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Summary
Microreactor technology and continuous flow processing in general are key features in
making organic synthesis both more economical and environmental friendly. Using modular
equipment on different platform levels described by the flow rate or other process parameters,
the plant setup and scale-up from lab scale to production can be easier and faster. The most
important unit operation in down stream processing of the reaction products, is liquid-liquid
extraction. The goal of this thesis is to design, test and demonstrate extraction devices in the
micro to millimetre range as part of an on-line production work-up facility in a microreactor
production system for a flow range of 1 to 10 mL min-1. The extraction process exists of three
stages: (1) dispersing the extract and raffinate phases, (2) mass transfer of the product from
the raffinate to the extract phase and (3) separation of the two phases.
First a separation device for an aqueous-organic Taylor flow was designed and tested.
The separation was based on capillary forces. A separator was designed with two slit shaped
capillaries as outlets, one hydrophilic and one hydrophobic. The length of the capillaries was
5 mm, the width 10 mm and the height could be changed from 0.1 to 2.0 mm. Separation
devices based on capillary forces work well as long as the capillary force in one outlet
exceeds the hydraulic pressure in the other outlet. When the hydraulic pressure caused by
flow resistance exceeds the capillary pressure, a breakthrough of the wrong liquid will occur
and the separation performance will be influenced negatively. Decreasing the height of the
slit increases the capillary pressure proportionally and the hydraulic pressure increases with
the same factor to the third power. In this way the separation performance could be tuned
to the flow rate and the interfacial tension between both liquids. The measured capillary
pressure and hydraulic pressure for different flow rates were in accordance with the YoungVII

Laplace and Hagen-Poisseuille equations respectively, which means that the difference
between the capillary pressure and the hydraulic pressure could be predicted well for the
extraction liquids used.
Measurements for separation performance have shown that for a Taylor flow of
25 mL min-1 of n-heptane and 25 mL min-1 of water and a slit height of 0.8 mm, the volume
fraction of n-heptane in the water outlet was smaller than 0.001. The volume fraction of
water in the n-heptane outlet was 0.001. For the 0.1 mm slit height, the volume fraction of
n-heptane in the water outlet was 0.27 and the volume fraction of water in the n-heptane
outlet was 0.09. For the slit height of 0.8 mm, the capillary forces are larger than the hydraulic
pressure. Decreasing the slit height to 0.1 mm, increases the hydraulic pressure more than the
capillary pressure which results in breakthrough of water in the n-heptane outlet. To prevent
breakthrough, it is advised to keep the capillary pressure twice as large as the hydraulic
pressure.
This separation device was used in a three stage countercurrent Taylor flow extractor. The
slit height in the separator was 0.2 mm. Because of the low capillary pressure, the separator
is sensitive to down stream pressure disturbances, resulting in low separation performance
due to breakthrough. These disturbances are effectively suppressed to a maximum of
100 Pa by applying an electronic pressure control at both outlets of the separator. From the
measured extraction efficiency in the Taylor flow extractor, the mass transfer coefficient was
determined. These mass transfer coefficients varied from 0.12 to 0.76 s-1 for a total flow
of 2 to 10 mL min-1, i.e. superficial velocities of 42 to 212 mm s-1 in the Teflon tube (inner
diameter: 1 mm). These results are in the same range as reported in literature for a two-phase
Taylor flow in a tube with comparable superficial velocities.
VIII

Also a new coalescer-separator for emulsions was developed. It was based on the plate
type coalescer with both a hydrophilic and a hydrophobic wall and a narrow space (10 –
100 µm) between the walls. Aqueous droplets which touch the hydrophilic wall will coalesce
to a water layer present at the hydrophilic wall. The water will flow along the water layer at
the hydrophilic wall. The organic dispersed phase will coalesce to the organic layer present
at the hydrophobic wall. This results in two continuous phases. The new coalescer-separator
differs from the earlier designs. The height of the coalescing channel gradually increases to
lower the flow velocity. Also the layer of continuous phase around the outlets is relative large
compared to the coalescing channel. This prevents droplet formation and entrainment at high
velocities, resulting in a high separation performance.
In the coalescing channel the distance between the hydrophilic and hydrophobic wall
can be varied between 10 or 40 µm. The channel is 13.3 mm wide and 4.6 or 8 mm long.
Emulsions were made in a glass split and recombine mixer directly connected to the
coalescer-separator. 99.9 to 87.7 % of the dispersed phase was coalesced for emulsions
of water/n-heptane (volume fraction 0.9/0.1) at flow rates of 2 mL min-1 and 10 mL
min-1 respectively. The length of the coalescing channel did not influence the coalescing.
The depth of the channel influenced the maximum drop diameter in both the organic
and the aqueous outlet flow. The separation of a 0.5 volume fraction water/toluene or
water/n-heptane was nearly 100% up to total flow rates of 10 mL min-1. For a water/npentanol (volume fraction 0.5) emulsion at a total flow of 2 mL min-1, the aqueous outlet
consisted for 97% of water. This water/n-pentanol flow with the low interfacial tension of
4.6 10-3 N m-1, showed a decreasing separation performance decreases for the higher flow
rates.
IX

For multiphase flows in the coalescer-separator the capillary number, describing the
ratio between the shear stress between interfaces and the interfacial tension, can be used to
indicate whether an emulsion is formed or not. With the shear rate, the interfacial tension
and the channel height a critical capillary number can be defined for multi-phase flows. In
these flows with a high capillary number, droplets will be formed and entrained in the other
phase. This decreases the separation performance of the coalescer-separator. The interface
in multiphase flows with a lower capillary number will remain stable leading to a high
separation perfromance. Measurements showed that the maximum capillary number, before
droplets are formed and entrained, has a value of 0.5. This is the critical capillary number in
the coalescer-separator.
This new coalescer-separator is capable of separating an emulsion within 0.0036 s for
a flow rate of 10 mL min-1. This short time span is in the range of the contact times in
other micro devices like a split and recombine mixer. This opens the possibility to measure
the mass transfer coefficient inside a split and recombine mixer excluding the mass transfer
in a traditional settler or coalescer-separator. Extractions were performed to measure the
extraction efficiency and the drop size distribution. From the extraction efficiency, the
overall mass transfer coefficient was determined for different flow rates. These values were
in expectation with the predicted values of a Sherwood relation in which the measured drop
size distribution of the emulsion was used for an averaged droplet diameter. The contact time
between the raffinate and extract phases varied from 0.03 to 0.15 seconds for the different
flow rates, resulting in an extraction efficiency of 0.9. In these extractions the surface of the
dispersed organic phase reached a maximum of 2.0 105 m2 m-3 dispersed phase at a total flow
rate of 10 mL min-1. The volume in which the mass transfer took place was 4.8 µL. The mass
X

transport in the emulsion flow extraction can mainly be described by the molecular diffusion
inside the emulsion droplets. The overall mass transfer coefficient varied between 27 and
136 s-1 for total flow rates of 2 to 10 mL min-1.

XI
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1.1

General Introduction

Microreactors

Microreactors were already described in the late fifties of the twentieth century, mainly
used for analytical applications.1–3 Later, in the nineties of the last century, the advantages
of microreactors for product development were acknowledged.4 Nowadays laboratory scale
flow chemistry has seen an explosive development and has become an enabling technology
for improving synthetic efficiency through automation and process optimization.5,6,7
Much research has been done with microreactors in developing new products. The small
volume and possibilities for continuous flow allow testing numerous reactions at different
temperatures, concentrations, pressures and reaction times.8 Inline analyses combined in
these high throughput experiments allow a high grade of automation of the development
process.9,10
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A large amount of research has been done with micro reactors resulting in new products or

processes. Microfluidic reactors have been used in materials science mainly for the improvement
of nanoparticle synthesis, namely metal, metal oxide and semiconductor nanoparticles, but
also in the formulation of more advanced and sophisticated inorganic materials or hybrids.11
The short transport distances in micro channels offer significant benefits compared to batch
processes, especially for heterogeneous catalytic hydrogenation in gas-liquid-solid triphasic
reaction conditions.7,12,13 Microreactor technology and continuous flow processing in general,
are key features in making organic synthesis both more economical and environmental
friendly. When performed under a high-temperature/pressure process intensification regime,
many transformations which were originally not considered suitable for flow synthesis owing
to long reaction times, can be converted into high-speed flow chemistry protocols that can
operate at production scale quantities at new operation windows.14,15 Also enzyme catalysed
reactions can be made more efficient in microreactors as rate limiting transport distances
are decreased.16 The same holds for improving the technology for photochemistry like UV
and visible-light driven photochemical processes. The continuous flow microreactors will
capture more light per volume compared with their batch counterparts.17 In the field of bulk
chemicals as polymer synthesis and biodiesel production microreactor systems also have
proved their possibilities.18,19
As miniaturized flow-through processes proved to be a significant breakthrough towards
efficiency, automation and optimization of research of new products, time from bench to
production is still too long.6 Using modular equipment on different platform levels described
by the flow rate or other process parameters, the plant setup and scale-up form lab scale to
production is easier and faster.20 A micro system consisting of an arrangement of reactors
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and unit operations fit for lab scale experiments can easily be scaled up to production by
numbering up more of these micro units. This is most relevant for pharmaceutical industry’s
time-to-market needs. Micro flow processing has the advantage of the ease with which
reaction conditions can be scaled.21
Most research is done with microreactors used as a device to develop new products and
to explore process conditions which are not possible with traditional lab scale equipment.
However, to completely utilize the advantages of microreactors, not only the processes in
the reactor must be understood. Also the workup of the reaction products must be developed
in the same micro flow range as the reactor is operated. In other words, knowledge of the
dynamics of complex systems with countercurrent extractions, multiple pumps, valves
and other operation units and flow controllers is needed to fully utilize the possibilities of
microreactor systems.10

1.2

Micro and mili extractors: contacting

To maintain the advantages of microreactors, the operational parts in the work-up lines,
like extractors, evaporators or crystallisers, should also be micro sized. This way, the small
product volumes, short residence times and optimal control of the process (temperature,
conversion) are guaranteed. Also the product quality can be assessed as fast as possible in
order to respond quickly to changes in process conditions. Because liquid-liquid extraction
is the most common operation in fine-chemical and pharmaceutical industries, developing
a micro sized continuous extractor will increase the application and potential of micro flow
operation in these industries in the most effective way and allows for continuous production of
fine chemicals and pharmaceuticals. Three different flow regimes for conducting extractions
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a

b

c

Figure 1.1: Schematic visualisation of the three different flow regimes in micro channels: a) parallel
flow; b) Taylor flow; c) emulsion flow

in micro channels are known: parallel flow, Taylor flow and emulsion flow.22 The flows are
schematic visualized in Figure 1.1.
The parallel flow regime does not create a dispersion. Both the extract and the raffinate
phase are in contact as a continuous phase in the microchannel. To keep the two immiscible
liquids flow parallel in the channel, the pressure drop from flow resistance must be smaller
than the capillary pressure keeping the liquids separated. Modification of the micro channel
walls for partial wetting and a small flow rate are needed for this. Reported flow rates for this
type of extraction are in the range of 2 to 100 µL min-1.4,23–27 To increase the stability of the flow,
micro pillars can be placed between the two parallel flows.28,29 The smaller distance between
the pillars increases the capillary force separating the flows. Also countercurrent extractions
are reported.30,31 For a typical parallel flow extraction in a rectangular micro channel with
a width and a height of 200 µm, the residence time is approximately 15 seconds to reach
thermodynamical equilibrium of the solute in both phases. This residence time calculation
is based on the molecular diffusion of the solute from the raffinate phase to the extract phase.
With this relative long contact time and low flow rate, the capacity of this extraction method
is low. Parallel flow extraction is therefore more suitable for analytic purposes than for the
work-up of a product. A higher capacity can be reached when a membrane is placed between
the raffinate and extract phase.32–34 For this case the pressure drop in the channels must be

Micro and mili extractors: contacting

5

smaller than the breakthrough pressure of the membrane, leaving room for a higher flow rate.
The membrane induces a diffusion barrier however, decreasing the contact efficiency.
The Taylor flow regime creates more contact area than the parallel flow and needs a low
mixing intensity to form the slugs. Slugs with a minimal length of the channel diameter are
formed in a simple T-mixer or Y-mixer. Overall volumetric mass transfer coefficients for
liquid-liquid extractions have been described by several researchers. For various flow rates
and channel sizes, these kla values vary from 0.02 to 1.5 s-1.25,35–46 The high mass transfer
coefficients ensure that the thermodynamical equilibrium of the concentrations in the
extract and raffinate phases are reached within a short contact time, typically
less than 10 s. This is an improvement compared to the extraction time with the parallel flow.
However, for some micro reactor applications, a shorter extraction time can be needed.
The emulsion flow regime expresses the highest dispersion that can be formed in a micro
mixer which results in a high mass transfer rate. The dispersion performance in this micro
mixer depends on the geometry of the mixer, the viscosity and surface tension of the phases
and the energy dissipation in the mixer.47 Finely dispersed emulsions can be prepared with
split and recombine mixers48 or interdigital mixers.47 The energy dissipation can be up to
1000 W kg-1 which is 10 to 100 times larger compared to normal stirred tanks.49 The flow rate
for the extraction in a micro channel is in the range of 1 to 100 mL min-1 with typical drop
diameters in the range of 10 to 100 µm.23,47,48,50–53 Based on mass transfer by diffusion in these
drops and a well-mixed continuous phase, it will take no more than 0.03 to 0.8 s to reach
an extraction efficiency above 99.9 %. Figure 1.2 expresses the relation between the mass
transfer coefficient and the needed extraction time to reach thermodynamical equilibrium.
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between
typically
mass
transfer
coefficients,
extraction time and extraction efficiency in micro channels with the three flow regimes
parallel flow, Taylor flow and emulsion flow (Extraction efficiencies: 0.999
;
0.99
; 0.95
; 0.80
).

1.3

Micro and mili extractors: separation

The mass transfer process between the phases in an emulsion is very fast and will take
place within a fraction of a second.50 However, the coalescing and separation of such an
emulsion by gravity is much slower and it will take minutes to days before further processing
can take place. Static emulsions only coalesce from buoyancy of the droplets and droplet size
changing by Ostwald ripening.54 Complete coalescing requires a relative large dead volume,
which eliminates all advantages of the micro structured reactor. Benz et al. demonstrated
the emulsion based extractions with micro mixers and settlers to separate the phases.50 The
residence time in the settlers was large compared to the contact time needed for the extraction.
The coalescing of emulsions can be enhanced in a flat micro channel with a hydrophobic and
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a hydrophilic wall and by minimizing the distance between the droplets and the surface on
which the droplets will coalesce. This is effectively achieved in a micro channel where the
flow is squeezed between two walls with a distance smaller than the diameter of the droplets.
The walls of this channel can be modified to have hydrophobic and hydrophilic properties to
maintain stable continuous phases along these walls during and after the coalescing of the
emulsion. To enlarge this effect, the micro channel needs to have a large area to volume ratio.
This design rule leads to wide and shallow slit shaped micro channels. Several examples of
this enhanced coalescing of emulsions are presented in literature with channel depths ranging
from 10 to 500 µm.44,55–60
When an emulsion is coalesced into two continuous phases, these phases still need to
be separated in a settler. This requires a relative large volume and residence time compared
to the other volumes and residence times in the micro extraction device. Other means of
separation the liquid raffinate from the extract can be based on wetting characteristics of
these liquids to hydrophilic and hydrophobic surfaces. The wetting properties of the material
of a separation device can be used to guide organic and aqueous phase to the correct outlets.
The capillary force of the liquid-liquid interface at the junction of the outlets should be high
enough to block the outlet with hydrophilic wetting properties for the organic phase and the
outlet with hydrophobic wetting properties for the aqueous phase. Numerous examples of
micro separation devices based on the capillary force are described.31,37,38,61–63 These range
from simple Y-junctions with a hydrophobic and a hydrophilic arm, to devices with pressure
or flow regulators to prevent that downstream pressure fluctuations from flow resistance
exceed the capillary forces which will lead to malfunctioning of the separator.
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1.4

Scope and outline of this thesis

The objective of this thesis is to design, test and demonstrate extraction devices in the
micro to millimetre range as part of an on-line production work-up facility in a microreactor
production system for fine-chemical and pharmaceutical industries. The flow of this
production system is in the range of 1 to 10 mL min-1. The extraction process exists of three
stages: (1) dispersing the extract and raffinate phases, (2) mass transfer of the product from
the raffinate to the extract phase and (3) separation of the two phases. The main objective
can be separated in three sub questions. The first question is how to mix the raffinate and
extract phases to have a large enough contact area for a fast mass transfer. Two flow regimes,
emulsion and Taylor flow are investigated here. The third flow regime, parallel flow, is not
considered as the flow rate is too low to meet the requirements of the production system. The
second question is how large the contact time of the two phases must be to approximate the
thermodynamical equilibrium of the product concentration in the raffinate and extract phases.
This indicates the required volume of the extraction device. The last question is to find an
efficient way to separate the two phases at the end of the extraction process.

1.5

Outline of the chapters

Separating two immiscible liquids in a micro device is the more challenging part in the
design of a micro extractor. In Chapter 2 a new device is designed and tested to separate a
Taylor flow of immiscible liquids into two continuous phases. The separation of the organic
and aqueous liquids is based on the wetting properties of hydrophilic and hydrophobic
surfaces in the device.
This separation device is used to build a three stage countercurrent extractor. Each stage
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consists of two micro pumps, a T-mixer, a tube as contactor in which the mass transfer takes
place and the Taylor flow separation device. The micro pumps are controlled to minimise the
pressure difference over the hydrophilic and the hydrophobic outlet of the separator. Chapter
3 presents the design and performance of this extractor.
Compared to the Taylor flow extraction, the emulsion flow extraction shows a higher
mass transfer and therfore a shorter contact time is needed. However, the separation of an
emulsion is more challenging. Chapter 4 shows the design and performaces of a device to
coalesce and separate emulsions. As in chapter 2, the separation of the emulsin phases is
based on the wetting properties of glass and Teflon, used as walls in the coalescer-separator.
The separation efficiency is demonstrated for different flow rates and for emulsions with
interfacial tensions of 4.6, 36.1 and 51.2 mN m-1.
This coalescer-separator is used in an one stage, emulsion based extractor which is
presented in Chapter 5. In this extractor the contact time of the emulsion is narrowly defined
as the time for coalescing and separation of the emulsion is in the same range. Based on
measured extraction efficiencies and drop size distributions of the emulsion at different flow
rates, a model is proposed to calculate the mass transfer.
Chapter 6 is a summary of the main conclusion of this thesis and an outlook for further
developments.
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2

Liquid-liquid slug flow
separation in a slit shaped micro
device

This chapter has been adepted from: W. A. Gaakeer., M. H. J. M. de Croon, J. van der Schaaf,
and J. C. Schouten, 2012, Liquid-liquid slug flow separation in a slit shaped micro device,
Chemical Engineering Journal, v. 207-208, 440-444.
Abstract
As microreactors are more and more used in research and production, the need for micro
work-up facilities like separators for organic and aqueous slug flow is growing. Numerous
examples of these capillary force based separators are presented in literature. The
disadvantage of these devices is that at higher flow, the hydraulic pressure exceeds the
capillary pressure which results in breakthrough. In this paper we present a micro separator
for liquid-liquid slug flow with hydrophobic and hydrophilic rectangular capillaries (height:
0.1 – 2 mm, length: 5 mm and width: 10 mm) to prevent this. The narrow height of the
capillary provides a large capillary pressure and the large width a low hydraulic pressure.
Separation efficiencies of 99.5% for flow rates of 30 to 50 mL min-1 are obtained. The ratio
between the capillary pressure and the hydraulic pressure can be a good predictor of the
separation efficiency and should have the value 2 or higher to prevent breakthrough.
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2.1

Introduction

Laboratory experiments in chemical industries and research centres have become more
and more continuous operations. Batch wise operated test tubes and flasks are substituted by
microreactors enabling high throughput screening and on-line analyzing to discover novel
products and processes.1-5 Complementary to these low flow range (μL s-1) applications,
microreactors are also used for the production of test batches and even in full production in
a higher flow range (mL s-1).6-11 With this increase of the applications of microreactors, the
need for micro structured separation devices is rapidly growing. These micro devices enable
us to miniaturise the complete process from reaction up to and including work-up. However,
new ways of separation need to be developed because in these small devices, surface forces
dominate and conventional operations based on gravity and density differences are not
applicable; e.f. separation of flows of immiscible liquids must be based on the capillary
forces in the channels of the micro device.
Numerous examples of micro separation devices can be found in literature, in a
large range of flow rates and all based on capillary forces. One example is the partly
hydrophobic coated channel in which a parallel two phase flow of immiscible liquids is
maintained. At the outlets in the coated and non-coated sides of the channel, the liquids
exit separately.12,13 Also membranes have been demonstrated as a separator of immiscible
liquids in micro extraction.14 The narrow openings (diameter: 1 μm) in the hydrophobic
membrane provide large capillary forces to block the aqueous phase. The membrane (area:
10 mm2) was capable separating slugs of hexane from water for a total flow rate of
1.2 mL min-1. A device with larger capillaries (cross area: 20 x 150 μm), perpendicular to
the micro channel was used to separate water and toluene from a nitrogen-water-toluene
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flow at liquid flow rates up to 230 μL min-1.15 A separation device consisting of a metal
needle inserted in the sidewall of a plastic capillary was capable to draw off an aqueous side
stream from an oil in water slug flow.16 The total flow rates here varied to a maximum of
20 mL hr-1. By changing the flow resistance in the plastic channel, the separation performance
was optimised for different flow rates. The largest capillaries found in literature to separate
immiscible liquids have diameters of 0.5 to 1 mm.17 However, for high flow rates the
capillary force is too small to prevent breakthrough of both liquids to the outlet with the
lowest pressure drop.
The challenge in separations based on capillary forces is to find the channel dimensions
that provide a capillary force in one outlet channel, large enough to withstand the hydraulic
pressure in the other outlet channel. We designed a separator with two slit shaped capillaries
as outlets, one hydrophilic and one hydrophobic. The length of the capillaries is 5 mm, the
width 10 mm and the height can be changed from 0.1 to 2.0 mm. By changing the height,
we influence both the capillary pressure and the hydraulic pressure drop in these slits. Good
separation is expected when the capillary pressure equals or exceeds the hydraulic pressure
and other pressure disturbances. In this paper we determine the effect of the ratio of the
capillary pressure over the hydraulic pressure on the separation performances for the slit
shaped capillary separator.

2.2

Experimental

We used water and n-heptane as a two-phase system to measure the performances of the
separator. The physical properties of the liquids are given in Table 2.1.18,19 Water was purified
with a Millipore Elix UV-5 machine. The n-heptane (99.7%, VWR International ProLabo)
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was not purified before use.
The separator consisted of a slit between two glass bars and a slit between two Teflon
bars, assembled in a stainless steel housing (Figure 2.1). Stainless steel spacers were used to
set the slit height. The slug flow enters through a flow divider to flatten the velocity profile
at the entrance of the slits. The flow divider is a square channel, 15 mm long, 1 mm high and
the same width as the width of the slits, 10 mm. Software simulations of water flow patterns
in the divider showed a stable and flat velocity profile at the end of the channel. In the
housing five types of slits with different heights were used (Table 2.2). The manufacturing
method of the spacers and the glass and Teflon bars resulted in a variation in slit height. In the
section Results and discussion, this variation for the two narrowest slits is determined from
the hydraulic pressure. This variation is applied to all of the slit heights.
We used two syringe pumps (Teledyne Isco 100 DM, volume 100 mL, max. flow rate 25
mL min-1) for feeding the liquids. The slugs were formed in a Y-junction with inner diameter
of 2 mm. Teflon tubing (ID 1.5 mm) connected the mixer with the separator. For low flow
rates and 1 : 1 water : n-heptane flow ratios the slug volumes were approximately 10 µL.

flow divider

aqueous
out

5 mm

10 mm

15 mm
1 mm

5 mm
slit height

10 mm

P1

glass

Teflon

slug flow
in

organic
out

P2

Figure 2.1: Cross view of the separator. The connections for pressure sensors are indicated as P1 and
P2. Glass and Teflon bars are hatched. Steel housing is in grey.
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Table 2.1: Physical properties of the pure compounds at 293.15 K and atmospheric pressure.

Compound

Density (ρ)

Viscosity (μ)

water

998.2 kg m-3

1.003 10-3 Pa s

n-heptane

683.7 kg m

0.386 10 Pa s

-3

-3

Interfacial tension (γ)
51.24 10-3 N m-1

Higher flow rates and flow ratios produced slug volumes from 4 to 50 µL. The volume of the
flow divider was 150 µL. Depending on the flow ratio and residence time coalescing of the
slugs was expected here. Finely dispersed emulsions with distinct continuous and dispersed
phases were not produced with the mixer and were not tested in the separator. The pressure
drop over the slits was measured with a sensor ranging from 0 to 5 mbar (Sensor Technics,
HCL0005D) and a sensor ranging from 0 to 10 mbar (Sensor Technics, RMOM010GFDH).
P1 and P2 in Figure 2.1 indicate the connections for the sensors.
The separation performance was determined by collecting approximately 80 mL of liquid at
both outlets and measuring the volume fraction of the aqueous and organic phases for both
the volumes. Two 100 ± 1 mL and one 10 ± 0.1 mL graduated cylinders were used for this.
Before starting the measurement, approximately 30 mL of slug flow was fed to the separator
to exclude start up effects.
Table 2.2: Dimensions of the slits.

Height (H)

Length (L)

Width (W)

2.0 10-3 ± 0.02 10-3 m

5 10-3 m

0.01 m

0.8 10-3 ± 0.02 10-3 m

5 10-3 m

0.01 m

0.4 10-3 ± 0.02 10-3 m

5 10-3 m

0.01 m

0.2 10 ± 0.02 10 m

5 10 m

0.01 m

0.1 10-3 ± 0.02 10-3 m

5 10-3 m

0.01 m

-3

-3

-3

L
H
1 mm

glass
Teflon
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2.3

Results and discussion

First the hydraulic pressure drop, Δphyd (Pa), was determined for pure liquids flowing
through the slits with the height of 0.1 ± 0.02 mm and 0.2 ± 0.02 mm. The hydraulic pressure
drops over the larger slits were not determined because these values are far below the
capillary pressure, even for a flow rate of 25 mL min-1. For the measurement at one side of
the separator, the Teflon or glass bars were removed and the outlet closed. The hydraulic
pressure drop was determined by the pressure difference between P1 and P2 in Figure 2.1. The
results were compared with the Hagen-Poiseuille equation for pressure drop in flow between
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in which μ is the dynamic viscosity (Pa s), Fv is the volumetric flow rate through the slit (m3 s-1)
and L, W and H the length, width and height of the slit (m). We neglected the hydrodynamic
effects of the side walls described by Shah and London.20 The influence of these effects in the
calculated pressure drop varies between approximately 0 for the slit height of 0.1 ± 0.02 mm
and 5% for the slit height of 2.0 ± 0.02 mm.
Fitting the Hagen-Poiseuille equation to the measured values with the slit height as
variable, provided us a precise value for the slit height. The heights of the smallest glass and
Teflon slits were 0.12 mm. The height of the Teflon slit of 0.2 ± 0.02 mm was 0.18 mm and
of the glass slit 0.22 mm.
Also the capillary pressure, Δpcap (Pa) for the different slit heights was measured. To
determine the capillary pressure of water in the glass capillary, we measured the pressure
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Figure 2.2: Fitted from equation 2.1 (—) and measured hydraulic pressure drop from flow resistance.
Water in glass slit (height 0.12 mm: ; height 0.22 mm: ▲) and n-heptane in Teflon slit (height
0.12 mm: ○; height 0.18 mm: ●).
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Figure 2.3: Increase of pressure difference over the water filled glass slit with the height of 0.12 mm.
The pressure was increased by pumping n-heptane (0.25 mL min-1) to the separator allowing building
up a liquid column (volume 4 ml) at the outlet of the Teflon slit. Breakthrough of n-heptane through the
glass slit at 730 Pa.
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difference between P1 and P2 (Figure 2.1) over a glass slit filled with water while at the inlet
side we slowly increased the pressure with n-heptane. The pressure difference increased up to
the capillary pressure and then suddenly decreased by the breakthrough of n-heptane through
the glass slit (Figure 2.3). We did the same for the n-heptane filled Teflon slit with increasing
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water pressure.

These measurements were compared to the predicted pressures of the Young-Laplace
equation: Δ𝑝𝑝𝑝𝑝ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 =

12𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣
𝑊𝑊𝑊𝑊𝐻𝐻𝐻𝐻 3

2
2
Δ𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝛾𝛾 � + �
𝐻𝐻𝐻𝐻 𝑊𝑊𝑊𝑊

			

2.2

in which γ is the interfacial tension (N m-1), H the height (m) and W the width (m) of the slit.
The results are presented in Figure 2.4. Taking into account the slit heights determined from
the hydraulic pressure drop, Figure 2.4 shows that the capillary pressure was well predicted
by the Young-Laplace equation.
Figure 2.4 also shows that the hydraulic pressure of water in the glass slit exceeds
the measured capillary pressure of the Teflon slit (Figure 2.2) for a flow rate of
14 mL min-1. For higher flow rates, water will find the exit with the lowest resistance
through the Teflon slit. The same is expected for n-heptane at flow rates higher than
25 mL min-1, finding its way through the glass slit. For the slit height of 0.2 ± 0.02 mm,
the capillary pressure drop is larger than the hydraulic pressure drop for flow rates up
to 25 mL min-1. Breakthrough of the separator is not expected. For the other slits, the
calculated hydraulic pressure drops for water over the glass slits with height 0.4 ± 0.02 mm,
0.8 ± 0.02 mm and 2.0 ± 0.02 mm are 39 Pa, 4.9 Pa and 0.31 Pa for a flow rate of
25 mL min-1. These values are far below the capillary pressures of the Teflon slits and problems
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Figure 2.4: Calculated capillary pressure drop as function of the slit height (–) and measured capillary
pressure drops for the glass slits (▲) and the Teflon slits (○).

with breakthrough are not expected. For n-heptane the hydraulic pressure drops are even
lower. To verify these assumptions about the occurrence of breakthrough, we determined the
performance of the separator for different flow rates, flow ratios of water and n-heptane and
for slit heights of 0.1 ± 0.02 mm, 0.2 ± 0.02 mm and 0.8 ± 0.02 mm. The results are presented
in Figures 2.5 to 2.7.
The first to mention is that no droplets with a diameter smaller than the slit height were
found in the outlets of the separator. As expected there was a clear difference in separation
performance for the 0.1 ± 0.02 mm slit and the 0.2 ± 0.02 mm slit. For the slit height of 0.2 ±
0.02 mm the water breakthrough in the Teflon slit was below 5% of the total flow in this slit,
while for the slit height of 0.1 ± 0.02 mm this value increased to 73%. Measurements with a
slit size of 0.8 ± 0.02 mm showed even better results with a maximum of 12% breakthrough of
water in the total flow through the Teflon slit. To exclude influences of downstream pressure
disturbances the outlets of the Teflon and glass slits were open to the atmosphere.

24

Liquid-liquid slug flow separation in a slit shaped micro device

Aqueous phase at glass side

Organic phase at Teflon side
1.0

Organic fraction (-)

Aqueous fraction (-)

1.0
0.9
0.8
0.7
0.6

0

5

10

15

20

25

0.9
0.8
0.7
0.6

0

flow rate single phase (mL min )

5

10

15

20

25

flow rate single phase (mL min )

-1

-1

Figure 2.5: Separation performance of glass slit and Teflon slit for water (vol. fraction 0.5)
and n-heptane (vol. fraction 0.5) slug flow for three different slit heights: 0.1 ± 0.02 mm ( ),
0.2 ± 0.02 mm (×) and 0.8 ± 0.02 mm (○).

Aqueous phase at glass side

Organic phase at Teflon side
1.0

Organic fraction (-)

Aqueous fraction (-)

1.0
0.9
0.8
0.7
0.6

0

5

10

15

20

25

flow rate aqueous phase (mL min )
-1

0.9
0.8
0.7
0.6

0

5

10

15

20

25

flow rate aqueous phase (mL min-1)

Figure 2.6: Separation performance of glass slit and Teflon slit for water (increasing flow
rate) and n-heptane (flow rate constant at 5 mL min-1) slug flow for three different slit heights:
0.1 ± 0.02 mm ( ), 0. 2 ± 0.02 mm (×) and 0.8 ± 0.02 mm (○).
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The breakthrough in Figure 2.5 is explained by the small difference between the hydraulic
pressure of the water in the glass slit and the capillary pressure in the Teflon slit. At a water
flow rate of 5 mL min-1, the capillary pressure was 2.7 times larger than the hydraulic pressure.
At 10 mL min-1 this was reduced to 1.3 times larger, resulting in a breakthrough of water
through the Teflon slit. While the capillary pressure is larger than the hydraulic pressure,
breakthrough is not expected. However, the slug flow results in discontinuous flows in the
slits which can cause disturbances resulting in the breakthrough.
In Figure 2.6 the ratio of the capillary pressure in the Teflon slit over the hydraulic pressure
in the glass slit decreased for the increasing water flow resulting in water breakthrough in
the Teflon slit. The water fraction in the flow through the Teflon slit caused an increase of the
hydraulic pressure in the Teflon slit and a decrease in the glass slit. The amount of this water
breakthrough resulted in an equilibrium between the hydraulic pressures in both slits.
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Figure 2.7: Separation performance of glass slit and Teflon slit for water (flow rate constant
at 5 mL min-1) and n-heptane (increasing flow rate) slug flow for three different slit heights:
0.1 ± 0.02 mm ( ), 0.2 ± 0.02 mm (×) and 0.8 ± 0.02 mm (○).
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For the higher flow rates in Figure 2.7, the hydraulic pressure in the Teflon slit exceeded

the hydraulic pressure in the glass slit, so no equilibrium between these pressures was
possible. However, at a breakthrough of water of approximately 10% of the total flow in
the Teflon slit, the hydraulic pressure drop in the Teflon slit equals the capillary pressure in
the glass slit. By an increase of this breakthrough, the hydraulic pressure will exceed the
capillary pressure in the glass slit and cause a breakthrough of n-heptane in the glass slit.
This will lower the flow and hydraulic pressure in the Teflon slit resulting in a decrease of the
breakthrough in the glass slit.

2.4

Conclusion

We designed a well-performing slug flow separator based on the wetting properties of the
liquids and the used materials. Using a slit height of 0.8 ± 0.02 mm, the volume fraction of
n-heptane in the aqueous outlet was just 0.5% for a slug flow of 25 mL min-1 of water and 25 mL
min-1 of n-heptane up to 12% in the most extreme case with a slug flow of 25 mL min-1 of water and
5 mL min-1 of n-heptane. The measurements show that the capillary pressure must be at least
twice as large as the hydraulic pressure in the opposite slit. This way breakthrough will not
occur if both outlets have the same backpressure.
The rectangular shape of the slits gives the possibility to tune the performance.
For large flow rates with a minimized pressure difference between the outlets, a large
slit height gives the best separation due to the minimized hydraulic pressures. Loss of
separation performance from backpressure differences between the outlets is minimized
by decreasing the slit height for higher capillary pressures. The increase of the hydraulic
pressure can be compensated by increasing the width of the slit. For sizing the slits, the
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Hagen – Poiseuille equation for hydraulic pressure and the Laplace equitation for capillary
pressure provide reliable results. This separator allows constructing a multistage micro
extractor with typical slug flow rates of 5 to 10 mL min-1. Every stage consists of a mixer,
a contactor, a separator and two micro pumps and is connected in a countercurrent flow
configuration. The advantage of the separators is that they provide a small residence time and
a stable operation for limited pressure fluctuations between the outlets.
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From a single stage to a
multistage countercurrent Taylor
flow extractor

Abstract
A countercurrent micro extractor was developed as part of a work-up line in a microreactor
production facility. In this device, the extract and raffinate phases are separated with a
hydrophilic and a hydrophobic slit (0.2 x 10 mm). The pressure difference between these two
outlets is kept below the capillary pressure to prevent breakthrough in the separator. This is
done by actively controlling the pressure with a micro pump. Three of these micro extractors
are connected in a countercurrent flow mode. Extraction efficiencies of virtually unity and a
complete physical separation of the two liquid phases were obtained for a total flow rate up
to 10 mL min-1.
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3.1

Introduction

As (micro) flow chemistry becomes more and more important in the research into and the
production of fine-chemical products and pharmaceuticals,1–6 the need for work-up lines in
the same flow range is growing rapidly,7 driven by a transition from batch operated synthesis
to continuous flow synthesis.8,9 To maintain the advantages of microreactors, the operational
parts in the work-up lines, like extractors, evaporators or crystallisers, should also be micro
sized. This way, the small product volumes, short residence times and optimal control of
the process (temperature, conversion) are guaranteed. Because liquid-liquid extraction is the
most common operation in fine-chemical and pharmaceutical industries, developing a micro
sized continuous extractor will increase the application and potential of micro flow operation
in these industries in the most effective way and allows for continuous production of fine
chemicals and pharmaceuticals.
Three different flow regimes for conducting extractions in microchannels are known:
parallel flow, Taylor flow and emulsion flow.10–13 For mass transfer operations like liquidliquid extraction, the Taylor flow regime is superior to the other regimes because of its
stability, low energy dissipation for dispersion, and relatively simple phase separation at the
end of the extraction channel.14 Countercurrent flow extraction is not directly applicable to
Taylor flows in which the two phases are always in a cocurrent flow. This can be solved by
coupling several mixer-separator stages with countercurrent flow of the two phases between
the stages, see Figure 3.1.
Still the mass transfer between the raffinate and the extract takes place in a cocurrent Taylor
flow. Fresh raffinate is in contact with the extract with the highest product concentration in
stage 1 and fresh extract is in contact with the raffinate with a low product concentration in
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Figure 3.1: Schematic overview of a countercurrent extractor with N stages. The extract
and raffinate are dispersed in a Taylor flow in mixer (m). The mass transfer between the
extract and raffinate takes place in the contactor (c; arrow for flow direction). The two phases are
separated in the separator (s). Micro pumps (p) transport the extract and raffinate to the next extraction
stage.

stage N. This will result in a higher extract yield compared to a purely cocurrent extraction.
Several researchers have described the mass transfer coefficients for the liquid-liquid
Taylor flow for various flow rates and channel sizes.15–20 These kla values vary from 0.02 to
1.5 s-1. The high mass transfer coefficients ensure that the thermodynamical equilibrium of
the concentrations in the extract and raffinate phases is reached within a short contact time,
typically less than 10 s.
The extract and raffinate phases need to be separated after the mass transfer step. In
conventional flow systems, gravity is the driving force for these separations, based on the
difference in density. In micro systems, the surface forces dominate the gravitational force
so conventional gravitational separation cannot be used and new ways of separation must
be applied. Several studies were done to find a well operating Taylor flow separator based
on the capillary forces in a micro device.19,21–28 This capillary force leads to an aqueous
flow through the hydrophilic outlet and an organic flow through the hydrophobic outlet.
Breakthrough of the wrong liquid will occur when the capillary force is smaller than the
pressure drop from hydraulic flow resistance through the capillary or smaller than the
downstream pressure difference between the two outlets. Increasing the flow rate will lead
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to a higher hydraulic flow resistance with a higher pressure drop towards the outlet of the
separator. When this pressure drop is larger in comparison with the capillary pressure in
the other outlet, breakthrough will occur. This means that separators based on capillary
forces have a maximum flow rate to prevent breakthrough. For small capillaries, such as in
membranes19 or in laser machined devices29, the capillary pressure ranges from 5 to 20 kPa
and breakthrough will be prevented. Examples of larger capillaries show that the separation
efficiency drops for higher flow rates. Kashid et al. (2007) designed a Taylor flow separator
consisting of a Teflon and a steel capillary with both an inner diameter of 1 mm.28 The
capillary pressure was in the range of 10 Pa resulting in a low separation capacity. Scheiff
et al. (2011) constructed a separation device consisting of a metal needle inserted in the
sidewall of a plastic capillary with a capillary pressure of 150 to 300 Pa.27 Aqueous slugs
were drawn off through the hydrophilic needle. The separation performance was optimised
with respect to the flow rate by changing the downstream pressure in the plastic capillary.
Adamo et al. (2013) presented a Taylor flow separator with a built-in back-pressure regulator
to maintain a low pressure difference over a phase separating membrane.30 The capillary
pressure of the membrane pores was in the range of 0.25 - 1.5 bar depending on the used
extraction liquids. The high capillary pressure of the membrane prevents breakthrough of the
retained phase. The authors applied this separator in a countercurrent Taylor flow extractor. In
Chapter 2 a Taylor flow separator with slit shaped capillaries is described.31 The 10 mm large
width of the slits decreased the hydrodynamic pressures while the small slit height of 0.1 to
2 mm ensured a high capillary pressure of 800 to 40 Pa respectively. Separation efficiencies
up to 99.5% were demonstrated for a water in n-heptane slug flow of 50 mL min-1.
To separate a Taylor flow with a higher flow rate (mL min-1 range) relatively large
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capillaries are needed to minimise the hydraulic pressure drop and the capillary pressure
will decrease. Also pressure disturbances from other flow operating devices such as pumps
and mixers will be larger than the capillary pressure.3 These pressure disturbances need to be
controlled and minimized to a value lower than the capillary pressure to prevent breakthrough.
Electronic feedback controllers are common in large chemical plants and a few applications
of these controllers are also found in microreactor systems to regulate flows.32–36
The purpose of this work is to identify the operating ranges of a multistage countercurrent
Taylor flow extractor. Slit shaped capillaries with relatively low capillary pressures are used
to separate the phases at high flow rates. This type of separator was not used in a setup
with downstream pressure disturbances before. Because of the low capillary pressure, the
separator is sensitive to these disturbances, resulting in low separation performance and
breakthrough. Therefore the micro pumps that are used to achieve the countercurrent flows,
are electronically controlled to regulate the pressures at the outlets of the separators. We
demonstrate the mass transfer and separation performance for both a single stage extractor
and a three stage countercurrent extractor.

3.2

Experimental

The extractor contains three mixer-separator stages connected in a countercurrent
flow direction as shown in Figure 3.1. Figure 3.2 shows a scheme of one single stage and
Table 3.1 gives an overview of the parts and dimensions. Each of the stages consists of
a T-mixer, a Teflon tube as contactor with various lengths to change the residence time,
a slit shaped separator and two micro pumps. The outlet of the Teflon contactor (e in
Figure 3.2) is connected to a rectangular channel (d in Figure 3.2) to lower the velocity
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and to ensure a stable flow towards the separator. The slit shaped separator which is introduced
in earlier work31, has two slits, one with hydrophobic Teflon walls (g in Figure 3.2) and one
with hydrophilic glass walls (h in Figure 3.2). Both outlets of the separators are connected
to a reservoir (a in Figure 3.2) to reduce small pressure fluctuations, a pressure sensor
(b in Figure 3.2; Sensor Technics, HCL0005D) and a piezo electric diaphragm micro pump
(c in Figure 3.2; Bartels mikrotechnik GmbH, mp6). A proportional controller programmed in
LabVIEW® (National Instruments, version 11.0.1) controls the flow rate of the micro pumps
to keep the pressure at the outlets of the separator constant. Two syringe pumps (Teledyne
Isco 100 DM, volume 100 mL, 0 - 25 mL min-1) were used for feeding the liquids. The housing
(i in Figure 3.2) consist of a steel part containing the glass and Teflon blocks for the separator,
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Proportional
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Figure 3.2: Cross section of the nth mixer-separator stage with a: reservoirs for pressure build-up, b:
pressure sensors, c: micro pumps, d: rectangular channel to lower the velocity, e: Teflon tube, f: T-mixer,
g: Teflon blocks with hydrophobic slit shaped capillary in between, h: glass blocks with hydrophilic slit
shaped capillary in between, i: steel and Teflon housing.
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and a Teflon cover containing the rectangular channel (d in Figure 3.2). The cover provides
also the lower wall of the channels toward the micro pumps (c in Figure 3.2).
To determine the performance of the device, we used a two phase system of water and
n-heptane with benzoic acid as solute (1.5 10-3 mol L-1). Water was purified with a Millipore
Elix UV-5 machine. The n-heptane (99.7%, VWR) and the benzoic acid (99.5%, Merck)
were not purified before use. The concentrations of benzoic acid in the water phase and
in the n-heptane phase were found from UV-vis absorption spectra using a Shimadzu UV1650 PC UV-vis spectrophotometer. To determine the influence of the interfacial tension
on the separation of water and n-heptane, 2-propanol (98%, VWR) was added to lower
the interfacial tension between the water and the n-heptane. The interfacial tension was
measured with the Du Noüy ring method (Dataphysics GmbH, DCAT 21) and compared to
the interfacial tension of comparable ternary systems (Figure 3.5). The physical properties of
the used liquids are presented in Table 3.2.

Table 3.1: Parts and dimensions of the mixer-separator stages shown in Figure 3.2.

Part
a reservoirs

Dimensions
ID × height: 6 × 50 mm

b
c
d
e
f
g

range: 0 - 5 mbar
range: 0 - 5 mL min-1
length × height × width: 22 × 1.0 × 10 mm
ID: 1.0 mm, length: 5, 10, 20, 30 and 90 cm
rectangular channels: 1.0 × 1.0 mm
length × height × width: 5.0 × 4.9 × 10 mm
length × height × width: 5.0 × 0.2 × 10 mm
length × height × width: 5.0 × 4.9 × 10 mm
length × height × width: 5.0 × 0.2 × 10 mm
length × height × width: 17 × 7 × 6 cm

h
i

pressure sensor
micro pump
rectangular channel
Teflon tube
T-mixer
Teflon blocks
slit between blocks
Glass blocks
slit between blocks
housing for 3 stages
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Table 3.2: Physical properties of the pure compounds at 293 K and atmospheric pressure.

Compound
water
n-heptane
2-propanol

Density (ρ)
998.2 kg m-3
683.9 kg m-3
781.2 kg m-3

37
37
39

Viscosity (μ)
1.003 10-3 Pa s
0.386 10-3 Pa s
2.012 10-3 Pa s

3.3

Results and discussion

3.3.1

Phase separation

Interfacial tension (γ)
37
39

51.24 10-3 Nm-1
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The working principle of the separator is based on the interfacial tension between the two
liquids and the wetting properties of the hydrophobic and the hydrophilic slit. Figure 3.3a
shows an incoming organic slug pushing away the aqueous phase through the hydrophilic
slit between the two glass walls. The pressure in the aqueous outlet (poutlet,aq) added to the
hydraulic pressure drop (phyd) is smaller than the pressure in the organic outlet (poutlet,org) added
to the capillary pressure (pcap). In Figure 3.3b the pressure in the aqueous outlet has increased
and water will break through the organic outlet. This breakthrough of water through the
hydrophobic slit or of n-heptane through the hydrophilic slit must be prevented. The capillary
pressure calculated with the Laplace equation (3.1) for a slit height of 0.2 mm has a value of
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Figure 3.3: Difference between normal separation (a) and breakthrough (b). With the pressure from
the pump (ppump ) at the inlet, the capillary pressure (pcap ) at the interface between the organic and the
aqueous phases, the hydraulic pressure (phyd ) from the flow resistance and the pressures at the organic
(poutlet,org ) and the aqueous (poutlet,aq ) outlets from downstream disturbances.

39

Results and discussion
540 Pa. Formules hoofdstuk 3

2
2
Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾 ( + )
𝐻𝐻 𝑊𝑊
Δ𝑝𝑝ℎ𝑦𝑦𝑦𝑦 =

3.1

12𝜇𝜇𝜇𝜇𝐹𝐹𝑣𝑣
3
𝑊𝑊𝐻𝐻
-1

In this equation γ (N m ) is the interfacial tension between the two liquids water and n-heptane,
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𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜for 𝑙𝑙pressure
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇 equation
Hagen-Poiseuille
drop in a flow between two infinitely large flat plates:
2
2
Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐴𝐴𝛾𝛾𝑟𝑟𝑟𝑟( + )
𝐻𝐻 𝑊𝑊
𝜏𝜏𝑟𝑟𝑟𝑟 = 𝑥𝑥
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
12𝜇𝜇𝜇𝜇𝐹𝐹𝑣𝑣
		
3.2
Δ𝑝𝑝ℎ𝑦𝑦𝑦𝑦 = 𝐴𝐴
𝑇𝑇𝑇𝑇
𝑊𝑊𝐻𝐻 3
𝜏𝜏 𝑇𝑇𝑇𝑇 = 𝑥𝑥
𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎 𝐹𝐹1𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(𝑘𝑘𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
𝑟𝑟𝑟𝑟 the 𝜀𝜀
𝑎𝑎𝑎𝑎
in which 𝑑𝑑𝜏𝜏
µ is
dynamic
viscosity (Pa s), F is the volumetric flow rate through the slit
(𝑘𝑘𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇
= calculated
(𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜
− 𝑐𝑐𝑎𝑎𝑎𝑎(3.1):
𝑚𝑚(𝑐𝑐glass
real slit heights are
with
equation
𝑎𝑎𝑎𝑎 )) slit height: 0.2 + 0.07 mm, Teflon slit

v

𝑑𝑑𝑐𝑐
1
(m3 s-1) and 𝑜𝑜𝑜𝑜𝑜𝑜
L, W
(𝑘𝑘 length,
= and
− H the
𝑎𝑎) (𝑐𝑐width−and
𝑐𝑐𝑎𝑎𝑎𝑎 height
𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎of
)) the slit (m). For a flow rate of
𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜 𝑙𝑙 𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝜏𝜏𝑟𝑟𝑟𝑟

6 mL min-1, the hydraulic pressure drop is 103 Pa for water in the glass slit and 11.8 Pa for

𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎
1
(𝑘𝑘𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
n-heptane𝑑𝑑𝜏𝜏
in𝑇𝑇𝑇𝑇
the Teflon
Breakthrough of water will not occur if the pressure difference
𝜀𝜀𝑎𝑎𝑎𝑎 slit.
𝑑𝑑𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜
between the
water outlet1and the n-heptane outlet is smaller than the capillary pressure in the
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇

=−

𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜

(𝑘𝑘𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))

glass slit minus the hydraulic pressure in the Teflon slit (380 – 11.8 = 368 Pa). Breakthrough

𝐴𝐴𝑟𝑟𝑟𝑟

𝜏𝜏𝑟𝑟𝑟𝑟 will
= 𝑥𝑥 not occur for a pressure difference of (570 – 103 =) 467 Pa. To keep the
of n-heptane
𝐹𝐹
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

pressure difference 𝐴𝐴between
both outlets below the breakthrough pressure difference, we
𝑇𝑇𝑇𝑇

𝜏𝜏 𝑇𝑇𝑇𝑇 = 𝑥𝑥

𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

control the pressure of the liquid column in the reservoirs (a in Figure 3.2).
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The discontinuous nature of the Taylor flow did not influence noticeably the liquid column

height. The slug volume of approximately 1 µL is too small to produce significant pressure
disturbances in the liquid column. Also the stroke volume of the micro pump (≈1 µL) is too
small to disturb the pressure in the liquid column. However a fluctuation of approximately
1 mm with a period of approximately 2 seconds could be detected in the columns. This
disturbance was generated by the micro pumps that have flow rates that vary in time with
5% and that are dependent of the back pressure. Because of the large time constant of these
disturbances, a simple proportional controller was enough to keep the pressure of the liquid
column constant.
First we tested the separation performance for increasing total flow rates (volume fraction
constant at 0.5) and for three different set points for pressure differences over the two outlets.
The pressure at the organic outlet was set at 500 Pa while the pressure at the aqueous outlet

Aqueous volume fraction (-)

1
0.8
0.6

500 Pa
300 Pa
200 Pa

0.4
0.2
0

0

2

4

6
8
Flow rate (mL min-1)

10

12

Figure 3.4: Separation performance measured at the aqueous outlet for a water/n-heptane
(volume fraction 0.5) Taylor flow for different pressure differences between the two outlets. The pressure
at the organic outlet was set at 500 Pa; the pressure at the aqueous outlet was set at 500 Pa ( ),
300 Pa ( ) and 200 Pa ( ).
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was set at 500 Pa, 300 Pa and 200 Pa. Figure 3.4 shows only the composition of the aqueous
outlet flow because no breakthrough of water in the organic outlet was observed. With no
pressure differences between the two outlets, the separation was 100% at the aqueous outlet.
For the pressure difference of 200 Pa, the separation performance decreased for an increasing
total flow rate up to 4% breakthrough of n-heptane in the aqueous outlet at 12 mL min-1. For
the pressure difference of 300 Pa, the performance at low flow rates was around 55 %. 20 %
of the n-heptane flow left through the Teflon slit and 80 % went through the glass slit. The
maximum pressure difference before breakthrough was determined as 368 Pa. With a pressure
difference of 300 Pa, only 68 Pa is left to prevent breakthrough. This is an insufficient margin
to compensate for the fluctuations in the pump capacity and for the dynamic effects caused by
the discontinuous flow in the slits. The separation tends to increase for the higher flow rates
and a pressure difference at 300 Pa, presumably because the pump flow fluctuations decrease
for higher flow rates and higher back pressures.

3.3.2

Effect of surface tension

In a second experiment 2-propanol was added to the two phase flow of water and n-heptane
to decrease the interfacial tension. The maximum flow rate for which no breakthrough
occurred was noted, while the concentration of 2-propanol was increased gradually. Also
the interfacial tension was measured and compared to the interfacial tension of comparable
ternary systems (Figure 3.5) which are in the same range. The measured data shows a
deviation of 0.7 to 38% which can be caused by the impurity of the 2-propanol and the
n-heptane.
The maximum flow rate as a function of the interfacial tension are shown in Figure 3.6.
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Interfacial tension (mN m-1)

60

n-heptane/water/1-propanol
hexane/water/1-propanol
hexane/water/2-propanol
n-heptane/water/2-propanol
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40
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0

0

0.005
0.010
0.015
0.020
Mol fraction propanol in total flow (-)

0.025

Maximum total flow rate (mL min-1)

Figure 3.5: Interfacial tension for water/heptane/2-propanol and comparable ternary systems:
n-heptane/water/1-propanol29 ( ), hexane/water/1-propanol29 ( ), hexane/water/2-propanol30 ( )
and measured data within this research: n-heptane/water/2-propanol ( ).
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Figure 3.6: Maximum total flow rate with no breakthrough as a function of the interfacial tension of the
n-heptane/water/2-propanol system.
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Results and discussion

For a 2-propanol molar fraction up to 0.005, the interfacial tension decreases from 51 to
36.7 mN m-1. The separator capacity is limited only by the maximum capacity of the two
pumps (12 mL min-1). For a surface tension below 15 mN m-1, the maximum capacity drops
below 2 mL min-1. The capillary pressure in the slits has become approximately 100 Pa which
is again too low and in the range of the pressure disturbances which are not compensated by
the controller.
In the separator, the

slugs will coalesce to the liquid films at the hydrophilic or

hydrophobic wall. When an organic slug reaches the hydrophobic wall or when an
aqueous slug reaches the hydrophilic wall, a film of the opposing liquid between the
slug and the wall needs to be drained before the slug can coalesce. The time needed
for this drainage is in the range of milliseconds.41 The contact time between the glass
or Teflon block to which the slug needs to coalesce is 3 seconds for a flow rate of
1 mL min-1. This can implicate that there is enough time for the film to be drained.

3.3.3

Mass transfer

The mass transfer rate between the phases is required to assess the performance of the
extractor. Mass transfer takes place in two parts of the extractor: the Teflon tube and the
rectangular channel (e and d, respectively in Figure 3.2). These represent more than 90%
of the volume in which the two phases are in contact. The mass transfer rates for different
flow rates for a single extraction stage are determined as each stage is a repetition of the
previous. For the extraction of benzoic acid from n-heptane to water, the concentrations in
both phases are measured at the outlet of the single extractor. The residence time is varied
by changing the length of the Teflon tube between the T-mixer and the rectangular channel
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Formules hoofdstuk 3
to the separator
(f and
d, respectively
in Figure 3.2). The mass balances of the aqueous and
Formules
hoofdstuk
3
the organic phases are fitted
2 to2the measured concentrations of benzoic acid to determine the

Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾 ( + )
𝐻𝐻 𝑊𝑊
2 of both the Teflon tube and the rectangular channel. The
2
specific mass transfer coefficients
Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾12𝜇𝜇𝜇𝜇𝐹𝐹
( + )
𝐻𝐻 𝑣𝑣𝑊𝑊
Δ𝑝𝑝ℎ𝑦𝑦𝑦𝑦
= rectangular
3
mass balances
for the 𝑊𝑊𝐻𝐻
channel in differential equation form are:
12𝜇𝜇𝜇𝜇𝐹𝐹𝑣𝑣
Δ𝑝𝑝ℎ𝑦𝑦𝑦𝑦 hoofdstuk
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Formules
𝑑𝑑𝑐𝑐
33
𝑎𝑎𝑎𝑎
𝑊𝑊𝐻𝐻
(𝑘𝑘𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
𝑑𝑑𝜏𝜏𝑟𝑟𝑟𝑟 𝜀𝜀𝑎𝑎𝑎𝑎
𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎
1
3.3
(𝑘𝑘𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
𝑑𝑑𝑐𝑐
𝜀𝜀𝑎𝑎𝑎𝑎
𝑑𝑑𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜
𝑟𝑟𝑟𝑟
2 12
) 𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐
= =
𝛾𝛾 (− 𝜀𝜀+ (𝑘𝑘
𝑑𝑑𝜏𝜏𝑟𝑟𝑟𝑟
𝐻𝐻 𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜
1 𝑊𝑊
(𝑘𝑘𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=−
The mass𝑑𝑑𝑐𝑐
balances
for
𝑑𝑑𝜏𝜏
1 𝜀𝜀the
𝑣𝑣 Teflon tube in differential equation form are:
𝑟𝑟𝑟𝑟 12𝜇𝜇𝜇𝜇𝐹𝐹
𝑜𝑜𝑜𝑜𝑜𝑜
𝑎𝑎𝑎𝑎
Δ𝑝𝑝ℎ𝑦𝑦𝑦𝑦 ==
(𝑘𝑘 𝑎𝑎) (𝑐𝑐
− 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
𝜀𝜀𝑎𝑎𝑎𝑎 3 𝑙𝑙 𝑇𝑇𝑇𝑇 𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇 𝑊𝑊𝐻𝐻
𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎
1
(𝑘𝑘𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎
1
𝜀𝜀(𝑘𝑘
𝑑𝑑𝜏𝜏=
𝑑𝑑𝑐𝑐
1 (𝑐𝑐
𝑇𝑇𝑇𝑇
𝑎𝑎𝑎𝑎𝑙𝑙 𝑎𝑎)
𝑜𝑜𝑜𝑜𝑜𝑜
− 𝑐𝑐 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
= − 𝑟𝑟𝑟𝑟(𝑘𝑘𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜
𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑎𝑎𝑎𝑎
3.4
𝑑𝑑𝜏𝜏𝑟𝑟𝑟𝑟 𝜀𝜀𝑎𝑎𝑎𝑎
𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇
𝑑𝑑𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜
1
(𝑘𝑘𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
= −1
𝑑𝑑𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴𝑟𝑟𝑟𝑟
𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇
(𝑘𝑘𝑙𝑙 𝑎𝑎)𝑟𝑟𝑟𝑟 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
=
−
𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑥𝑥 𝐹𝐹
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴
𝑟𝑟𝑟𝑟
𝜏𝜏𝑟𝑟𝑟𝑟 = 1𝑥𝑥
𝑑𝑑𝑐𝑐𝑎𝑎𝑎𝑎
𝐴𝐴
𝐹𝐹
𝑇𝑇𝑇𝑇
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑎𝑎) 𝑇𝑇𝑇𝑇corg(𝑐𝑐are
− concentrations
𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 )) of benzoic acid in water and n-heptane
In these equations
𝑙𝑙and
𝑜𝑜𝑜𝑜𝑜𝑜the
𝜏𝜏 𝑇𝑇𝑇𝑇==𝜀𝜀 𝑥𝑥 c(𝑘𝑘
aq
𝑑𝑑𝜏𝜏 𝑇𝑇𝑇𝑇
𝑎𝑎𝑎𝑎𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴 𝑇𝑇𝑇𝑇
-3 𝜏𝜏
(mol m
and
τrc 𝑥𝑥
and1τTt the local residence times in the rectangular channel and in the Teflon
𝑇𝑇𝑇𝑇 =
𝑑𝑑𝑐𝑐)𝑜𝑜𝑜𝑜𝑜𝑜
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑘𝑘
=−
𝑙𝑙 𝑎𝑎) 𝑇𝑇𝑇𝑇 (𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑐𝑐𝑎𝑎𝑎𝑎 𝑚𝑚(𝑐𝑐𝑎𝑎𝑎𝑎 ))
𝑑𝑑𝜏𝜏The
𝑇𝑇𝑇𝑇 local 𝜀𝜀
𝑜𝑜𝑜𝑜𝑜𝑜
tube (s).
residence
times are defined as:
𝜏𝜏𝑟𝑟𝑟𝑟 = 𝑥𝑥

𝐴𝐴𝑟𝑟𝑟𝑟
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

			

𝜏𝜏 𝑇𝑇𝑇𝑇 = 𝑥𝑥

𝐴𝐴 𝑇𝑇𝑇𝑇
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

3.5

with x the distance in the channel or tube (m), Ftotal the total flow rate (m3s-1) and Arc and ATt
the cross surfaces of the channel and the tube (m2). Further εaq and εorg are the volumetric
fractions of water and of n-heptane in the total Taylor flow (m3 mchannel-3), (kla)rc and (kla)Tt the
specific mass transfer coefficients for the rectangular channel and for the Teflon tube (s-1) and
m the partition coefficient between the organic and aqueous phase (mol morg-3 (mol maq-3)-1).
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The partition coefficient is a function of the concentration because benzoic acid dissociates
in water and dimerizes in n-heptane.37 The results of the measurements and the fitted model
are shown in Figure 3.7. The graphs show kinks in every concentration profile. From t =
0 s to the kink, the specific mass transfer coefficient for the rectangular channel is valid.
For the following part the specific mass transfer coefficient for the Teflon tube is valid. No
concentration measurements were done for the first part of the concentration profiles. It was
impossible to change the length of the rectangular channel and the device could not operate
without a minimum length of 5 cm of Teflon tube.
The fitted specific mass transfer coefficients for different flow rates are presented in

1.8

4 mL min-1
6 mL min-1
8 mL min-1
10 mL min-1

Concentration (mmol L-1)

1.6
1.4
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1.0

0.8
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0

0
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Residence time (s)
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Figure 3.7: Measured concentrations at both outlets of a single stage extraction for
several total flow rates (ratio: 0.5) (4 mL min-1:
; 6 mL min-1:
; 8 mL min-1:
;
10 mL min-1:
; solid: organic phase, open: aqueous phase) and simulated concentration
profiles with fitted value for the two kla’s for the Teflon tube and the rectangular channel.
(Total flow rates: 4 mL min-1:
; 6 mL min-1:
; 8 mL min-1:
; 10 mL min-1:
).
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Figure 3.8: Mass transfer coefficients of a 1:1 water/n-heptane Taylor flow in the single stage extractor
as a function of the total flow rate ((kla)Tt: ; (kla)rc: ).

Figure 3.8. The values varied from 0.06 to 0.38 s-1 for a total flow of 2 to 10 mL min-1, i.e.
superficial velocities of 42 to 212 mm s-1 in the Teflon tube. These results are in the same
range as reported by Xu et al.13 for a two-phase Taylor flow in a tube (diameter: 1 mm) with
comparable superficial velocities. For the rectangular channel, the mass transfer coefficients
varied between 0.04 and 0.14 s-1 for superficial velocities of 3 to 17 mm s-1. The mass transfer
coefficient in the rectangular channel is on average 2.5 times smaller than in the Teflon tube.
The shape of the channel (10 x 1 mm) differs to the shape of the round Teflon tube. This
results in a lower velocity. Also the shape of the Taylor slugs can change. Because of the
lower velocity and the different aspect ratio it is possible that slugs may coalesce resulting in
a lower surface to volume ratio with a corresponding decrease of the mass transfer coefficient.

3.3.4

Multistage extraction

Three stages were coupled in a countercurrent flow configuration to enhance the yield of
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the single stage extractor (Figure 3.1). Again an extraction of benzoic acid from the n-heptane
phase to the water phase was performed. The volume fraction was kept constant at 0.5. The
exit concentrations of the complete device were measured as well as the concentrations
between the three stages. The electronically controlled micro pumps were able to suppress
the pressure differences between the two outlets of the three separators. After the feed
pumps were started, the micro pumps automatically reached the needed flow rate to keep
the pressure in the columns (a in Figure 3.2) at their setpoint. Figure 3.9 shows the measured
concentrations of benzoic acid in the organic and in the aqueous phase at the outlets of each
extraction stage. The extractions are also simulated using the mass transfer coefficients from
Figure 3.8. The results of these simulations are also presented in Figure 3.9. The extraction
result shown in the left graph is performed with 30 cm long Teflon tubes as contactors.
With a flow rate of 8 mL min-1, the contact time is too short to reach the thermodynamical
equilibrium of the concentrations in the extract and raffinate phases. This results in a lower

Extraction stage: 30 cm tube

Extraction stage: 90 cm tube
1.5
caqueous phase (mmol L-1)

caqueous phase (mmol L-1)

1.5

1.25

1.25
1.0

0.75

0.75
0.5

0.5

0.25

0.25
0

1.0

0

0.25 0.5 0.75 1.0 1.25 1.5
corganic phase (mmol L )
-1

0

0

0.25 0.5 0.75 1.0 1.25 1.5
corganic phase (mmol L-1)

Figure 3.9: Extraction diagrams of two extractions of benzoic acid from n-heptane to water for a total
flow rate of 8 mL min-1 (flow ratio 0.5). Left figure: Teflon tube of 30 cm per stage. Right figure: Teflon
tube of 90 cm per stage. (equilibrium line:
; operating line:
; simulated concentrations after
each stage: ; measured concentrations after each stage: ).
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concentration of benzoic acid in the water phase. The right graph shows the extraction with
90 cm long Teflon tubes. The contact time is long enough to reach an extraction efficiency of
virtually 100% in every stage.

3.4

Conclusions

A three stage countercurrent Taylor flow extractor was developed and tested for total flow
rates up to 10 mL min-1. The separation of the phases is done with a relatively wide slit shaped
capillary with a cross section of 200 µm ×10 mm. Pressure disturbances between the two
outlets of the separator, which are larger than this capillary pressure, will cause breakthrough of
the liquids. These disturbances are effectively suppressed to a maximum of 100 Pa by applying
an electronic pressure control at both outlets of the separator. The pressure control also adapts the
flow rates of the pumps between the stages automatically to the feed flow rate, which simplifies
start-up and operation of the extractor. Mass transfer coefficients in the extractor were
estimated to predict the efficiency of the extractor as a function of flow rate and contact
time. Three single stage extractors were coupled to increase the yield of the extraction in a
countercurrent flow mode. This three stage extractor showed results that were in line with the
extraction simulations of the three single stage extractors. This demonstrates the possibility
to design the extractor to obtain an extraction efficiency for different liquid-liquid extractions
in a work-up line in (micro) flow chemistry.
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4

Liquid-liquid emulsion
separation in a micro channel
with hydrophilic-hydrophobic
walls

Abstract
A micro device was constructed to coalesce and separate an emulsion in two continuous
phases. The emulsion droplets are coalesced in a channel of 13.3 mm wide, 10 or 40 µm
deep and 4.6 or 8 mm long. The aqueous phase coalesces to the hydrophilic glass wall
and the organic phase coalesces to the hydrophobic Teflon wall. The coalescing channel
gradually widens to prevent sudden flow velocity changes where droplets can be (re)
formed. Two outlets for the two phases are at the wide end of the channel. A glass split and
recombine micro mixer was used to produce the emulsions. 99.9 to 80 % of the dispersed
phase was coalesced for emulsions of water/n-heptane (volume fraction 0.9/0.1) at flow
rates of 2 mL min-1 and 10 mL min-1 respectively. The length of the coalescing channel
did not influence the coalescing. The depth of the channel influenced the maximum droplet
diameter in both the organic and the aqueous outlet flow. The separation of a 0.5 volume
fraction water/toluene or water/n-heptane was nearly 100% up to total flow rates of
10 mL min-1. For a water/n-pentanol (volume fraction 0.5) emulsion at a total flow of
2 mL min-1, the aqueous outlet consisted for 97% of water. For higher flow rates the capillary
number defined as the viscous forces in the flow over the surface tension between the two
phases in the emulsion, reached the critical value of 0.5 above which coalescing does not
occur.
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4.1

Introduction

The production rate of chemical processes in multiphase (liquid-liquid) systems is often
limited by the mass transfer rates between the phases. The use of micro channels and micro
structured reactors accelerates these processes due to the short transport lengths in the
channels.1 Micromixers can decrease the transport lengths ever further to a fraction of the
channel diameter by forming very thin stacked layers of liquids or finely dispersed droplets in
a continuous phase, i.e. an emulsion. Typically the drop size distributions of these emulsions
vary from 1 to 100 µm in diameter depending on the energy dissipation in the mixer.2–6 The
mass transfer process in the emulsion is very fast and will take place within a fraction of a
second.7–9 However, the coalescing and separation of such an emulsion for further processing
is much slower and will take minutes to days. Static emulsions only coalesce from buoyancy
of the droplets and droplet size changing by Ostwald ripening.10 Complete coalescing requires
a relative large dead volume, which eliminates all advantages of the micro structured reactor.
Several ways of active or forced coalescing in micro structured devices are presented
in literature. Kralj et al. showed promising results with electric field enhanced coalescence
for total flow rates of 0.4 mL min-1 of a water in hexane emulsion in a channel of 650 µm
deep.11 Kolehmainen et al. used a plate type coalescer with a hydrophilic stainless steel wall
and a hydrophobic PTFE wall with a distance of 100 and 200 µm in between.12 Separation
of water and oil emulsions for residence times of 10 to 20 seconds was demonstrated. For
smaller residence times the separation efficiency dropped significantly. Flow rates larger than
3 mL min-1 caused turbidity at the outlets as droplets of the organic phase were drawn into
the aqueous phase. Wang et al. used a 0.5 mm deep and 10 mm wide meandering channel
to coalesce oil droplets in a continuous water phase.13 After 20 cycles through the channel,

Introduction

55

the coalescing efficiency was 50 to 60 %. Also smaller plate type coalescers with a height of
10 µm were presented.14,15 In these narrow plate type coalescers, the emulsion droplets were
deformed between the hydrophobic and hydrophilic walls and coalesced at these walls to
larger droplets. The exit flow consisted of a Taylor flow of both phases.
In the channel of these plate type coalescers, there is an equilibrium between coalescing
and break-up of droplets. At the interface of the two phases, droplets can be sheared off and
entrained in the other phase.16–19 The stability of the surface is supported by a surface force
characterized by the Laplace pressure of the droplet. The outer stress for break-up is created
by the velocity gradient in the flow around the droplet and characterized by the shear stress.
The capillary number gives the ratio of the destabilizing shear stress over the stabilizing
Laplace pressure of the droplet.
A number of researchers determined the flow characteristics of two phase flows in
confined spaces with comparable sizes as the narrow plate coalescers.16–18,20 Coalescing can
be described in several steps. First, droplets migrate from the wall to the centre because
of the shear forces. There, the droplets coalesce to a string-like state. These strings join to
ribbons with the same thickness as the confined space. The stability of these different flow
morphologies is depending on the capillary number and the ratio between the viscosities
of both liquids. Optimizing this stability in a coalescer for emulsions will lead to a better
separation performance.
In this study a design of a new plate type coalescer with both a hydrophilic and a
hydrophobic wall is presented. The walls enclose a shallow coalescing channel of 10 or
40 µm deep and 13 mm wide. A mechanism of coalescing of an oil/water emulsion between
a hydrophilic and a hydrophobic plate is proposed by Okubo in 2004.14 Droplets with a larger
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hydrophilic wall

a

b

hydrophobic wall
c

inlet tube
dispersed organic phase
continuous aqueous phase
Figure 4.1: Schematic view of part of the inlet tube and the coalescing channel with on top the
hydrophilic wall and beneath the hydrophobic wall. The dispersed organic phase is showed in grey.
(a: droplets with a diameter larger than the channel depth are forced to the walls and will coalesce at
the hydrophobic wall; b: a layer of organic continuous phase will develop on the hydrophobic wall; c:
smaller droplets will be forced to the organic phase and coalesce into it.)

diameter as the channel depth are forced against the walls and will coalesce at the liquid film
present at either the hydrophilic or the hydrophobic wall as depicted in Figure 4.1. At the end
of the coalescing channel, the channel depth gradually increases into the separation volume.
Because the low flow rate, the organic and aqueous phase will not mix at the interface.
Near the hydrophilic wall there is the aqueous outlet and in the hydrophobic wall there is
the organic outlet. The surface tensions between the liquids and the walls and between the
liquids themselves drive the separation. The volume and density differences between the
liquids are small so separation based on gravity does not occur. There are no sudden and large
increases of the channel cross section to prevent destabilization of the liquid interface and
re-emulsification such as described by Van der Zwan et al.21 and Shinji et al.22 The coalescing
between hydrophilic and hydrophobic plates has already showed its possibilities.12–15 The
combination with a separator, based on hydrophilic/hydrophobic properties of the two phase
flow is new.
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In this chapter the coalescing performance of the new device is tested by comparing the
drop size distributions at the inlet and the outlet of the coalescer – separator for different
flow rates. Also the performance of separation is determined by measuring the amount of
water in the hydrophobic outlet and the amount of organic phase in the hydrophilic outlet.
The capillary number is investigated as an indicator to predict the coalescing-separation
performance of the device.
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The main parts of the coalescer are a Teflon block covered with a glass plate (Figure
4.2). The Teflon block is machined with a 3-D milling cutter to make a shallow channel for
coalescing and a deep settler for separation. Three different blocks are made to determine the
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8 mm

4.6 mm

13 mm

top view long

a

b

a

m

b

a

cross section short

m

glass

5

cross section long

3D view long

b

c
Figure 4.2: Cross section views and top views of the different types of coalescer. The machined Teflon
block is covered with a glass plate. a: inlet, b: aqueous outlet, c: organic outlet.
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Table 4.1: Dimensions of channels and slots for the three types of coalescers.

Channel
Type

width
(mm)

length
(mm)

depth
(mm)

A 10 µm; long

13.3

8.0

B 40 µm; long

13.3

C 10 µm; short

13.3

Separator
volume
(µL)

0.01

volume
(µL)
1.1

8.0

0.04

4.3

122

4.6

0.01

0.6

122

122

influence of residence time and confinement on coalescing and separation. The dimensions
are shown in Table 4.1.
The length of the channels is measured from the inlet to the start of the gradually deepening
leading to the separation volume. The inlet at the beginning of the shallow channel has an inner
diameter of 250 µm and is levelled with the Teflon floor of the channel. At the end, the channel
gradually deepens to a 5 mm high separation volume. At the bottom of this volume, the outlet
for organic liquids is situated. The shallow channel and the separation volume are covered with
a glass plate. The outlet of the aqueous phase is situated in the centre of the separation volume.
It consists of a glass capillary (ID: 1 mm) with the opening close to the glass plate. The
capillary exits downwards through the Teflon block. The glass plate and the Teflon block are
placed in a steel holder. All three connections (inlet and hydrophobic and hydrophilic outlets)
are situated at the Teflon side. In this way, the complete coalescing process could be observed
by camera or microscope through the glass plate.
Figure 4.3 shows the distribution of the organic and aqueous phase in the coalescerseparator. The water phase will be on top of the organic phase, while the density of the
water is larger compared to the organic phase. In the small sized volumes in the coalescerseparator the surface tension that forces the liquids to the hydrophilic and hydrophobic walls
is large compared to the gravitational forces based on density differences. The dimensionless
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hydrophilic wall
inlet
hydrophobic wall

dispersed organic phase
continueous aqueous phase

glass capillary

organic outlet
aqueous outlet

Figure 4.3: Schematic distribution of the organic and aqueous phase in the coalescer-separator.

Bond number measures the importance of gravitational forces compared to surface tension
forces. For Bond numbers smaller than one, the surface tension forces are larger than the

Formules
hoofdstuk
4 water phase will stay on top of the lighter organic phase:
gravitational
forces
and the heavier

Bo =

ΔρgL2
γ

					

4.1

with Δρ as the density difference between the organic and the aqueous phase (kg m-3), g the

μv
γ
R

Ca = acceleration (m s-2), L the characteristic length (m) and γ the interfacial tension
gravitational
between the two phases (N m-1). For the experiments in this chapter, the Bond number has
a maximum value of 0.06. It can be assumed that the phase separation is not influenced by
gravitational forces.
A split and recombine mixer (Micronit Microfluidics BV, TD26, glass, channel size:
150 × 150 µm) is used to produce the emulsion and is connected to the inlet of the
coalescer. Two syringe pumps (Teledyne Isco 100 DM, volume 100 mL, maximum flow rate
25 mL min-1) were used for feeding the liquids to the mixer. A third syringe pump of the same
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Oin

Oout
highspeed camera

SPu

SPl

Ain
SPu

tube

split and recombine mixer

Aout
coalescer-separator

Figure 4.4: Overview of the setup with split and recombine mixer. Two syringe pumps in unloading
mode (SPu) feed the organic phase (Oin) and the aqueous phase (Ain) to the split and recombine micro
mixer. The outlet of the mixer is connected to the inlet of the coalescer-separator with a PEEK tube.
The aqueous outlet of the coalescer-separator (Aout) has no restrictions. The organic outlet (Oout) is
connected to the third syringe pump in loading mode (SPl) tuning the outlet flow to the flow rate of the
feeding syringe pump (Oin).

Oout
Oin

SPl

SPu
Ain
SPu

T-mixer

Aout

tube

coalescer-separator

Figure 4.5: Overview of the setup with T-mixer. Two syringe pumps in unloading mode (SPu) feed the
organic phase (Oin) and the aqueous phase (Ain) to the split and recombine micro mixer. The outlet of the
mixer is connected to the inlet of the coalescer-separator with a PEEK tube. The aqueous outlet of the
coalescer-separator (Aout) has no restrictions. The organic outlet (Oout) is connected to the third syringe
pump in loading mode (SPl) tuning the outlet flow to the flow rate of the feeding syringe pump (Oin).

Table 4.2: Physical properties of the pure compounds at 293 K and atmospheric pressure.

Compound

Density (ρ)

water
n-heptane
n-pentanol
toluene

998.2 kg m-3
683.9 kg m-3
811.2 kg m-3
866.9 kg m-3

Interfacial tension with
water (γ)

Viscosity (μ)
24
24
27
24

1.003 10-3 Pa s
0.386 10-3 Pa s
3.286 10-3 Pa s
0.55 10-3 Pa s

24
25
27
24

51.24 10-3 Nm-1
4.6 10-3 Nm-1
36.1 10-3 Nm-1

26
28
24
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type and brand was used to control the flow of one of the outlets of the coalescer-separator
(Figure 4.4).
To determine the separation performance of the device a T-mixer was used instead of the
split and recombine mixer (Figure 4.5). The inner diameter of the channels were 250 µm.
Three different two-phase systems were used: water/n-heptane, water/toluene and water/npentanol. Water was purified with a Millipore Elix UV-5 machine. The n-heptane (99.7%,
VWR Prolabo), the toluene (98% VWR Prolabo) and the n-pentanol (99% Sigma Aldrich)
were not purified before use. The physical properties of the liquids are presented in Table 4.2.
To visualize the dispersed droplets in the emulsion, a microscope (Olympus IX71) with
high speed camera (Redlake MotionPro X4) was used. The magnification of the microscope
was 10 times and the resolution was 1.6 µm per pixel. Afterwards, the droplets on the images
are measured in Adobe Photoshop CS4 using up to 2000 droplets to determine the drop size
distribution. This is an accurate procedure to measure droplet sizes in oil in water emulsions.23

200 µm

selected periphery

Figure 4.6: Manually determined diameters of drops n-heptane in water from a microscopic image.
Emulsion was made with a split and recombine mixer with a total flow rate of 4 mL min-1 and a
volumetric ratio of n-heptane to water of 1:3.
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Figure 4.5 shows an image in which the droplets are measured. To determine the extraction
efficiency, the concentration of benzoic acid in the water phase and in the n-heptane phase
were determined from UV-vis absorption spectra using a Shimadzu UV-1650 PC UV-vis
spectrophotometer.

4.3

Results and discussion

4.3.1

Coalescing

The device is tested on the performance for coalescing of emulsion droplets. An emulsion
of water/n-heptane (volume fraction n-heptane: 0.1) was produced with a split and recombine
micro mixer at total flow rates of 2, 4, 6, 8 and 10 mL min-1. The outlet of the mixer was
connected to a 5 cm long peek tubing with an inner diameter of 250 µm. The drop size
distribution of the emulsion was determined at the end of the tube. The largest droplets with
a maximum diameter of 110 µm were produced for the lowest total flow rate of 2 mL min-1.
The maximum droplet diameter decreases to 47 µm for the high flow rates of 8 and 10 mL
min-1. These droplet diameters are in the same range as reported for other micromixers.4,6,29
The outlet of the mixer was connected to the inlet of the coalescer and the drop size
distribution in the outlet of the coalescer was determined. Only the droplet diameters of
n-heptane in the aqueous phase were measured, because the organic phase was completely
clear. As the walls of the glass micro mixer are hydrophilic, and the water fraction is much
larger than the organic fraction, no water droplets are produced in the micro mixer. Mae et
al. found the same effect of mixer material on the dispersed phase.30 Figure 4.7 shows the
distribution of the droplets at the outlet of the mixer and at the outlet of the three different
coalescers-separators for several total flow rates. Figure 4.8 shows some microscopic images
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Figure 4.7: Distribution of the emulsion drops sizes for a water/n-heptane flow (volume fraction
n-heptane: 0.1) for different total flow rates at the inlet and at the outlets of the three types of coalescerseparator.
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10 mL min-1

8 mL min-1

6 mL min-1

4 mL min-1

2 mL min-1

outlet mixer

type A
long, 10 µm deep

type B
long, 40 µm deep

type C
short, 10 µm deep

200 µm

200 µm

200 µm

200 µm

200 µm

Figure 4.8: Microscopic images for determining the drop size distribution of the emulsion drops sizes
for a water/n-heptane flow (volume fraction n-heptane: 0.1) at the outlet of the mixer and at the outlet
of the three different coalescer – separators at different flow rates.
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of the emulsions before and after the separator-coalescer.
As expected the droplet sizes at the outlet of the coalescer-separators are smaller compared
to the droplet sizes of the distribution at the inlet (Figure 4.7 and 4.8). As mainly the droplets
with the large diameters have coalesced, the volume reduction of the dispersed phases is
large. The outflow of coalescer-separator B shows no droplets with a diameter larger than the
height of the channel of 40 µm. The outlet of the coalescer-separators A and C with the 10 µm
deep channel show a maximum droplet diameter of around 20 µm in the outlet. Droplets with
a larger diameter than the channel depth were lead through without coalescing at the wall.
The drop size distributions at the outlets of the coalescer – separators A and C are in the
same range for all the flow rates. The coalescing capacity of the 10 µm deep channels seems
the same for the different flow rates, channel length and droplet diameter distributions at the
inlet. The residence time in the 4.6 mm long channel of coalescer C is 18 ms for the total flow
rate of 2 mL min-1 and 3.6 ms for the total flow rate of 10 mL min-1. A longer residence time
seems not to be needed to increase the coalescing capacity.
The separation performance was estimated from the change in drop size distribution at
the inlet of the coalescer-separator and the largest droplet diameter found in the outlet of the
coalescer-separator as depicted in Figure 4.9. The estimated performance was calculated as
the separated volume over the total volume of the distribution. For this estimation, it was
assumed that only the droplets larger than the largest droplet diameter found in the outlet
of the coalescer-separator have coalesced. This assumption can result in an underestimation
of the separation performance. Figure 4.10 gives the results of this estimated separation
performance. From this graph it is clear that the height of the channel has more influence
than the length of the channel.
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distribution (-)

distribution at outlet coalescer
distribution at inlet coalescer
volume fraction separated

largest drop diameter in outlet coalescer
droplet diameter (µm)

estimated separation performance (-)

Figure 4.9: Grafical explination of estimation volume of separated emulsion droplets. The volume
of the droplets represented by the grey area in the graph devided by the total volume of the droplets
represented by the distrubution at the inlet of the coalescer is the separated volume fraction.
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Figure 4.10: Estimated separation performance of the organic (dispersed) phase for a
water/n-heptane flow (volume fraction n-heptane: 0.1) for different total flow rates and the three types
of coalescer – separator: type A ( ), type B ( ) and type C ( ).
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Separation

Coalescer-separator A was tested for its separation performance. The results of the
coalescing experiments indicated that it is possible to coalesce an emulsion into two
continuous phases. The next step is to separate these organic and aqueous flows into two
channels. Literature showed that the separation of the two thin layers of liquid into two
channels is difficult.12,15 The capillary pressure that might lead the liquids to flow though the
correct exit are small compared to the pressure drop in the channels. Also small disturbances
in the flow will lead to new formed droplets. The object of the separation performance
experiments is to see at what flow rates and surface tensions between the two phases, the
separator is still working and no emulsion is formed.
The experiments for coalescing showed that the even for the smallest flow rates, still
some droplets remain (Figure 4.8). These droplets will decrease the separation performance
as shown in Figure 4.10. For the highest flow rate of 10 mL min-1, the separation performance
decreased to 0.8 – 0.85 for the 10 µm deep channels. To reduce this influence on the separation
performance, the split and recombine mixer was replaced by a T-mixer with wider channels
to reduce the formation of small droplets. The mixing occurred in a T-mixer with channel
diameters of 250 µm. These channels are large compared to the split and recombine mixer
and the minimum droplet diameter in the mixture is assumed to be large compared to the
smallest droplet diameters of the coalescing experiment (Figure 4.7). Three aqueous-organic
two phase systems are used with different interfacial tensions (Table 4.2): water/n-heptane;
water/toluene and water/n-pentanol, all with a volume fraction of 0.5. The organic phases were
saturated with water and the water saturated with the organic phases before the measurements
were done. The two phase flow from the mixer was directly led to the coalescer-separator of
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Figure 4.11: Aqueous fraction in the hydrophilic outlet of coalescer A as function of the total flow
rate for different two phase systems (volume fraction 0.5): water/n-pentanol ( ), water/toluene ( ),
water/n-heptane ( ).

type A. The organic outlet of the coalescer-separator was connected to a syringe pump with
the same flow rate as the feed pump of the organic phase, to control the organic flow out of
the separator. Small differences in flow rate between the feed and the out flow pump were
manually corrected to maintain the level of the interphase between the two outlets in the
coalescer-separator. From the aqueous outlet flow the volume fraction of the water and organic
phase was determined for different total flow rates (Figure 4.11). The separation of water/
toluene and water/n-heptane was almost complete. The aqueous and the organic outlet flows
were more than 99.95 vol. % pure. For the water/n-pentanol with the low interfacial tension of
4.6 10-3 N m-1, the separation performance decreases for the higher flow rates. For flow rates
up to 2 mL min-1 the aqueous fraction contains more than 95 vol. % water. For the higher
flow rates, the water/n-pentanol formed an emulsion which did not coalesce in the coalescerseparator.
Comparing the results in Figure 4.10 and Figure 4.11, show that the separation
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performance increases when the feed of the coalescer-separator is less dispersed. The outlet
flow of the T-mixer did not contain fine emulsion droplets. It is also clear that inside the
coalescer-separator no new droplets were formed due to sudden and large increases of the
channel cross section.
These experiments show that the decrease of the flow velocity in the separator volume
prevents entrainment of droplets to the outlets. For a total flow rate of 10 mL min-1, the
maximum flow velocity decreases from 1.3 m s-1 in the channel to below 0.03 m s-1 at 2.5 mm
from the start of the seperation volume. At the opening of the outlet, the average velocity is
0.11 m s-1. With this low velocity and the distance between the opening of the outlet and the
interface of the liquids of at least 2 mm, no droplets will be sheared off and dragged into the
continuous phase.
As mentioned in the introduction, the capillary number gives the ratio of the shear stress
over the surface tension of the interface between the liquids in the coalescing channel. For
high capillary numbers the interface between the liquids can be deformed and droplets can be
entrained in the other phase. For low capillary numbers the interface remains stable and no
new droplets will be formed. The critical capillary number (Cacrit) indicates if new droplets
are formed
or if the
interface4remains stable. This critical capillary number is a function of
Formules
hoofdstuk
the ratio of the viscosities of the dispersed and the continuous phase as shown in Figure 4.12.
When the capillary
ΔρgL2 number is larger than the critical capillary number new droplets will be

Bo =

γ

formed. When the capillary number is smaller, the interface remains stable.20 The capillary
number is calculated by:

Ca =

μv
γ
R

					

4.2
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with µ is the viscosity of the continuous phase (Pa s),

v is the shear rate (s-1), γ the interfacial

tension (N m-1) and R the radius of the formed droplet (m). To calculate the maximum value
of the capillary number in the coalescing channel, a maximum value for R was used. The
largest droplet which could be formed and entrained in the other phase, has a diameter equal
to the height of the coalescing channel. If larger droplets were formed, they would come in
contact with the hydrophobic or hydrophilic wall and coalesce again with the liquid film at
these walls. The viscosity with the highest value of the two phases was used to calculate the
capillary number. The shear rate is calculated as the flow velocity in the centre of the channel
divided by half the depth of the channel, assuming a parabolic velocity profile in the channel.
For a water/n-pentanol flow (volume fraction:0.5) with a total flow rate of 2 mL min-1 the
capillary number is 0.52. For water/toluene and water/n-heptane (volume fraction:0.5) with
total flow rates of 10 mL min-1, the capillary number does not exceed 0.05. With the low
interfacial tension between water and n-pentanol and the high viscosity of n-pentanol, the
capillary number increases faster for a higher flow rate, compared to the other two phase flows.
If the capillary number reaches over the critical value Cacrit, the break up in the coalescing
channel will increase and the separation performance will drop significantly. This might be
an indication for the difference in separation performance between the water/n-pentanol
and the water/toluene and water/n-heptane flows. Figure 4.12 shows this critical capillary
number as function of the ratio of the viscosity of the dispersed phase over the viscosity of
the continuous phase, λ.20 For two phase flows under the circumstances of a capillary number
larger than the critical capillary number, the viscous forces exceed the surface tension and
droplets may be formed and entrained.
As can be seen in Figure 4.12 for viscous droplets in a less viscous medium the capillary
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Figure 4.12: Critical capillary number as function of λ for drops in a continuous phase. λ
is the ratio of the viscosity of the dispersed phase over the viscosity of the continuous
phase. Below the line interfaces are stable.20 Capillary numbers of a two phase flow in the
10 µm deep channel: 2 mL min-1 water/n-pentanol: ( ), 10 mL min-1 water/toluene: ( ),
10 mL min-1 water/n-heptane:( ).

number can be large before the droplets are formed. With the viscosities in the dispersed and
the continuous phase in the same range, the critical capillary number is approximately 0.5.
For the 2 mL/min-1 flow of water/n-pentanol, the capillary number is 0.52. At 4 mL min-1,
the capillary number exceeds the critical capillary number and the separation performance
decreases. This result can be seen in Figure 4.11. For the other two phase flows water/nheptane and water/toluene, the capillary numbers do not exceed 0.05. These values are below
the critical capillary numbers and the separation performance is good, as expected.
The results found here are compared to the studies by Okubo et al.14 and Kolehmainen et
al.12. Okubo et al. used a 12 µm deep channel at flow rates of 3 and 6 mL min-1 (average droplet
diameter 30 – 100 µm) . With the same method as describe above, the capillary numbers are
determined for these flows at 0.01 and 0.02 respectively. For Kolehmainen et al. using a
8 mL/min-1 flow of water and Shellsol (average droplet diameter: 40 – 60 µm) in a channel
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of 100 µm deep, a capillary number is found of 0.003.12 The reported coalescing of the
emulsions in these channels corresponds with the expectation based on the capillary numbers
of these experiments.

4.4

Conclusion

A micro device is presented which can coalesce and separate an emulsion in a shallow
channel with a hydrophilic and a hydrophobic wall. Droplets with a larger diameter then the
distance between the two walls are all coalesced into a continuous phase. Depending on the
drop diameter distribution of the emulsion, which is a function of flow rate in the emulsifying
micromixer, 80 to 99.9% of the dispersed phase was coalesced in the 10 µm deep channel.
In the outflow of the device, the maximum droplet size was well defined by the distance
between the hydrophobic and hydrophilic walls (10 and 40 µm). The length of the coalescing
channel did not influence the coalescing significantly. In the shortest channel (4.6 mm) and
for the highest flow rate (10 mL min-1), the coalescing time was not more than 0.0036 s.
After the coalescing step, the two continuous phases are separated. For two phase systems
with a high interfacial surface tension the separation performance is good (99.9 %), up to
total flow rates of 10 mL min-1. For liquids with a low interfacial surface tension, like water
and n-pentanol (γ =4.6 10-3 N m-1), the separation is limited to low flow rates (up to 2 mL
min-1). For these liquids, the capillary number in the coalescing channel exceeds the critical
value of 0.5 for higher flow rates. This can lead to instabilities in the interface between the
two phases and droplets can be formed and entrained in the continuous phase resulting in a
decrease of the separation performance.
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5

Use of a split and
recombine mixer for fast
single stage extractions

Abstract
A commercial split and recombine micro mixer and a novel coalescer-separator were tested
to determine the mass transfer coefficient in an emulsion based aqueous-organic extraction.
The exposure time varied from 0.03 to 0.15 seconds resulting in an extraction efficiency of
unity. In these extractions the surface of the dispersed organic phase reached a maximum of
2.0 105 m2 m-3dispersed phase at a total flow rate of 10 mL min-1. The volume in which the
mass transfer took place, was 4.8 µL. The mass transport in the emulsion flow extraction
can mainly be described by the molecular diffusion inside the emulsion droplets. The
overall mass transfer coefficient varied between 27 and 136 s-1 for total flow rates of 2 to
10 mL min-1.
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5.1

Introduction

The production in the fine chemical and pharmaceutical industries generally relies on
batch or semi-batch processes that are managed in so-called production campaigns in which
reaction and work-up steps are fundamental unit operations. Nowadays there is a clear trend
visible that aims at exploiting the possible advantages of continuous production.1 There
is common agreement that microreactor technology is one of the most important among
today’s new technologies that offers a clear scope and potential for drastic process and
cost improvements, due to size reduction, scale-up without process changes and process
intensification.2,3 As speed is the dominant factor in process and product development,
the advantages of microreactors can also be fully utilized in high throughput screening
applications.4–6
Since microreactor technology first emerged as a scientific discipline in the 1990’s, a
steady increase in the number of chemical reactions and physical changes that have been
successfully performed in such devices could be observed, and some commercial-scale
applications are now available. However, demonstrations in micro devices frequently have
been limited to multiple reaction steps without intermediate separation or to single/multiple
reaction steps with off-line work-up. This off-line workup has become the limiting step in
production and production development in industries where these microreactors are used.
Liquid-liquid extraction is one of these operations that are common in the fine chemical and
pharmaceutical industries. Developing an in-line micro structured device for liquid-liquid
extraction that can meet the requirements of the industry, will boost the implementation
of continuous operating microreactor systems. The extraction process consists of three
parts: dispersion of the extract and raffinate phases, mass transfer between the phases and
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separation of the phases. There are three flow regimes in micro channels used for extraction:
parallel flow, Taylor flow and emulsion flow.7–10 The main difference between these three
flow regimes is the dispersion of the extract and raffinate phases.
For the parallel flow regime no dispersion of the two phases is needed. To keep the two
immiscible liquids flow parallel in the channel, the pressure drop from flow resistance must
be smaller than the capillary pressure keeping the liquids separated. Modification of the
micro channel walls for partial wetting and a small flow rate are needed for this. Reported
flow rates for this type of extraction are in the range of 2 to 100 µL min-1.11–16 To increase
the stability of the flow, micro pillars can be placed between the two parallel flows.17,18 The
smaller distance between the pillars increases the capillary forces separating the flows. Also
countercurrent extractions are reported.19,20 For a typically parallel cocurrent flow extraction
in a rectangular micro channel with a width and a height of 200 µm in diameter, the residence
time is approximately 15 seconds to reach thermodynamical equilibrium of the solute in both
phases. With this relative long required contact time and the low flow rate, the capacity of
this extraction method is low. Parallel flow extraction is therefore more suitable for analytic
purposes than for the work-up in a production line.
Also the dispersing of two immiscible continuous phases into a Taylor flow does not
require intensive mixing. This flow regime creates more contact area than the parallel flow
regime. Slugs with a minimal length of the channel diameter are formed in a simple T-mixer
or Y-mixer without a large pressure drop over the mixer inlets and outlet. Overall volumetric
mass transfer coefficients for liquid-liquid extractions have been described by several
researchers. For various flow rates and channel sizes, these kla values vary from 0.02 to
1.5 s-1.13,21–25 The high mass transfer coefficients ensure that the thermodynamical equilibrium

78

Use of a split and recombine mixer for fast single stage extractions

of the concentrations in the extract and raffinate phases is reached within a short contact time,
typically less than 10 s.
The highest dispersion can be found in emulsion flows which results in a high mass
transfer rate. The dispersion performance of a micro mixer depends on the geometry of
the mixer, the viscosity and surface tension of the phases and the energy dissipation in the
mixer.26 Finely dispersed emulsions can be prepared with split and recombine mixers27 or
interdigital mixers.26 The energy dissipation can be up to 1000 W kg-1 which is 10 to 100
times larger compared to normal stirred tanks.28 The reported flow rates for extraction in a
micro mixer is in the range of 1 to 100 mL min-1.11,26,27,29–32 Typical droplet diameters are in the
range of 10 to 100 µm. The flow in a micro mixer is laminar because of the small diameter,
in the range of 150 to 200 µm.
The aim in this research is to determine the extraction efficiency of a commercially
available split and recombine mixer. The drop size distribution of the emulsion has a large
influence on the mass transfer during the extraction. It is important to understand how this
drop size distribution can be influenced. A model is proposed to describe the mass transfer
rate between the droplets and the continuous phase.

5.2

Experimental set up and theory

5.2.1

Experimental setup

A glass split and recombine mixer (TD26, Micronit Microfluidics BV) was used
to emulsify the raffinate and extract phases. This mixer has a channel size of 150 × 150
μm and 26 split and recombined stages. The total volume in the mixer was 2.3 μL. PEEK
tubing (OD 1/16”, ID 250 μm) was used to make the connections from the feeding syringe

79

Experimental set up and theory

pumps (Teledyne Isco 100 DM, volume 100 mL) to the mixer and from the mixer to the
coalescer-separator in which the raffinate and the extract phases were separated. The main
parts of this coalescer-separator are a Teflon block covered with a glass plate (Figure 5.1).
The Teflon block was machined with a 3-D milling cutter to make a shallow channel for
coalescing and a large slot for connecting the separation outlets. The shallow channel was
8 mm long, 13 mm wide and 10 μm deep. The accuracy of the milling cutter was 0.01 ±
0.002 mm. In the shallow channel droplets larger than the channel height are in contact with
both walls and will coalesce to liquid film present at the hydrophilic glass top wall or the
hydrophobic Teflon bottom wall. At the end the channel deepens gradually into a slot of 5
mm deep. The hydrophilic outlet is situated near the glass plate. The hydrophobic outlet is
situated in the bottom of the Teflon slot. Inside the coalescer-separator the water phase will be

cross section

top view

glass

m
m
5

Teflon

a

8 mm

13 mm

b

a

b

c

3D view
a

glass
Teflon

glass
capillary

c
b
dispersed organic phase
continueous aqueous phase
Figure 5.1: Cross section, top and 3D views and schematic view of the distribution of the aqueous and
organic phases in the coalescer-separator. The machined Teflon block is covered with a glass plate.
a: inlet, b: aqueous outlet, c: organic outlet.
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on top of the organic phase, while the density of the water is larger compared to the organic
phase. In the small sized volumes in the coalescer-separator the surface tension that forces
the liquids to the hydrophilic and hydrophobic walls is large compared to the gravitational
forces based on density differences. This way the water phase will flow along the glass plate
and the organic phase will flow along the Teflon side of the channel.
Figure 5.2 shows how the split and recombine mixer was connected to the inlet of the
coalescer-separator with a 5 cm long PEEK tubing (OD 1/16”, ID 250 μm). One outlet of
the coalescer-separator had no outflow restrictions. The other outlet was connected to a third
syringe pump. This pump was in loading mode with the same flow rate as one of the feeding
pumps to control the outlet flow of the coalescer-separator.
Also the extraction efficiency of the coalescer-separator itself was determined to compare
this to the total mass transfer inside the mixer, tube and coalescer-separator. Therefore an
extra inlet was made in the glass plate at the position of the normal inlet through the Teflon
block. Water was pumped through the inlet in the glass plate and n-heptane with 1.5 mol m-3
benzoic acid was pumped through the normal inlet in the Teflon block. The two flows were

Oin
SPu

Oout
highspeed camera

SPl

Ain
SPu
split and recombine mixer

tube

Aout
coalescer-separator

Figure 5.2: Overview of the setup. Two syringe pumps in unloading mode (SPu) feed the organic phase
(Oin) and the aqueous phase (Ain) to the split and recombine micro mixer. The outlet of the mixer is
connected to the inlet of the coalescer-separator with a PEEK tube. The aqueous outlet of the coalescer
-separator (Aout) has no restrictions. The organic outlet (Oout) is connected to the third syringe pump in
loading mode (SPl) tuning the outlet flow to the flow rate of the feeding syringe pump (Oin).
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dispersed inside the shallow channel at the location between the two inlets. Directly after the
dispersion, the coalescing and separation started. In this way, the two phases were only in
contact inside the coalescer-separator from the inlet to the point of separation in the 5 mm
deep slot.

5.2.2

Drop size distribution measurements

As the size of the dispersed droplets in the continuous phase has a large influence on
the extraction performance in the split and recombine mixer because it describes the mass
transfer area per internal volume of the mixer, the droplet size distribution needs to be
determined. This drop size distribution was determined for different flow rates and flow ratios
of water and n-heptane. As a reference also the drop size distribution of water and toluene
was measured. Water was purified with a Millipore Elix UV-5 machine. The n-heptane
(99.7%, VWR Prolabo) and the toluene (98%, VWR Prolabo) were not purified before use.
The physical properties of the liquids are presented in Table 5.1.
To visualize the dispersed droplets in the emulsion (water/n-heptane and water/toluene),
a microscope (Olympus IX71) with high speed camera (Redlake MotionPro X4) was used.
The magnification of the microscope was 10 times and the resolution was 1.6 µm per pixel.
The droplets on the images are manually measured in Adobe Photoshop CS4 using up to 2000

Table 5.1: Physical properties of the pure compounds at 293 K and atmospheric pressure.

Compound

Density (ρ)

water
n-heptane
toluene

998.2 kg m-3
683.9 kg m-3
866.9 kg m-3

Interfacial tension with
water (γ)

Viscosity (μ)
33
33
33

1.003 10-3 Pa s
0.386 10-3 Pa s
0.55 10-3 Pa s

33
34
33

51.24 10-3 Nm-1
36.1 10-3 Nm-1

35
33
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200 µm

selected periphery

Figure 5.3: Manually determined diameters of droplets n-heptane in water from a microscopic image.
Emulsion was made with a split and recombine mixer with a total flow rate of 4 mL min-1 and a
volumetric ratio of n-heptane to water of 1:3.

droplets to determine the drop size distribution. This is an accurate procedure to measure
droplet sizes in oil in water emulsions.36 Figure 5.3 shows an image in which the droplets are
measured.

5.2.3

Extraction performance measurements

To determine the extraction performance of the split and recombine mixer, a two-phase
system of water and n-heptane was used. Benzoic acid (99.5%, Merck) was used as solute
in the extraction. This solute was chosen for easy UV-vis measurement and its solid phase at
room temperature for easy measuring out. In the experiments, the benzoic acid was extracted
from the organic phase to the aqueous phase. The diffusion coefficient of the product in the
continuous phase (benzoic acid in water) was 10-9 m2 s-1.37 The initial concentration in the
aqueous phase was 1.5 mol m-3. The concentrations of benzoic acid in the water phase and
in the n-heptane phase were determined from UV-vis absorption spectra using a Shimadzu
UV-1650 PC UV-vis spectrophotometer.
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5.2.4

Mass transfer model

To model of the mass transfer processes in liquid-liquid extraction a number of assumptions
were made. The mass transfer coefficient in the dispersed phase towards the interface is
strongly depending on the internal circulation flow inside the droplets. Drag forces around
the droplet make the outside of the droplet flow in the direction of the force. This causes
an inner flow in the opposite direction. Surfactants on the outside of the droplet can reduce
or eliminate this Hadamard – Rybczinski circulation. For smaller droplets the drag force is
smaller and the surfactant gradient on the surface is larger compared to large droplets. These
two effects suppress the inner circulation in these droplets.38 The influence on the mass transfer
from the inner circulation in the droplets in the emulsion extraction in these experiments, are
therefore neglected and the inner mass transfer is only described by the molecular diffusion
towards the droplet surface. Figure 5.4 shows the change in concentrations profiles during

disersed phase

c c,t=1
*

continuous phase

c*c,t=2
c*c,t=3

cc,t=3

cd,t=0
cd,t=1

cc,t=2

cd,t=2
cd,t=3
0

cc,t=1
cc,t=0
Rdroplet

x (m)

Figure 5.4: Schematic concentration profiles for extraction of a component from the dispersed to de
continuous phase. c* is the concentration on the interface at the continuous side which is in equilibrium
with the concentration on the dispersed side of the interface. The concentration profiles at t=0,
correspond with the concentrations before the two phases are in contact.
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extraction from the dispersed to the continuous phase.
The mass transfer in the continuous phase, from the interface to the bulk of the liquid, is
depending on the hydrodynamic properties of the flow around the droplet. The flow regime
of the continuous phase in the micro mixer and the channel is in the laminar range with Re =
1300 for the flow in the mixer and in the tubing for the maximum flow rate of 10 mL min-1.
Looking to the flow regime at the level of the emulsion droplets, the Reynolds number is in
the range of 100 to 200 de pending on the volumetric averaged droplet diameter and the flow
velocity in the mixer. A commonly used Sherwood correlation to determine the mass transfer
Formules hoofdstuk 5
coefficient in the continuous phase for flows with Re between 20 and 200 is:
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5.3

Results and discussion

5.3.1

Dispersion of extract and raffinate phases

The drop size distribution of the emulsion produced with the micro mixer was determined
by analising the high speed camera images. This was done for water/n-heptane and water/
toluene (Figure 5.5). It is clear that the droplet diameters decrease for increasing flow rates.
The energy dissipation in the mixer from the hydraulic flow resistance increases with flow
rates, resulting in smaller droplets.26 The ratio between the organic phase and the aqueous
phase has a smaller influence on the drop size distributions compared to the total flow rate.
Figure 5.6 shows the drop size distribution of a water/toluene emulsion for an aqueous to
organic flow ratio of 4:1 and 99:1. For these flow ratios, the drop size distribution of both
emulsions does not differ significantly from the water/toluene emulsion in Figure 5.5.
From the size distribution the volumetric weighed average of the droplet diameter was
calculated. This average is the summation of the products of each droplet diameter and its
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Figure 5.5: Size distribution of the emulsion drops for a water/n-heptane and water/toluene for different
total flow rates at the outlet of the micro mixer. The aqueous to organic flow ratio is 9:1.
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Figure 5.6: The drop size distribution for a water/toluene emulsion for different flow rates at the outlet
of the mixer. (aqueous to organic flow ratios: left figure: 99:1; right figure: 4:1)
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dissipation of the flow in a micro mixer during the emulsification of water and oil.26 This
resulted in a linear relation for the contact area as function of the flow rate. The regression of
n

2

 di 5.7 also results in a linear function for the contact area. For the given
the first part of Figure
a  6 i n1

3

di and recombine mixer the relation between the contact area and the flow
flow rates in thesplit
i 1

rate is:

a  2.2109 Fv

				

5.17

with Fv the total volumetric flow in the mixer (m3 s-1). In the experiments of Löb et al.,26 this
mon
dcaq
Vorgcontact area andmon
linear relation
between
flow rate
was found for flow rates up to 30 mL min-1.
mon

dt
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In Figure 5.7 the curve deflects to a maximum value for the contact area at higher flow rates.
This deflection might be explained by the different mixers used in the emulsification. Löb
et al. used a interdigital mixer in which 15 parallel channels are used to make an alternating

contact area (m2 m-3 organic phase)

stack of aqueous an organic flow layers.26 These thin layers split up in an emulsion. The data

250
200
150

εtoluene: 0.01
εtoluene: 0.1
εtoluene: 0.2
εn-heptane: 0.1

100

trendline

50
0

0

2

4

6
8
flow rate (mL min-1)

10

12

Figure 5.7: Contact area per volume of dispersed phase, based on the drop size distribution of the
organic phase as function of the total flow rate for different organic phases and different aqueous to
organic flow ratios: toluene 99:1, toluene 9:1, toluene 4:1 and and n-heptane 9:1.
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in Figure 5.7 is from an emulsification with the split and recombine mixer. In this mixer,
the droplets are split up from one thin thread of organic flow in an aqueous continuous flow
(Figure 5.8). This last method of dispersion might be less effective for the higher flow rates
resulting in bigger droplets than expected from the linear relation between the flow rate and
the mean droplet diameter. In the flow in Figure 5.8, the droplets are formed in the unstable
flow in the first split and recombine stage. Increasing the flow rate will shift the stage in
which the droplets are formed to a higher stage number.

5.3.2

Determination of the mass transfer coefficient in an emulsion extraction

In the extraction in the micro mixer there are two mass transport phenomena: mass
transfer by molecular diffusion from the inside of the droplet to the interface between the

droplets
thread

inlet
Figure 5.8: Drop formation in split and recombine mixer at total flow rate 4 mL min-1 and an aqueous
to organic flow ratio of 9:1. Time between each image 0.16 ms. First three images are taken at first
mixing stage. Image at the right is taken at second mixing stage.
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droplets and the continuous phase and the mass transfer over the boundary layer around
the droplets. If the mass transfer rate of one of these two phenomena is large, than the
slowest mass transfer rate will determine the total mass transfer rate. Simulations were
performed to determine at what size of the transfer coefficient kl,c the diffusion in the
droplets is limiting the mass transfer rate. This was done for extractions of benzoic acid form
n-heptane to water with a volumetric n-heptane/water ratio of 1. The extraction efficiency
η at t= τr for the mixer and tube between until the inlet of the coalescer-separator was
simulated for an increasing mass transfer coefficient kl,c. This was done for flow rates of
2, 4, 6, 8 and 10 mL min-1. The concentrations in the continuous and dispersed phase were
simulated with equation 5.5 to 5.8. To take into account the influence on the mass transfer
of the different droplet sizes, the extraction of all the droplets from the drop size distribution
measurements were simulated for each flow rate. These are the drop size distributions in
Figure 5.5, water/n-heptane. From the simulations in Figure 5.9, it can be seen that slope
of the extraction efficiency starts decreasing for mass transfer coefficients with a value of
approximately 6 to 8 10-4 m s-1. Increasing the mass transfer coefficient beyond this value
does not increase the extraction efficiency. It may be concluded that the mass transfer inside
the droplet is limiting the overall mass transfer rate for these high mass transfer coefficients
in the continuous phase. The extraction with the lowest flow rate and therefore the largest
droplets has the largest extraction efficiency for the smaller kl,c values. This can be explained
by the difference in residence time, as the lowest flow rate gives the largest residence
time. The residence times for the flow rates of 2, 6 and 10 mL min-1 are 0.14, 0.05 and
0.03 s respectively.
The Sherwood correlation (Equation 5.1) was used to predict the mass transfer coefficient
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kl,c for the different flow rates. The droplet diameter is in both the Sherwood number and the
Reynolds number. To calculate these numbers, the volumetric weighed average (dav) was
calculated for the drop size distributions in Figure 5.5 for each flow rate for the water/nheptane flows. The Schmidt number Scc was calculated as Scc=µc/(ρcDc). With the properties
of the continuous phase: viscosity µc = 1.003 10-3 Pa s, the density ρc = 998.2 kg m-3 and the
molecular diffusion coefficient Dc = 10-9 m2 s-1 the Schmidt number is 1005. The Reynolds
number is calculated as Rec=ρcvdav/µc, with the used parameters: the velocity v, determined
by dividing the flow rate by the cross area of the mixer (150 x 150 µm), the volumetric
weighed average of the droplet diameter dav, and the density and viscosity of the continuous
phase. The Sherwood number is described as Shc=kl,cdav/Dc. The parameters in the Sherwood
number were again the averaged droplet diameter, the molecular diffusion coefficient Dc and
the mass transfer coefficient kl,c that was needed to be determined. Table 5.2 shows the data
used in the calculations. The final results are given in Figure 5.10.

extraction efficiency (-)

1.0
0.8
2 mL min-1
4 mL min-1
6 mL min-1
8 mL min-1
10 mL min-1

0.6
0.4
0.2
0

0

0.0005
0.001
0.0015
mass transfer coefficient (m s-1)

0.002

Figure 5.9: Simulations of the extraction efficiency at t=τr for different flow rates for increasing
mass transfer coefficients for the boundary layer between the droplets and the continuous phase kl,c.
(Extractions of benzoic acid from n-heptane to water; volumetric ratio n-heptane/water = 1).
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Comparing the results in Figure 5.10 to the range of mass transfer coefficients in Figure

5.9 shows that the mass transfer resistance in the simulations is mainly inside the droplets.
With the mass transfer coefficients from Figure 5.10, extraction simulations were performed
for the different flow rates with the corresponding drop size distributions. According to these
simulations, the extraction efficiency in the mixer and micro tube can be in the range of 0.85
to 0.92 for the given flow rates between 2 and 10 mL min-1.
In addition to the mass transfer in the mixer and the channel towards the coalescerseparator, the extraction will also continue in the coalescer-separator itself as the two phases
are still in contact. Because the emulsion has coalesced, the interface area has decreased
strongly. The overall mass transfer coefficient inside the coalescer-separator was determined
for extractions of benzoic acid from a n-heptane phase to an aqueous phase. The flow rates of
water and n-heptane were equal. The total flow rate ranged between 2 and 10 mL min-1. The
n-heptane flow entered the coalescer-separator though the normal inlet. For the water flow
an extra inlet was made in the glass plate at the position of the normal inlet. Dispersion of
the two phases took place in the shallow channel and between the two inlets. The drop size
distribution of the produced emulsion was not measured as it was not possible to visualize

Table 5.2: The data used to calculate the Reynolds, Schmidt and Sherwood numbers and the mass
transfer coefficient kl,c for the differnt flow rates for water/n-heptane with a volumetric ratio of 1.
Flow rate

Velocity (v)

Reynolds

Schmidt

Sherwoood

m s-1

Averag drop
diameter (dav)
µm

mass transfer coefficient (kl,c)
m s-1

mL min-1

2

1.5

78

115

1005

75

0.96 10-3

4
6
8
10

3.0
4.4
5.9
7.4

42
40
30
28

123
177
177
206

1005
1005
1005
1005

78
95
95
103

1.86 10-3
2.37 10-3
3.16 10-3
3.68 10-3
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because of the construction of the connection of the water feed. Therefore it was assumed
that the dispersion was the same as in the micro mixer used in the normal extractions. This
might result in an underestimation of the mass transfer coefficient of the coalescer-separator
as the dispersing properties of the split and recombine mixer are better compared to the kind
of T-mixer constructed from the two inlets in the coalescer-separator. The determined overall
mass transfer coefficients for the coalescer-separator (klacoasep) for the different flow rates are
in Figure 5.11.
The overall mass transfer coefficient shows a linear relation with the flow rate. The
values of the mass transfer coefficient are low compared to other micro devices. The mass
transfer coefficients for the extraction in the shallow channel are in the range of 0.1 to 0.4 s-1
while others report mass transfer coefficients of 1.5 to 2.5 s-1 in micro devices.39 However, the
deep slot in the coalescer-separator increases the residence time without an enlargement of

Mass transfer coefficient klc (m s-1)
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0.003
0.002
0.001
0
0
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6
Total flow rate (mL min-1)

8

10

Figure 5.10: The mass transfer coefficient kl,c as function of the flow rate and based on the Sherwood
relation for different flow rates in the mixer and micro tube for water/n-heptane with a volumetric ratio
of 1.
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the contact area. This results in the low mass transfer. This is also expected as this is a device
to separate the phases so the contact area and the mass transfer are expected to decrease.
Now the mass transfer processes in the complete device can be described. The mass
transfer inside the mixer and the tube towards the coalescer-separator can be described
mainly by diffusion inside the droplets as this is the rate limiting process. Inside the coalescer
-separator the overall mass transfer coefficient is in the range of 0.1 to 0.4 s-1. The volume
in the mixer and tube is 4.8 µL and the volume of the coalescer-separator is 122 µL which
gives a large difference between the residence times in both parts of the device. However, the
largest part of the extraction takes place in the small volume of the mixer and tube. Figure
5.12 shows the simulated extraction efficiency for the flow rates 2, 4, 6, 8 and 10 mL min-1.
The steep slope of the efficiency graph in the first tenth of a second corresponds with the
mass transfer in the mixer and tube towards the coalescer-separator. The second part of the

Mass transfer coefficient kl acoasep (s-1)

graph corresponds with simulated mass transfer in the coaleser-separator. These simulations
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0.2
0.1
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10

Figure 5.11: Overall mass transfer coefficient (kla,coasep) in the coalescer-separator at different total
flow rates for the extraction of benzoic acid from n-heptane to water (flow ratio n-heptane/water = 1).

97

Results and discussion

are based on the equations 5.5 to 5.8 and the data for the mass transfer coefficients of the
Figures 5.10 and 5.11.
The simulation in Figure 5.12 showed that the extraction efficiency for the flow rate of
10 mL min-1 is 0.88 at the outlet of the coalescer-separator. For the flow rates of 2 and
6 mL min-1 the extraction efficiency is 0.92. The extra efficiency in the coalescer-separator is
small compared to the extraction efficiency from the mixer and tube.
The extractions of benzoic acid from the organic phase to the aqueous phase were
performed and the concentrations in both phases were measured to determine the extraction
efficiency. For the total flow rates between 2 and 10 mL min-1 the extraction efficiency was
calculated. Extractions of which the mass balance for the benzoic acid had a deviation of
more than 5%, and extraction efficiencies higher than unity were omitted. This resulted in
extraction efficiencies of 0.96 for the flow rates of 2, 6, 8 and 10 mL min-1 and 0.97 for the
flow rate of 4 mL min-1. The proposed model underestimated the extraction efficiency with 4
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Figure 5.12: Extraction efficiency of the complete device simulated
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c0  cend
c0  ceq

η  errors in the volume of the mixer and the tube towards the coalescer-separator
to 6 %. Small
will have a large influence on the measurements as the extraction efficiency increases steeply
in these parts of nthe 2device.
As

 di

a  6 i n1
mentioned

the overall

in the introduction, the mass transfer in micro devices is often given as
3

 di

massi 1transfer

coefficient klaoverall in which all the mass transport phenomena are

incorporated. These are the mass transfer by diffusion in the droplet and the mass transfer
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to an extraction efficiency of 0.90 for the residence time inside the mixer and the tube
towards the coalescer-separator. The mass transfer inside the coalescer-separator itself was

Mass transfer coefficient kl aoverall (s-1)

not taken into account. This is accordance to the results of the simulation in Figure 5.12 and
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Figure 5.13: Overall mass transfer coefficient klaoverall in the emulsion extraction in the mixer and tube
towards the coalescer-separator for an extraction efficiency of 0.9 and for different flow rates.
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the measured extraction efficiency. Figure 5.13 gives determined values for the overall mass
transfer coefficients for the different flow rates.
The values are in the range of 27 to 136 s-1 and are large compared to overall mass transfer
coefficients described in literature13,21–24,39. The difference between these published results
and the results in this chapter might be explained by the way of separating the phases. The
residence time is calculated by dividing the total volume of the mixer and micro channel
towards the coalescer-separator by the flow rate and ranges from 0.14 s for the flow rate of
2 mL min-1 to 0.029 s for the flow rate of 10 mL min-1. These contact times are small compared
to the contact times used in the literature references and thus leading to higher overall mass
transfer coefficients.

5.4

Conclusions

The combination of the split and recombine micro mixer together with the coalescerseparator makes it possible to perform extractions with a short exposure time in which the
mass transfer takes place. The small volume of the mixer and the connection tube to the
coalescer-separator results in exposure times of 0.028 to 0.14 s. These short times were
long enough to reach an extraction efficiency of 0.96. The mixer disperses the organic and
aqueous phases to an emulsion with contact areas as large as 200,000 m2 m-3 dispersed phase.
The contact area strongly depend on the total flow rate.
The fraction of dispersed phase in the continuous phase between 0.01 to 0.2, appears not
to have a large influence on the drop size distribution. The contact area is used to determine
the mass transfer coefficient from the extraction experiments. The proposed mass transfer
model of a static emulsion droplet with diffusion and a boundary layer around the droplet
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with a mass transfer coefficient used from a Sherwood correlation is a fair predictor of
extraction efficiency in this device for flow rates of 2 to 10 mL min-1. The results of this
novel mixer-separator for micro flow applications demonstrate possibilities to design (multi
step) extraction devices with very narrowly defined contact times. This opens new ways to
manufacture novel chemicals or pharmaceuticals in a continuous flow production.
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6.1

Conclusions and outlook

Conclusions

In this thesis two types of micro extractor are designed, build and tested. The first type was
build for a Taylor flow regime. The second type was build for an emulsion based extraction.
Both types were able to perform the extraction of benzoic acid from n-heptane to water
within a total flow rate of 1 to 10 mL min-1.
The design of the Taylor flow extractor started with a separator. A well-performing Taylor
flow separator was designed, based on the wetting properties of the liquids and the used
materials. Using a slit height of 0.8 ± 0.02 mm, the volume fraction of n-heptane in the
aqueous outlet was just 0.5% for a slug flow of 25 mL min-1 of water and 25 mL min-1 of
n-heptane up to 12% in the most extreme case with a slug flow of 25 mL min-1 of water and
5 mL min-1 of n-heptane. The measurements showed that the capillary pressure must be at
least twice as large as the hydraulic pressure in the opposite slit. This way breakthrough
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will not occur if both outlets have the same backpressure. The rectangular shape of the
slits gives the possibility to tune the performance. For large flow rates with a minimized
pressure difference between the outlets, a large slit height gives the best separation due to
the minimized hydraulic pressures. Loss of separation performance from back pressure
differences between the outlets is minimized by decreasing the slit height for higher capillary
pressures. The increase of the hydraulic pressure can be compensated by increasing the width
of the slit. For sizing the slits, the Hagen – Poiseuille equation for hydraulic pressure and the
Laplace equation for capillary pressure provide reliable results.
With this separator, a three stage countercurrent Taylor flow extractor was developed and
tested for total flow rates up to 10 mL min-1. The separation of the phases was done with a
slit shaped capillary with a cross section of 0.2 mm × 10 mm. Pressure disturbances between
the two outlets of the separator, which are larger than the capillary pressure, will cause
breakthrough of the liquids. These disturbances are effectively suppressed to a maximum
of 100 Pa by applying an electronic pressure control at both outlets of the separator. The
pressure control also adapts the flow rates of the pumps between the stages automatically
to the feed flow rate, which simplifies start-up and operation of the extractor. Mass transfer
coefficients in the extractor were estimated to predict the efficiency of the extractor as a
function of flow rate and contact time. The results were in line with the extraction simulations
of the three single stage extractors in a counter current setup.
For the emulsion extraction, a micro device was developed which could coalesce and
separate an emulsion in a shallow channel with a hydrophilic and a hydrophobic wall.
Droplets with a larger diameter than the height between the two walls are all coalesced in
the continuous phase. 99.9% to 87.7% of the emulsion droplets were coalesced, depending
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on the droplet diameter distribution of the emulsion, which is a function of flow rate in the
emulsifying micromixer. In the outflow of the device, the maximum droplet size was well
defined by the distance between the hydrophobic and hydrophilic walls (10 and 40 µm). The
length of the coalescing channel did not influence the coalescing. In the shortest channel
(4.6 mm) and for the highest flow rate (10 mL min-1), the coalescing time was not more than
0.0036 s. After the coalescing step, the two continuous phases are separated. For two-phase
systems with a high interfacial surface tension, the separation performance is 99.9 %, up to
total flow rates of 10 mL min-1. For liquid mixtures with a low interfacial surface tension, like
water and pentanol (γ =4.6 10-3 N m-1), the separation is limited to low flow rates (up to 2 mL
min-1). For these liquids, the capillary number in the coalescing channel is close to the critical
value of 0.5. Emulsion flows with a capilary number above 0.5 will not coalesce.
The combination of this coalescer-separator and a commercially available split and
recombine micro mixer made it possible to perform extractions with a short exposure time
in which the mass transfer takes place. The small volume of the mixer and the connection
tube to the coalescer-separator results in exposure times of 0.15 to 0.03 s. These short times
were long enough to reach the concentration equilibrium of the solute in both phases. The
mixer disperses the organic and aqueous phases to an emulsion with contact areas as large
as 200,000 m2 m-3 dispersed phase. This contact area strongly depends on the total flow rate.
The fraction of dispersed phase in the continuous phase appears not to have a large influence
on the drop size distribution. This is seen for fractions of the dispersed phase between 0.01
to 0.2.
This contact area is used to determine the mass transfer coefficient from the extraction
experiments. It shows that the proposed mass transfer model of a static emulsion droplet in
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which diffusion is the dominant mass transport towards the outer surface and boundary layer
around the droplet in the continuous phase with a mass transfer coefficient according the used
Sherwood correlation is a fair predictor of extraction efficiency in this device and for flow
rates of 2 to 10 mL min-1.

6.2

Outlook

For the experiments on Taylor flow separation based on wetting properties, only the
materials glass and Teflon are used. Nowadays more knowledge is gathered on new materials
and coatings to improve the wetting properties for hydrophilic and hydrophobic materials.
With this knowledge the capacity and separation performance can be increased. This can
lead to a more stable operation at higher flow rates. The three stage Taylor flow extractor
was manufactured with the purpose of flexibility towards type of mixer, contact time and
slit height. It is obvious that improving to a standardised design will even more decrease
the inner volume and thus the residence time. Also difficulties in start-up and operating the
device can be solved in this way. When these improvements are implemented, the Taylor
flow extraction device can become a modular lab tool for in-line work-up or stand alone
operation for batch wise extractions.
The novel device for extractions in the emulsion flow regime proves that fast coalescing
of the emulsion and separation of the phases is possible. By even more decreasing the volume
of the mixer and the separator, more accurate data can be gathered to determine the mass
transfer model in the emulsion. This opens new ways to manufacture novel chemicals or
pharmaceuticals in a continuous flow production.
To implement the coalescing and separation device in a multi stage extraction unit at
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least one challenge remains to be solved. Small fluctuations between the inlet and outlet of
the extract and raffinate phase will make the level between these liquids in the coalescerseparator rise or fall. If the level reaches one of the outlets, one phase will pass both outlets
which is an unwanted situation. Level detection and control in the coalescer-separator needs
to be designed and implemented to make the device useful in practice, single stage or in a
multi stage setting.
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