterized exper-
imentally. In the case of the polymeric tube devices, proof of
concept for a specific system is usually reported, but less equip-
ment characterization is performed which hinders a more detailed
comparison of the equipment concepts.
Generally, a narrow RTD and a controlled smooth axial temper-

ature profile are important for a continuous plug flow cooling
crystallizer. The narrow RTD and superior heat transfer character-
istics of the CFI concept make it favorable for this application.
As known for microreactors, solids handling is an issue and

solids formation in a small-scale process can lead to unstable
operation or even to failure [39, 99]. Thus, an efficient particle

fluidization is crucial for robust operation. Pulsating flow by piston
movement (e.g., COBC) [47] and gas–liquid slug flow [95–97] is
under discussion to facilitate particle transport in plug flow crys-
tallization. For helically coiled tubes, there is evidence that Dean
vortices enhance particle fluidization and reduce scaling of surfa-
ces, e.g., in membrane filtration processes [100]. A shortcut model
based on the Stokes flow regime (Rep < 1) of the suspended
particles was proposed to calculate the maximal feasible particle
size, which will not sediment in a horizontally oriented helical coil
[101], eq. (5). The particle with a diameter xcut is just transported
by the mass flow rate of �mL in a helix with an inner tube diameter
of di. Larger particles will sediment with a high probability. The
cut-size diameter is determined from the viscous force and buoy-
ancy (left part under the square root) as well as from the flow
velocity (right part).

xcut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
72

π
ηsol

g ρs−ρsolð Þ
�mL

ρsold
2
i

s

when Rep ¼ 4 �mL
πdiηsol

xcut
di

< 1 (5)

On this basis, a millistructured CFI was designed to carry out
cooling crystallization processes on lab scale with a total mass flow
rate of solution in the range of �mL = 10 g/min. A prototype was
constructed from polymeric tube material (both polyvinyl chloride
[PVC] and fluorinated ethylene propylene [FEP]), with an inner
tube diameter of di = 4 mm and a tube length of l = 6.5 m [75, 83]
(see Figure 8).
Step response experiments with an aqueous solution and a

dissolved tracer substance proved a narrow RTD of the CFI
crystallizer close to ideal plug flow. Bodenstein numbers of Bo =
110–170 were measured for various mass flow rates in the range of
1 to 10 g/min [75]. To adjust desirable temperature profiles, the
CFI was equipped with a jacket pipe and baffles for countercurrent
cooling with a gaseous cooling agent. By adjusting the heat
capacity flow rates of both the crystallizing fluid in the tube and
the cooling agent to the same order of magnitude, eq. (6), a
smooth, approximately linear axial cooling profile can be achieved.
A heat transfer characterization study of the CFI cooling crystal-
lizer was carried out by means of experiments and simulation [83].

�mcp
� �

L ¼ �mcp
� �

G ð6Þ
The crystallization setup consists of two jacketed stirred storage

vessels for solution and pure solvent, a peristaltic feed pump, a heat
exchanger for adjusting the inlet temperature of the cooling gas, a
heating and another cooling thermostat, and a digital balance for
gravimetric determination and control of the mass flow rate. The
entire setup can be placed on a mobile lab bench (Figure 9).
Unseeded cooling crystallization processes proved poor suitabil-

ity for continuous operation, as the transfer of measured primary
nucleation kinetics from batch to continuous process can lead to
unstable operation [75]. The metastable zone width (MSZW),

Table 3. Design parameters and test systems of various continuous tubular cooling crystallizers from literature (from ref. 75)

Equipment type di
(mm)

V
(mL)

Tube material ṁL

(g/min)
V̇ L

(mL/min)
Product
(solvent)

Ref.

COBC DN25 12,000 Glass PVDF – 1000 API (solvent) 47
COBC DN15 1250 Glass – 100–400 RTD study 90
COBC DN65 �12,000 Steel FEP – 50 RTD study α-lactose

monohydrate (water)
50

COBC DN15 5100 Glass 50 – β-L-Glutamic acid (water) 49
Tube-in-tube heat exchanger 1.6 15.3 PTFE – 10.8–47.2 Paracetamol (methanol) (ethanol) 91
Helically coiled tubes 2.0 47.0 Polysiloxane – 12.4–25.2 Acetyl salicylic acid (ethanol) 92
Tubular growth section 3.2 49.0 Chem-Durance® Bio – 11.3–14.2 Paracetamol (water) 93, 94
Gas–liquid slug flow 2.0 85 Polysiloxane – 15.0 (L) 15.0 (G) Acetyl salicylic acid (ethanol, air) 95
Gas–liquid slug flow 3.1 115 Polysiloxane – 7.0–23.5 (L)

7.0–23.5 (G)
L-Asparagine monohydrate

(water, air)
96, 97

Liquid–liquid slug flow 1.0 0.1–2.3 PFA – 0.4 (L 1) 0.4 (L 2) Adipic acid (water, hexane) 98
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which is corresponding to the nucleation temperature, directly
depends on various process conditions, e.g., mixing intensity or
cooling rate. The significance of these parameters on the MSZW
depends again on the crystallizing system and on the amount of
impurities or additives [102]. Continuously seeded cooling crys-
tallization can suppress undesired nucleation events or the forma-
tion of crystals of an undesired morphology. Thus, a stable steady-
state operation is feasible and scaling/clogging issues can be
reduced [49, 92, 103]. The current work focuses on the develop-
ment of a device for continuous seed crystal generation by abrasion
from larger parent or product crystals, followed by a mechanical
classification of the desired crystal fraction. These seed crystals are
further processed in the tubular cooling section for crystal growth.
The calculated cut-size diameter for product crystals of the
L-alanine–water system according to eq. (5) is xcut = 229–
324 μm for a mass flow rate in the range of �mL = 5–10 g/min [75].
In conclusion, for the CFI crystallizer, a simple and robust

device was designed, characterized, and successfully operated for
seeded cooling crystallization. Further investigations are related to
different chemical systems with different solubility, viscosity, and
density difference as well as scale-up of the tubular device for pilot
production.

5. Conclusion and Outlook

While microreactors are well characterized and often imple-
mented in R&D, separation steps are still in development and
sometimes missing on small-scale processing. This contribution
presents different channel structures for flow separation and mini-
aturized devices for separation protocols. Three concepts are pre-
sented for lab-scale equipment enabling two-phase liquid–liquid
(LL) and liquid–solid (LS) separation: a stirred-pulsed column
which allows for multistage countercurrent LL extraction and
coiled flow inverter (CFI) as tubular device for cooling crystalli-
zation from solution. The equipment design and characterization
allow for versatile application to chemical systems during process
development and small-scale production. Successful employment
is demonstrated for miniaturization effects, process intensification,
and scale-down on conventional equipment.

Future work will concentrate on deepening the understanding
of the described phenomena regarding the turbulent flow in
microchannels and interfacial phenomena. Separation steps
such as distillation and adsorption include vapor or gas phase
flow and need large cross sectional area for considerable
capacity. Here, miniaturization is often not necessary. Other
processes such as membrane separation or adsorption are often
employed in microfluidics and can be scaled-up straightforward
by just increasing area. The challenges here are more related to
materials development in combination with the chemical sys-
tems. The integration into complete processes with reasonable
effort is the engineering challenge. Nevertheless, understanding
of complex multiphase flow with mass and heat transfer is still a
challenge for the design of separation units for small-scale
process development and scale-up for pilot production.

Nomenclature

cp heat capacity (J/kg/K)
Bo Bodenstein number (−)
di inner tube diameter (m)
dc coil diameter (m)
dh hydraulic diameter (m)
Dax axial dispersion coefficient (m2/s)
Dn Dean number (−)
g gravity acceleration (m/s2)
l tube length (m)�m mass flow rate (kg/s)
nbends number of bends (CFI) (−)
nseg number of segments (CFI) (−)
nturns number of turns per coil (CFI) (−)
P pitch distance (m)
R volumetric flow ratio (aq/org) (−)
Re Reynolds number (−)
w flow velocity (m/s)
V̇ volume flow rate (m3/s)
T* modified torsion parameter (−)
x
cut cut-size diameter (m)

Figure 9. CFI cooling crystallizer and peripheral devices on mobile lab bench (modified from ref. 75)
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Greek symbols

η dynamic viscosity (Pa s)
v kinematic viscosity (m2/s)
π pi number (−)
ρ density (kg/m3)

Indices

G gaseous phase
L liquid phase
p particle
S solid phase
sol solution
total summation of all inlet streams

Abbreviations

5-HMF 5-hydroxymethylfurfural
aq aqueous
c continuous
CFI coiled flow inverter
CSTR continuously stirred tank reactor
COBC continuous oscillatory baffled crystallizer
d dispersed
EFCE European Federation of Chemical Engineering
ELLE enantioselective liquid–liquid extraction
FEP fluorinated ethylene propylene
HP-β-CD hydroxypropyl-β-cyclodextrin
LL liquid–liquid
MCFI microstructured coiled flow inverter
MSMPR mixed suspension mixed product removal

crystallizer
MSZW metastable zone width
org organic
PCTFE polychlorotrifluoroethylene
PFA perfluoroalkoxy alkane
PEEK polyether ether ketone
PMMA poly(methyl methacrylate)
PSA phenylsuccinic acid
PVC polyvinyl chloride
PVDF polyvinylidene fluoride
RTD residence time distribution
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