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Microchannel devices for the coalescence of dispersed droplets
produced for use in rapid extraction processes
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Abstract

A new microchannel device has been proposed for the assisted coalescence of dispersed droplets produced by a micromixer for use in
rapid extraction. The microchannel was of rectangular cross-section and easily fabricated by placing a thin aluminum foil frame from which
the shape of the microchannel was cut out between two flat plates made of glass and/or PTFE. The depth of the microchannel was adjusted
by the thickness of the foil. The proposed device has several advantages such as a flexible and easily adaptable design, easy maintenance,
and cheap setup without the requirement of microfabrication. The coalescence of the dispersed droplets occurred by passing through the
microchannel, to attain liquid–liquid separation. Various liquid–liquid dispersion systems were examined and the coalescence mechanism
of the dispersed droplets was also considered. Within the microchannel, the dispersion droplets are distorted, the liquid–liquid interface
destabilizes, and a velocity differential between the continuous and dispersed phases brought about.

This proposed device will aid development of an efficient system for rapid liquid–liquid separation, which will allow extraction using a
micromixing process to become a viable option in the near future.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Liquid–liquid extraction is a very important unit operation
in the chemical industry. The extraction consists of two steps.
First, extracting a useful substance from an aqueous phase to
an oil phase or an oil phase to an aqueous phase by mixing.
And second, separation of the mixture into oil phase and
aqueous phase is carried out to isolate the desired substance.
Liquid–liquid extraction is used widely in fields such as
chemistry, medicine, and food science.

At the micro-scale, the interfacial area per unit volume
is very large, so it is generally suitable to carry out an ef-
ficient reaction and extraction operation via an interface.
When using a microchannel as the extraction space, there
are basically two known methods. The first method uses
laminar flow in a microchannel, passing an extraction sol-
vent and a reaction solution in the same direction and in the
same channel, to extract the reaction product[1–3]. This
method has the advantage that separation of the two phases
can be performed easily by branching a flow near the exit.
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However, it is very difficult to maintain a liquid–liquid in-
terface, for example, when using immiscible liquids such
as water–organic solvents. It has been reported that in order
to maintain a stable liquid–liquid interface, the microdevice
used for the extraction operation has to be designed with
special features[2,3]. However, in the case of this method,
it cannot be denied that the device can only handle small
volumes of liquid. The second method produces a two
liquid mixture phase by distributing a reaction solution in
the shape of droplets, and performing a quick liquid–liquid
extraction, taking advantage of the increase in interfacial
area. In the case of this method, it has been reported that
the dispersed droplets may be formed using a micromixer
and that quick extraction occurs[4]. This method may be
used to deal with large volumes of liquid. If the dispersed
droplets are merged completely within a short time pe-
riod, a highly efficient extraction–separation system could
be constructed using microprocessing in order to coalesce
the stable dispersed droplets[5]. However, considering the
future requirements for equipment able to handle large
volumes of liquid, it is desirable to develop a simple and
rational device and methodology which effectively employs
the features of a micro-flow space.
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Nomenclature

a acceleration of a droplet (m/s2)
aL acceleration of a large droplet (m/s2)
aS acceleration of a small droplet (m/s2)
A2,L contact area between a large oil droplet and

PTFE (m2)
A2,S contact area between a small oil droplet and

PTFE (m2)
A3,L contact area between a large oil droplet and

glass (m2)
A3,S contact area between a small oil droplet and

glass (m2)
F force acting on the oil droplets (N)
F1 force acting on the oil droplets due

to continuous phase flow (N)
F2 force which an oil droplet is subjected

to by the PTFE wall (N)
F2,L force which a large oil droplet is subjected

to by the PTFE wall (N)
F2,S force which a small oil droplet is subjected

to by the PTFE wall (N)
F3 force which an oil droplet is subjected

to by the glass wall (N)
F3,L force which a large oil droplet is subjected

to by the glass wall (N)
F3,S force which a small oil droplet is subjected

to by the glass wall (N)
K2 constant (–)
K3 constant (–)
m mass of an oil droplet (kg)
mL mass of a large oil droplet (kg)
mS mass of a small oil droplet (kg)
SL projection area of a large oil droplet (m2)
SS projection area of a small oil droplet (m2)
V volume of an oil droplet (m3)
VL volume of a large oil droplet (m3)
VS volume of a small oil droplet (m3)

Greek symbols
θ1 angle inFig. 9 (◦)
θ2 angle inFig. 9 (◦)
θ3 angle inFig. 9 (◦)
θ4 angle inFig. 9 (◦)
θad dynamic advance angle (◦)
θad,g advance angle of water on glass (◦)
θad,p advance angle of water on PTFE (◦)
θre dynamic retreat angle (◦)
θre,g retreat angle of water on glass (◦)
θre,p retreat angle of water on PTFE (◦)

From this viewpoint, in this paper, a concept for a new
microdevice and methodology for the coalescence of sta-
ble dispersed droplets is proposed. Attention is paid to the
strong interaction between the surface of a wall and a fluid

at the micro-scale. Various liquid–liquid dispersion systems
are examined and the coalescence mechanism of the dis-
persed droplets is also considered.

2. Equipment and experimental method

2.1. Manufacture of the microchannel device

Fig. 1shows schematically the structure of the microchan-
nel device (MC device). The wall surfaces are glass and
PTFE. The microchannel used was 10 mm in width and ei-
ther 5 or 12�m in depth. This device was easily fabricated
by placing aluminum foil with thickness of 5 or 12�m from
which the shape (about 10 mm×10 mm) of the microchannel
was cut out, between glass and PTFE. An entrance and exit
for the liquid–liquid dispersion phase was made on the glass
wall, as shown inFig. 2. The distance between the entrance
and exit was set to 5 mm. The depth of the microchannel
was adjusted by manipulating the thickness of the foil. As
compared with other general microreactors whose design is
more complicated, the assembly of this device has several
advantages such as a flexible and easily adaptable design; it
can also be maintained easily, and the setup is inexpensive
without the requirement of microfabrication.

2.2. Measurement of the droplet-size-distribution

Water and dodecane were fed into the IMM micromixer
with a channel width of 25�m. The liquid–liquid disper-
sion produced was stabilized by introducing into a 0.5 wt.%
sodium dodecyl sulfate aqueous solution (SDS; Wako
Pure Chemicals Industries Ltd., Japan). The droplet-size-
distribution of the dispersion phase was measured using a
laser scattering particle size distribution analyzer (LA-920;
Horiba Ltd., Japan), and the dispersion was observed by
means of a digital microscope (VH-8000; Keyence Co.,
Japan). The total flow rate and the flow rate ratio of water
and dodecane were changed, and droplet-size-distribution
measurements were performed (Table 1). First, experiments
in which the total flow rate was changed from 3 to 20 ml/min
were conducted with the flow rate ratio of water and dode-
cane maintained at 9:1. Next, experiments in which the flow
rate ratio was changed from 2:1 to 19:1 were conducted,
with the total flow rate of water and dodecane maintained
at 10 ml/min.

2.3. Dispersed droplets coalescence experiment

The dispersion was produced using two kinds of mi-
cromixer made by IMM and Yamatake Co. Ltd., YM-1
[7]. Liquid was supplied to the micromixer using two sets
of micro-syringe pumps (IC3210; Kd Scientific Inc.). Do-
decane and octanol were used for the dispersed phase.
Droplet-size-distribution evaluations of the dispersion were
performed using a laser scattering particle size distribution
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Fig. 1. Structure of the microchannel device.
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Fig. 2. Fabrication of the microchannel device.

analyzer and a digital microscope, after stabilizing it in
0.5 wt.% sodium dodecyl sulfate aqueous solution. Experi-
ments were also conducted after changing the depth of the
microchannel and its surface quality. Liquid was supplied
to the MC device by the two methods discussed below. The
experiments conducted are as shown inTable 2.

2.3.1. Method 1: direct supply from a micromixer
A silicone tube with length of 75 mm was used to directly

connect the entrance of the MC device to the micromixer.
An investigation was carried out to determine whether the
dispersion made from the micromixer could be coalesced by
the MC device. The amount of the dispersion supplied to the
MC device per unit time was equal to the quantity supplied
to the micromixer.

2.3.2. Method 2: using a liquid–liquid dispersion
manufactured beforehand

The liquid–liquid dispersion was manufactured in ad-
vance and supplied to the MC device using a micro-syringe

Table 1
Experiments for the measurement of droplet-size-distribution

Continuous
phase

Dispersed
phase

Continuous phase
flow rate (ml/min)

Dispersed phase
flow rate (ml/min)

Flow rate
ratio

Total flow
rate (ml/min)

Water Dodecane 18.0 2.0 0.111 20.0
Water Dodecane 9.0 1.0 0.111 10.0
Water Dodecane 5.4 0.6 0.111 6.0
Water Dodecane 2.7 0.3 0.111 3.0

Water Dodecane 9.5 0.5 0.0526 10.0
Water Dodecane 9.0 1.0 0.111 10.0
Water Dodecane 8.0 2.0 0.25 10.0
Water Dodecane 6.67 3.33 0.50 10.0

pump. The amount of liquid–liquid dispersion supplied to
the MC device could be adjusted arbitrarily.

2.4. Contact angle measurement

Measurement of the dynamic advance angle, and the dy-
namic retreat angle of water in oil on the glass or PTFE, was
performed using an automatic contact angle meter (CA-V;
Kyowa Interface Science Co. Ltd., Japan). The contact an-
gle value of a liquid which is discharged with force from a
needle point and spreads on the glass or PTFE was collected
for a series of time, and the dynamic advance angle was an-
alyzed. In addition, the contact angle when liquid shortened
by suction from the needle point was similarly analyzed and
the dynamic retreat angle was obtained.

3. Results and discussion

3.1. Droplet-size-distribution measurement by a laser
scattering particle size distribution analyzer

Fig. 3shows the dispersed oil-in-water phase produced by
an IMM micromixer with a channel width of 25�m, with
a feed rate of 2.7 ml/min of water and 0.3 ml/min of dode-
cane, as seen with a microscope.Fig. 4 shows the droplet-
size-distribution measured with a laser scattering particle
size distribution analyzer. Comparing withFigs. 3 and 4, it
can be confirmed that the dispersed droplet-size-distribution
measurement using with a laser scattering particle size dis-
tribution analyzer is almost exact.
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Table 2
Experiments for coalescence

Experimental
number

Continuous
phase

Dispersed
phase

Mixer The supply method
to the MC device

Continuous phase
flow rate (ml/min)

Dispersed phase
flow rate (ml/min)

The amount of
supply to the MC
device (ml/min)

Depth of the MC
device (�m)

The undersurface
quality of the material
of the MC device

2-3-1 Water Dodecane IMM Method 1 2.7 0.3 3.0 12 PTFE
2-3-2 Water Dodecane IMM Method 1 2.7 0.3 3.0 100 PTFE
2-3-3 Water Dodecane IMM Method 1 5.4 0.6 6.0 100 PTFE
2-3-4 Water Dodecane IMM Method 1 2.7 0.3 3.0 12 Glass
2-3-5 Water Dodecane IMM Method 1 5.4 0.6 6.0 12 Glass

2-3-6 Water Octanol YM-1 Method 2 20.0 5.0 0.3 12 PTFE
2-3-7 Water Octanol YM-1 Method 2 20.0 5.0 2.0 12 PTFE
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Fig. 3. Photograph of dispersed oil-in-water phase.
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Fig. 4. Droplet-size-distribution of water–dodecane system.

Fig. 5shows the droplet-size-distribution changes for tests
in which the total flow rate was changed maintaining the
flow rate ratio of water and dodecane at 9:1 supplied into the
IMM micromixer. The dispersed droplet size is shown to be-
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Fig. 5. Droplet-size-distribution change when the total flow rate was
changed while maintaining the flow rate ratio.

come small as the total flow rate is increased, when the flow
rate ratio was fixed. And it was confirmed that the dispersed
droplet size becomes small as the dispersed phase ratio de-
creases, when the total flow rate is maintained at 10 ml/min.
These results are in agreement with the reported result of
Harverkamp et al. who evaluated droplet-size-distribution
by microscope using water for the continuous phase and sil-
icone oil for the dispersed phase[6].

3.2. Coalescence of dispersed droplets

3.2.1. Water–dodecane system
Coalescence was first examined for a water–dodecane sys-

tem. Water was used for the continuous phase and dode-
cane was used for the dispersed phase. The liquid–liquid
dispersion was produced using an IMM micromixer, and
the liquid–liquid dispersion was introduced directly to the
MC device as described in Method 1. When 2.7 ml/min of
water and 0.3 ml/min of dodecane were fed into the IMM
micromixer (experiment number 2-3-1), a dispersed oil-in-
water phase layer was not visible in the exit liquid of the
MC device. Separation into an oil phase and an aqueous
phase had occurred almost completely. When the aqueous
phase of the exit liquid was examined using a microscope,
dispersed droplets were smaller than 10�m as shown in
Fig. 6 and only a very small quantity existed. From this, it
was shown that dispersed droplets could be coalesced al-
most completely with a residence time as short as 0.01 s in
a microchannel when the upper surface was glass, the lower
surface was PTFE, and the channel depth was 12�m.

Next, the influence of the microchannel depth on coales-
cence was considered. A polypropylene sheet with a thick-
ness of 100�m was placed on the MC device such that
the microchannel depth became 100�m (experiment num-
bers 2-3-2 and 2-3-3); comparative examinations of the de-
gree of coalescence were carried out under same flow rate
conditions. The results showed that when the depth of the
microchannel was 100�m, there was almost no difference

Fig. 6. Photograph of dispersed oil-in-water of the MC device.
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Fig. 7. Test for coalescence when the depth of microchannel is 100�m.

in the degree of liquid–liquid dispersion at the entrance
and the exit of the MC device. The dispersed droplet-size-
distribution before and after passing thorough the MC de-
vice is shown inFig. 7. From Fig. 7, it can be seen that
most droplets did not coalesce at all, simply passing through
unchanged. From this, it became clear that the depth of mi-
crochannel is an important factor for coalescence.

For the next tests, the lower surface material of the MC
device was changed to glass instead of PTFE, and the co-
alescence experiment was conducted using the MC device
in which the surface of the microchannel walls constituted
of only glass, to allow examination of the microchannel
material. On comparing the influence of the microchannel
material under the same flow rate conditions (experiment
numbers 2-3-1 and 2-3-4), it was seen that coalescence of
dispersed droplets did not occur when the MC device made
only of glass was used, and an oil-in-water phase layer was
observed in the exit liquid of the MC device. When the
droplet-size-distribution of liquid before and after passing
through the microchannel was measured, it turned out that
there was almost no difference of droplet-size-distribution,
and the dispersed droplets had not coalesced at all. This
seems to suggest that the interaction between PTFE and a
fluid greatly affects the coalescence process. However, due
to the high pressure drop, a liquid–liquid dispersion can
hardly pass through the MC device with both upper and
lower surfaces constructed of PTFE.

3.2.2. Water–octanol system
The physical properties of an organic phase (viscosity,

surface tension, polar group, etc.) greatly influence forma-
tion and coalescence of dispersed droplets. Therefore, the
coalescence of octanol which forms hydrogen bonds with
water, easily giving a stable oil-in-water phase, was consid-
ered. Water was used as the continuous phase and octanol
was used for the dispersed phase. The liquid–liquid disper-
sion was produced beforehand using a YM-1 micromixer.
As described in Method 2, the dispersion was supplied
to the MC device with a microchannel depth of 12�m at
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Fig. 8. Test for water–octanol system.

0.3 ml/min via a micro-syringe. The droplet-size-distribution
of the dispersion before and after passing through the MC
device is shown inFig. 8 for the case the flow rate was set
at 0.3 ml/min, and the MC device with an upper surface of
glass and an lower surface of PTFE was examined (exper-
iment number 2-3-6). When dispersed droplets which have
size distribution peaks around 2 and 18�m passed thorough
the microchannel, octanol droplets larger than 10�m disap-
peared almost completely, and only octanol droplets smaller
than 10�m remained in the exit liquid of the MC device. On
the other hand, in the experiment in which 2.0 ml/min outlet
streams of the dispersion was supplied, there were almost
no differences in droplet-size-distribution between inlet and
outlet streams of the MC device (experiment number 2-3-7).
Any change in the amount of oil-in-water phase was hardly
noticeable. This result suggests that contact of droplets of
the dispersion and the surface of a wall is a necessary condi-
tion for coalescence. It was also observed that the flow rate
limit at which coalescence can occur is small when com-
pared with the case of dodecane. This is thought to be due to
the fact that a stable liquid–liquid dispersion is formed when
the two compounds have a high affinity for each other. How-
ever, it became clear that the proposed device can coalesce
dispersed droplets continuously with only a short contact
time such as 0.12 s in the case of alcohols which associate
with water.

3.3. Mechanism of the coalescence of dispersed oil
droplets in the MC device

From the above results, it became clear that because the
interaction of fluid and wall is important, the microchannel
depth must be smaller than the diameter of the oil droplets
for them to coalesce. The liquid–liquid separation of the
exit liquid occurred completely, and it was apparent that co-
alescence of the dispersed droplets had taken place within
the device. Putting these things together, it is expected that
within the MC device a difference arises between the trans-
fer velocity of water and that of the organic phase, and the
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Table 3
Dynamic contact angles of water

In dodecane In octanol

Glass PTFE Glass PTFE

θad (◦) 83 160 52 161
θre (◦) 0 160 0 125

coalescence of oil droplets occurs through contact of the
surface of a wall with the fluid. In order to examine this in
detail, the dynamic advance angle,θad, and dynamic retreat
angle,θre, of water in dodecane and octanol were measured.
As shown inTable 3, θad andθre are less than 90◦ on glass
and more than 90◦ on PTFE indicating that water in dode-
cane and octanol wets on glass and is repelled on PTFE. In
particular, the fact that the value ofθre on glass is 0◦ shows
that water always spreads out on glass.

Based on this data, microchannel flow in the cases when
the size of the dispersed droplets is larger than the depth
of the microchannel and when it is smaller were considered
separately.

3.3.1. The case where the size of dispersed droplets is
larger than the depth of the microchannel

When the size of the dispersed droplets is larger than the
depth of the microchannel, dispersed droplets must come
into contact with the surface of a wall. In this case, the
process by which coalescence takes place can be divided
roughly into three subprocesses: (a) destabilization of the
liquid–liquid interface due to the deformation of the dis-
persed droplets; (b) generation of a velocity differential be-
tween the continuous phase and the dispersed phase as a
result of the interaction of the surface and the dispersed
droplets; (c) the coalescence of the dispersed droplets. Each
subprocess is examined in detail below.

3.3.1.1. Destabilization of the liquid–liquid interface due to
the deformation of dispersion droplets. When the dispersed
oil droplet size is larger than the depth of the microchan-
nel, oil droplets deform within the microchannel, the sur-
face area increases, and the interface is destabilized. From
the dynamic contact angle data inTable 3, the deformation
of the fluid within the microchannel may be depicted one-
dimensionally as inFig. 9(a). The anglesθ1, θ2, θ2, andθ4
show the continuous phase water’s retreat angle over glass,
θre,g, the retreat angle over PTFE,θre,p, the advance angle
over glass,θad,g, and the advance angle over PTFE,θad,p,
respectively. Becauseθre,g for both dodecane and octanol is
0◦, the continuous phase water is always spreading outwards
on the glass wall.

3.3.1.2. Generation of a velocity differential between the
continuous phase and the dispersed phase. In Fig. 9(a),
because bothθre,p andθad,p are more than 90◦ on PTFE, the
continuous phase water is repelled and a phenomenon called

(a)

(b)

(c)

(d)

(e)

Fig. 9. Coalescence mechanism.

“slip” occurs. On the other hand, the dispersed phase wets
and spreads out on the PTFE surface. This difference in the
wettability between the continuous phase and the dispersed
phase causes a velocity differential within the microchan-
nel. Comparing to dodecane and octanol, the wettability of
dodecane on PTFE is stronger than that of octanol on PTFE.
This is in agreement with the fact that droplets of dodecane
are coalesced even at high flow rates while octanol droplets
are not. On the other hand, likeFig. 9(d), when both sur-
faces of the microchannel are glass as inFig. 9(d), there is
no velocity differential between the two phases because the
oil droplets do not spread out on the wall surface, and so
coalescence does not occur.
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3.3.1.3. Coalescence of the dispersion droplets. Because
the velocity of the dispersed phase decreases relative to the
continuous phase, coalescence of the dispersed droplets is
promoted. Considering a simple, one-dimensional force bal-
ance on the droplets, the equation below is obtained.

The forceF that acts on an oil droplet which has entered
the microchannel is expressed as

F = F1 + F2 + F3 (1)

whereF1 is the force acting on the oil droplets due to the flow
of the continuous phase,F2 the force to which an oil droplet
is subjected by the PTFE wall in the opposite direction to
the flow of the continuous phase, andF3 the force on an oil
droplet attributable to the glass wall in the opposite direction
to the flow of the continuous phase. Here, the volume of an
arbitrary large oil droplet is set toVL and that of a small oil
droplet is set toVS in the liquid–liquid dispersion.

The forcesF2 andF3 which large oil droplets and small oil
droplets are subjected to by the surface wall is proportional
to the area of contact between an oil droplet and the surface
of the wall. Here,A2,L is the contact area between a large oil
droplet and the PTFE wall,A2,S is the contact area between
a small oil droplet and the PTFE wall,A3,L is the contact
area between a large oil droplet and the glass wall, andA3,S
is the contact area between a small oil droplet and the glass
wall. Vertically, the size of the droplets are limited by, and
therefore equal to, the depth of the microchannel, then

A2,L

A2,S
= VL

VS
,

A3,L

A3,S
= VL

VS
(2)

The force on a large oil droplet attributable to the PTFE
wall is F2,L, while that attributable to the glass wall isF3,L;
likewise, the force on a small oil droplet attributable to the
PTFE wall isF2,S and that attributable to the glass wall is
F3,S:

F2,L

F2,S
= VL

VS
,

F3,L

F3,S
= VL

VS
(3)

The force which an oil droplet is subjected to by continuous
phase flow is proportional to the square of its relative velocity
with the continuous phase, and the projection area of an oil
droplet in the direction of flow.

The projection area of a large oil droplet isSL and of a
small oil droplet isSS, then

SL

SS
=

(
VL

VS

)0.5

(4)

If the force acting on a large droplet due to continuous phase
flow is set toF1,L, and the force acting on a small droplet
set toF1,S, then

F1,L

F1,S
=

(
VL

VS

)0.5

(5)

Comparing to the force on large and small droplets, and
consideringEqs. (1), (3), and (5), the following relationship
is derived:

FL

FS
<

VL

VS
(6)

If the mass of a large droplet is set tomL, and that of a small
one tomS, the equation for motion of an oil droplet may be
expressed as

F = ma (7)

And therefore

mL

mS
= VL

VS
(8)

Here, the acceleration worked of a large droplet is set toaL,
and that of a small one is set toaS. Immediately after entering
the microchannel the oil droplets have a velocity equal to
that of the continuous phase flow, independent of size. But
once the oil droplets enter the microchannel, a difference
in acceleration is generated. Small droplets then catch up
with larger ones due to the difference in magnitude of the
forces acting on them (fromFig. 9(b) and (c)). Upon catching
up with a larger droplet, an oil droplet on the PTFE wall
wets and spreads, coalescing in the process. Even if there is
a difference in acceleration, however when the velocity of
the continuous phase flow is large, the larger droplets are
discharged from the MC device before smaller oil droplets
have a chance to catch up with them, hence coalescence does
not occur.

3.3.2. The case where the size of a dispersed droplet is
smaller than the depth of the microchannel

As shown inFig. 9(b), it is conceivable that oil droplets
may collide due to inertial force and some of the droplets
may coalesce even when the droplet size is smaller than
the depth of the microchannel. However, oil droplets are
discharged at the exit at almost the same velocity as the
continuous phase, without being influenced by the wall of
the microchannel.

When considering the above mechanism, it was presumed
that conditions required for the coalescence of the dispersed
droplets were as follows:

(I) The dispersed droplet diameter must be larger than the
microchannel depth, because the droplets must deform
in the microchannel to destabilize the liquid–liquid in-
terface.

(II) The dispersed phase wets and spreads on the PTFE
wall, and a velocity differential between the continuous
phase and the dispersed phase occurs.

(III) The dispersion must be supplied to the MC device
at a velocity such that the velocity differential be-
tween the continuous phase and the dispersed phase is
enough that an oil droplet in contact with the wall to
be caught up by a droplet surrounded by fluid which is
behind it.
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Fig. 10. Droplet-size-distribution of an emulsion with 1.0 wt.% sodium
dodecyl sulfate aqueous solution as the continuous phase.

3.4. Application to a dispersion to which surfactant has
been added

If a surfactant is added to the continuous phase, it is
possible to produce a very stable dispersion using a mi-
cromixer. An emulsion of 1.0 wt.% sodium dodecyl sulfate
aqueous solution (critical micelle concentration: 2.36 wt.%)
as the continuous phase and dodecane as the dispersed phase
was fed to the IMM micromixer at flows rate of 2.0 and
2.0 ml/min, respectively. The liquid–liquid dispersion pro-
duced was compared with an emulsion in which the con-
tinuous phase was without surfactant. In the case of only
water was the continuous phase, there existed only a small
amount of liquid–liquid dispersion immediately after pro-
duction, and most of the dispersion phase disappeared within
several hours. On the other hand, when a 1.0 wt.% sodium
dodecyl sulfate aqueous solution was used as the continu-
ous phase, the produced emulsion was cloudy due to a large
dispersed proportion of dodecane shown inFig. 11(a). Even
when this liquid–liquid dispersion was left for 1 month, it
was very stable and it did not visibly change.

The droplet-size-distribution of the emulsion produced
using the 1.0 wt.% sodium dodecyl sulfate aqueous solu-
tion and dodecane at flow rates of 2.0 and 2.0 ml/min, re-
spectively, are shown inFig. 10. The measurements for the
dynamic contact angle of 1.0 wt.% sodium dodecyl sulfate
aqueous solution in dodecane are also shown inTable 4. It
can be judged from the result ofFig. 10andTable 4that this

Table 4
Dynamic contact angles of 1.0 wt.% sodium dodecyl sulfate aqueous
solution

In dodecane

Glass PTFE

θad (◦) 69 160
θre (◦) 0 160

Fig. 11. Photograph of a dispersion made from dodecane and 1.0% SDS
aqua.

liquid–liquid dispersion fulfills the above-mentioned condi-
tions (I) and (II) required for the coalescence of the dis-
persion. When this liquid–liquid dispersion was supplied to
the MC device with a channel depth of 5�m, at a rate of
0.3 ml/min, good liquid–liquid separation was attained as
shown inFig. 11(b)and the dispersion layer was only barely
visible in the exit liquid. In the case of the stable disper-
sion made from heptane and hexane as a dispersed phase
and the 1.0 wt.% sodium dodecyl sulfate aqueous solution as
the continuous phase, the same coalescence was observed.
It became clear that this device is effective in coalescence
of the dispersion droplets even when a surfactant added.

4. Conclusion

In this paper, a new microchannel device was proposed
which will aid the development of an efficient liquid–liquid
extraction–separation system using a micromixer. This de-
vice uses the following features: (I) the dispersion droplets
deform and the liquid–liquid interface destabilizes in a pla-
nar microchannel of rectangular cross-section; (II) the in-
teraction between a PTFE wall and an organic phase has
a strong influence on the bulk flow in a microchannel, and
generates a velocity differential between the continuous and
dispersed phases. It was shown to be possible to attain good
liquid–liquid separation for that stable dispersion contain-
ing surfactant by supplying emulsion at a suitable velocity
for that micro-space. There is a known method to coalesce
dispersed droplets by forcefully filtering using PTFE or PE
filters from before. However, this device essentially differs
from filtering, even when the phenomenon is apparently the
same. This device uses the difference in the dynamic con-
tact angle between a liquid and the surface of a wall, and
the dynamic contact angle can be precisely controlled by the
surface conditions (configuration, coarseness, wetting prop-
erty, etc.). That is, the aim of this device is the intentional
control of the liquid–liquid interface in a micro-space.

This proposed device can be expected to contribute to
fast improvement in the efficiency of industrial extraction
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operations. It could also be used as an attachment for macro-
equipment by integrating a mechanism for handling large
amount of dispersion, and is therefore not limited to use as
a microchemistry system.
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