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Abstract: Rapid and efficient demulsification (destabilizing of an emulsion) processes of a water in
oil (W/O) emulsion were carried out in a three-dimensional electric spiral plate-type microchannel
(3D-ESPM). In this experiment, the demulsifying efficiency of emulsions by 3D-ESPM was compared
with that by gravity settling, the factors influencing demulsifying efficiency were investigated, and the
induction period, cut size and residence time in the demulsification process were studied. The results
showed that in contrast to the gravity settling method, 3D-ESPM can directly separate the disperse
phase (water) instead of the continuous phase (oil). The maximum demulsifying efficiency of W/O
emulsion in a single pass through the 3D-ESPM reached 90.3%, with a microchannel height of 200 µm,
electric field intensity of 250 V /cm, microchannel angle of 180◦, microchannel with 18 plates and a
flow rate of 2 mL /min. An induction period of 0.6 s during the demulsification process was simulated
with experimental data fitting. When the residence time of emulsion in 3D-ESPM was longer than
the induction period, its demulsifying efficiency increased as the increase of the flow velocity due
to the droplet coalescence effects of Dean vortices in the spiral microchannel. For this device a cut
size of droplets of 4.5 µm was deduced. Our results showed that the demulsification process of W/O
emulsion was intensified by 3D-ESPM based on the coupling effect between electric field-induced
droplets migration and microfluidic hydrodynamic trapping.
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1. Introduction

Emulsions are widely used and play a vital role in industrial processes, agricultural industry and
daily life. However, used emulsions are usually an environmental hazard [1], such as drilling fluid,
microemulsion cutting fluid and pesticides solutions, which cannot be discharged directly into the
environment before demulsification or recovering oil and water in emulsions [2]. Traditional techniques
used for demulsifying emulsions were usually divided into two major types: Physical methods and
chemical methods; the former utilize physical forces like gravity, centrifugal force [3,4], electrostatic
interaction [5–7], thermal treatment [8] and ultrasonic [9,10] to destabilize and demulsify emulsions. In
addition, the latter type involved implementing demulsification by adding chemical demulsifiers [11].
However, for most of these methods, disadvantages of tedious processing, secondary pollution and
high cost were reported recently.

This was especially the case when demulsifying water in oil (W/O) emulsions with
micrometer-sized droplets; the traditional technique was complained of low efficiency or no effect, and
new methods of microwave heating [12,13] and microbiological [14] were resorted to.
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Nowadays, electric demulsification, commonly known as electrocoalescence, is usually used
to separate W/O emulsions in industry. The technology of electrocoalescence employs electrostatic
forces to separate water droplets in the W/O emulsions without any chemical additions, and can
be used conveniently for large-scale industrial production, and has evolved as the most efficient
and economical way for demulsifying W/O emulsions [15]. However, electric demulsification in the
industry usually requires a high electric field strength of 0.83–10 kV/cm and ultrahigh voltage (6–12 kV),
therefore a special design of the electrostatic coalescer is necessary to avoid insulation breakdown and
short current. Moreover, the interaction of electrodes with emulsions may be involved in the process,
which might lead to some electrochemical reactions. Accordingly, we combined the electric field with
microchannel technology to demulsify W/O emulsions in order to greatly reduce the voltage demand.
Our group had fabricated a three-dimensional electric spiral plate-type microchannel (3D-ESPM) to
separate water in kerosene (W/O) emulsions using the double coupling actions of a direct current
(DC) electric field and special flow in the spiral microchannel [16]. The results revealed that the dual
coupling of this DC electric field and spiral microchannel within the 3D-ESPM can demulsify the water
in kerosene emulsions with high efficiency.

Since 2004, plate-type microchannels were used to for the demulsification of O/W emulsions,
and these reached very high demulsifying efficiencies through the surface force among oil
droplets and asymmetric hydrophobic/hydrophilic walls. Okubo applied a 10 mm-in-length glass-
Polytetrafluoroethylene (PTFE) microchannel to investigate the separation of the oil and water
mixture and achieved almost 100% liquid-liquid separation in 0.01 s [17]. Kolehmainen fabricated a
200 mm-in-length PTFE-SS (Stainless Steel) microchannel device and achieved almost 100% separation
efficiency for ShellSol (an isoparaffin synthetic hydrocarbon solvent) in the water mixture [18].
Xiao Chen designed and manufactured a plate-type PTFE-SS microchannel to achieve the continuous
demulsification for kerosene in water emulsions with emulsifier, and the demulsification process was
repeated 5 to 20 times, and its demulsification efficiency can be up to 90% [19]. All the above papers
pointed out that the process intensification of microchannels on droplets coalescence was due to the
special flow pattern [17–20] produced by O/W emulsions flowing through the microchannel, like
oil droplets absorbed on the hydrophobic wall [17,19], the wall slippage [19,21,22] and the confined
flow [19], which can generate an instability of O/W emulsions, accelerate the coalescence of oil droplets
and result in phase separation.

Droplet coalescence is divided into passive droplet coalescence and active droplet coalescence [23].
The passive method is mainly implemented by changing the structure of the device. The active
method is mainly implemented by using an applied electric field, a sound field, or the like [24–27].
Some researchers [16,28] employed both methods together to get a better separation efficiency.
John S. Eow proposed that the droplet coalescence process can be described in three stages: Droplets
approaching each other, the process of film thinning/drainage and film rupture leading to droplet-droplet
coalescence [5]. Droplets approaching each other and the process of film thinning/drainage are
understood as the preparatory stages of the coalescence process, which takes a short time to lead to the
consequent obvious demulsification phenomena, and this time would be considered as the induction
period before demulsification.

Due to the unique micro-scale characteristics of microchannels, the manipulation of particles has
become more flexible and controllable. The broadening and converging microchannels are commonly
used microstructures for getting droplets close each other and appearing as coalescence. Peter Thurgood
et al. studied the law of vortex generated by microstructures on particle migration and aggregation by
adding U-shaped and spherical microstructures in microchannels [29,30]. When the emulsion flows
within the microchannel, the hydraulic equilibrium is used to concentrate the droplets in a certain area,
thereby increasing the probability of aggregation between the droplets [31–34].

The 3D-ESPM employs a special spiral inner microstructure and a DC electric field at the same time,
and also shows an efficient demulsification action on W/O emulsions [16]; however, the demulsifying
process and the mechanism still deserve to be studied furthermore, especially, how the induction period
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affects the demulsification process under the dual coupling action of electric field and hydrodynamic
force in the microchannel, what is the cut size of this technology and problems like that have not been
reported up to now. Therefore, the demulsification process of W/O emulsions with 3D-ESPM was
further investigated and are discussed in this paper in-depth.

2. Experimental Section

2.1. Materials

Kerosene was purchased from China Petrochemical Group Co., Ltd. (Chengdu, China); Sulfuric
Acid, Span80 and Anhydrous Ethanol were all purchased from Kelong Chemicals Co., Ltd. (Chengdu,
China). Sulfuric Acid, Span80 and Anhydrous Ethanol were all of the analytical grades and used
as received.

2.2. Experimental Setup

The experimental apparatus is shown in Figure 1, which is composed of a conical flask, a medium
pressure piston pump (Flash100, TongTian biotech, Shanghai, China), a direct current (DC) stabilized
voltage power supply (MWY-40010, Zhongzheng Equipment, Shenzheng, China), three-dimensional
electric spiral plate-type microchannel (3D-ESPM) and effluent collection tubes.

The structure of 3D-ESPM was shown in Figure 2. The microchannel was composed of an
alternating arrangement of hollow copper foils (200 µm, Golden Dragon, Chengdu, China) and
polytetrafluoroethylene (PTFE) sheets (100 µm, Resistance Sealing Material, Chengdu, China), and two
stainless steel end-plates. A segmented arch with radian of θ was wire-electrode etched onto each
hollow Cu foil, and one orifice corresponding to the end of the arc was pierced onto the PTFE sheets.
At both ends along the arrangement line, there were two pieces of stainless steel end-plates, which
were 5 mm in depth and with the orifices of entrance and exit. When the apparatus was assembled
as structured and as shown in Figure 2a, a spiral microchannel was built along the arch between the
PTFE sheets, as shown in Figure 2b, and the whole diagram of the spiral microchannel was shown in
Figure 2c. The fabrication details of the 3D-ESPM device can refer to our previous article [16].
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Figure 2. Schematic diagram of the 3D-ESPM. (a) Assembly diagram, (b) perspective diagram,
(c) assembled diagram.

2.3. Preparation of the W/O Emulsion

The method of preparing the target emulsion [16] was as follows: Firstly, the sulfuric acid (H2SO4)
solution (0.25 mol/L) and the Span80 emulsifier (100 g/L) were pre-prepared. Secondly, 3 mL Span80
emulsifier, 47 mL kerosene and 40 mL H2SO4 solution will be added in sequence and then mixed.
Thirdly, the mixed solution was stirred for two min at 14,000 RPM speed. After settling for 2 min, the
stability of emulsion was evaluated according to Equation (1):

J =
Vemulsion

Vtotal
=

Vtotal −Vwater −Vkerosene

Vtotal
(1)

where J is the stability of the emulsion, Vemulsion is the volume of the static residual emulsion; Vtotal is
the total volume of the collected emulsion before the settlement; Vwater is the volume of the separated
water in the emulsion; Vkerosene is the volume of separated kerosene in the oil phase. The emulsion itself
is a thermodynamically unstable system, and the stability of the emulsion decreases over time [35,36].
The stability of the target emulsion is able to reach over 88% in 2 h.

2.4. Demulsification Experiment

2.4.1. Three-Dimensional Electric Spiral Plate-Type Microchannel (3D-ESPM) Demulsification
Experiment

Firstly, the prepared target emulsion was sent into the three-dimensional microchannel by using a
medium pressure piston pump, while the DC power supply was used to apply the electric field of
the required rate in the microchannel ends. Thus, the emulsion was demulsified in the microchannel.
Finally, the tail liquid after the demulsification was collected. The result was recorded to calculate the
demulsification rate according to Equation (2):

η =
Vwater

′

Vtotal
′ ·ϕ
× 100% (2)

where, η is the emulsion of the demulsification rate, Vwater
′ is the volume of water separating out after

demulsification, Vtotal
′ is the total volume of the collected liquid from the tail liquid tube, ϕ is the rate

of water content in the emulsion.
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2.4.2. The Control Experiment

In order to explore the role of the spiral plate microchannel, we replaced the 3D-ESPM with a
straight PTFE tube with a diameter of 3 mm and a length of 30 cm, and placed it in an electric field
with the strength of 400 V/cm. The control was experimented by pumping the target emulsion through
the PTFE tube and keeping the other experimental parameters the same as 2.4.1.

3. Results and Discussion

3.1. Contrasts between the Gravity Settling and the 3D-ESPM

One of two samples of freshly prepared water in kerosene emulsions was settled with gravity
for 24 h, and the other one was pumped through 3D-ESPM directly with an electric field intensity
of 250 V/cm at the same time. Figure 3a,b show the pictures of emulsions demulsified with gravity
settling and 3D-ESPM, respectively.

In Figure 3a, only a layer of 0.3 mL oil phase, which is the continuous phase with low density,
can be separated from 4 mL W/O emulsion after 24 h of gravity sediment, which indicates that the
gravity can hardly separate the dispersed phase water from this W/O emulsion. In addition, we also
carried out a control experiment, the results of which are shown in Figure 3b. Obviously, there was no
demulsification after the emulsion passed through a straight tube placed at an electric field strength of
250 V/cm. By contrast, in Figure 3c nearly 1 mL clear water phase and 1.8 mL upper oil phase were
isolated from 4.3 mL W/O emulsion in 0.7–3 s after emulsion demulsified by 3D-ESPM in a single pass,
which indicates that the 3D-ESPM can directly separate the dispersed water droplets and achieve a
rapid and effective demulsification process.
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Figure 3. (a) Emulsion settling under gravity after 2 h and 24 h, (b) emulsion after passing a straight tube
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From Figure 3, it is clear that only a small amount of oil was stratified on the emulsion surface
under gravity sedimentation. However, after having been separated by the 3D-ESPM, a clear water
phase and a translucent oil phase were stratified at the bottom and on the surface of the emulsion,
respectively. The water-in-kerosene emulsion contains the emulsifier of Span80, which can stabilize the
water droplets and prevent the aggregation of droplets from occurring. Therefore, when the emulsion
was settled by gravity, the separation comes mostly from the sinking process of water droplets due to
the distinct higher density, which will get a clear oil phase on the surface. However, after the gravity
settling, the water droplets were still stable and not broken into a continuous phase. Contrary to this,
the separation in 3D-ESPM was targeted on the water droplets of emulsions. Under the Dean-coupled
inertial migration principle from the spiral microchannel [37,38] and the electrostatic forces from the
DC electric field [39], different particle sizes resulting in different movement speeds, the droplets are
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brought close to each other and are coalesced into an aqueous phase with a higher probability. Thus,
the clear water phase will appear at the bottom immediately after the emulsion passes through the
3D-ESPM in 3 s. From our previous report, it has been confirmed that only the DC electric field or only
the spiral microchannel did not show obvious demulsification efficiency [16]. However, by comparing
the different demulsification effects of gravity settling and 3D-ESPM in Figure 3, we conclude that
the DC field can act directly on the charged droplets dispersed in the emulsion and couple with the
surface action and microfluidic interaction in the microchannel to enhance the separation of the W/O
emulsion. A maximum 40.1% v/v clear water on the bottom, and 50.2% v/v oil layer on the top after
emulsion demulsified by 3D-ESPM in 2.4 s, indicated that the coupling action of the microchannel and
DC field can efficiently separate the water droplets in the W/O emulsions, by coalescing them into big
droplets and generating the phase separation.

We have analyzed the principle of electric field and hydrodynamic forces in this device and
the results were shown in Figure 4. In 3D-ESPM, the droplets are mainly subjected to electrostatic
forces, wall lift, viscous drag, shear gradient lift and Dean drag [29,30]. Both the wall lift and the
shear gradient lift are hydrodynamic forces, which lead the water droplets moving along the axial
direction of the channel up and down migration. The electrostatic forces push the droplets to move in
the direction of the electric field, that is, the vertical channel direction. Whereas, the Dean drag, which
belongs to the secondary flows, generates the upper and lower vortices in the cross-sectional direction
of the channel, which pushes the water droplets to generate double eddy current disturbance in the
cross-section direction. Finally, the movement of the droplets in the microchannels is a result of the
integration of these three types of forces.
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As the flow rate increases, the vortices generated in the microchannels increase, causing the
droplets to accumulate at equilibrium positions and the aggregation of droplets of different sizes.
Different speeds lead to an instability of the emulsion system and increase the probability of droplets
gathering. To a certain extent, an increase in flow rate will enhance the effect of droplet coalescence.
In order to further verify the demulsification mechanism of 3D-ESPM, the effects of emulsion flow rate
and plate number were studied.

3.2. Influence of the Flow Rate and Plate Number

Effect of the plate number of 3D-ESPM and the flow rate of W/O emulsion on demulsifying
efficiency were studied under the condition of a microchannel height of 200 µm, arc radian of 180◦ and



Micromachines 2019, 10, 751 7 of 13

electric field intensity of 250 V/cm. The plate numbers of 1–20 and flow rates of 2, 4, 6, 8 and 10 mL/min
were experimented by the 3D-ESPM in a single-pass demulsification. The results are shown in Figure 5.
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Figure 5 shows that the demulsification efficiency η increases with the increasing of the plate
number P for all five flow rates, and the η-P scatter plots prolong into an “S” shaped curve of its
increasing trend [40]. For flow rates of 6–10 mL /min, it is clear that demulsification efficiency rises
lingeringly with the microchannel plate, increasing from one piece to three pieces, and then the
demulsification rates increase sharply, and all the rates reach above 80% when the plate number is up
to 17. After that, the increased trend obviously turns slow. The percentage of demulsification efficiency
peaks at nearly 90.3% on the plate number of 18. Subsequently, the demulsification efficiency plateaus
after the plate number exceeds 18. The residence time of the emulsion in the microchannel can be
increased by decreasing the flow rate or increasing the plate number of the microchannel. Because the
resident time was prolonged, the demulsification efficiency will be increased.

The “S” curve connection between demulsification efficiency and plate number is similar to the
S-type growth curve of typical microorganisms [41], therefore it can be deduced that the initial steadily
increasing period of demulsification efficiency belongs to the induction period of demulsification of
3D-ESPM with a small plate number. In this period, dispersed phase droplets of W/O emulsion just
begin to collect under the electric field; however, due to the short residence time, the demulsification
efficiency increases slowly. Sooner after the residence time oversteps the induction period by adding
the microchannel plates, the demulsification efficiency begins to grow rapidly. This rapidly increasing
period can be considered as the growth period of demulsification by 3D-ESPM. When the number of
microchannel plates exceeds 18, the increasing trend will slow down, peaking at 90.3%.

3.3. Induction Period

According to the above results, it is obvious that the demulsification efficiency of 3D-ESPM was
influenced by the residence time, and the longer the residence time, the higher the demulsification
efficiency. In order to further clarify this relationship, the resident time of emulsions in 3D-ESPM
at five flow rates (2, 4, 6, 8 and 10 mL/min) was calculated by varying the plate number, and was
plotted with the demulsifcaiton efficiency in Figure 6. In this figure, the experiment results (black
dots) were fitted with an S-logistic function (the black spline). Obviously, for all five flow rates, the
demulsification efficiencies increase with the rising resident time by following the sigmoidal function
congruously, which shows that the S-logistic relationship between η and resident time is common for
the experimental range of the flow rate. The tangent line at the inflection point of the S-logistic spline
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was drawn as a red straight line, and for all flow rates the intersection of tangent extension and time
axis are positive, which is shown in Figure 6. The inflection point and intercept are shown in Table 1.
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Similar to the growth curve of a microorganism, the intercepts in Figure 6 and Table 1 can be
considered as the induction period of the demulsification process with 3D-ESPM. Before demulsification
and oil-water two phase separation, emulsion droplets are proposed to coalesce by breaking the
interfacial film between two droplets. The fast-growing, high-efficiency demulsification process might
be due to coalescence propagation [42,43]. Obviously, the induction period is the pre-demulsified
process for droplets to aggregate and coalesce before the fast-growing, high-efficiency demulsification
process. As shown in Table 1, for the demulsification process with 3D-ESPM, the induction period is in
a narrow range from 0.39 to 0.58 s, which demonstrates the high efficiency of 3D-ESPM on coalescing
water droplets of W/O emulsions. These are integrate results of electric fields and microchannels.
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Table 1. The inflection point and intercept of the S-logistic line between the de-emulsification efficiency
and the resident time.

v/(mL/min) Inflection Point/s Intercept/s

2 3.12 0.50
4 2.15 0.39
6 1.67 0.46
8 1.43 0.50

10 1.33 0.58

3.4. Influence of the Residence Time

In order to clarify the influence of the residence time on the demulsifying efficiency, the five data
curves of Figure 6 were combined in Figure 7.
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From Figure 7, it is obviously that demulsifying efficiencies increase with the increasing residence
time for all five flow rates. Besides this, a special phenomenon is that the intersection points of five
curves converge on one point at the residence time of 0.6 s, close to the induction period. Below this
point, the demulsifying efficiency at a low flow rate is higher than that at a fast flow rate with the
same residence time; this may due to the low shear force at the low flow rate, which is in accordance
with the anticipation that droplets coalesce easier at this low flow rate. However, beyond this point,
this relationship is reversed, and the demulsifying efficiency at the fast flow rate increases sharply
and exceeds that at the low flow rate. This phenomenon suggests an extra demulsification impetus
in the 3D-ESPM at a fast flow rate. It is reminiscent of the theory that Dean vortices induced droplet
coalescence in the spiral microchannels at the high flow rate [44–46]. The intensity of Dean vortices is
determined by the Dean number De according to Equations (3) and (4).

De = Re

√
di
dc

(3)

Re =
ρvdi
µ

(4)

where di is the hydraulic equivalent diameter of the microchannel, dc is the spiral diameter, Re is the
Reynolds number, ρ is the density of emulsion, v is the flow rate of emulsion, and µ is the dynamic
viscosity of the emulsion.

From the Equations (3) and (4), the Dean number is proportional to the flow rate of the emulsion.
The number of this Dean number is 1.80–9.02 when the flow rate is 2–10 mL/min. With the increase of the
emulsion flow rate, the Dean vortices in the 3D-ESPM gradually form and strengthen the coalescence of
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droplets in the emulsion fluid which can intensify the demulsification process. The above experimental
results show that the Dean vortex dominates the demulsification process of the 3D-ESPM when the
residence time is longer than the induction period.

3.5. Droplet size Distributions of Emulsions

Droplet size distributions of emulsions before and after becoming demulsified with 3D-ESPM
were measured by using an optical microscope (UB200i, UOP Photoelectric Technology, Chongqing,
China) with an image processing software. The results are shown in Figure 8.
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As shown in Figure 8, both droplet size distributions of the W/O emulsions before and after being
demulsified are in the Normal distribution, however, the distribution range shrinks from 1–30 µm
(Figure 8a) to 1–6.5 µm (Figure 8b) after being demulsified. Correspondingly, the average droplet
diameter of the emulsions, D(4,3), decreases from 19.34 µm to 4.54 µm after demulsification by 3D-ESPM
with a demulsifying efficiency of 90.3%. This result indicated that 3D-ESPM preferentially separates the
large droplets with a diameter of more than 7 µm, which coalesce to form a water phase, and are absent
in the droplet size distribution after having been demulsified. For the small droplets with a diameter
of fewer than 7 µm, the percentage of droplets with a diameter from 3.5 to 6 µm in Figure 8a obviously
decreases in Figure 8b, which means that 3D-ESPM can also separate droplets with a diameter within
this range. Especially from Figure 8a, we can calculate that the volume percentage of the droplets with
a diameter above 4.5 µm is 90%, which coincides with the demulsification rate of 90.3%. Therefore, it
can be deduced that the cut size of the 3D-ESPM to W/O emulsion is about 4.5 µm, and as a contrast,
the cut size of hydrocyclone separation technology is about 10–40 µm [47,48], which reflects that the
former can demulsify dispersed droplets with a wider size range than the latter.

4. Conclusions

The rapid and efficient separation of the dispersed phase (water) in W/O emulsions was achieved
in 0.6–10 s by flowing through the 3D-ESPM under an electric field. Because of the dual coupling effect
of the electric field and the microchannel, the demulsification rate reached the highest percentage, 90.3%,
by increasing the residence time (as increasing the number of micro-channel plates). The experimental
results show that, under the influence of the Dean vortex, 3D-ESPM can effectively intensify the
demulsification process of water in oil emulsions.
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List of Symbol

Symbol Physical Significance
J The stability of emulsions
Vemulsion the volume of static residual emulsion
Vtotal the total volume of the collected emulsion before the settlement
Vwater the volume of the separated water in the emulsion
η the emulsion of the demulsification rate
ϕ the rate of water content in the emulsion
Vkerosenel the volume of separated kerosene in the oil phase
Vtotal

′ the total volume of the collected liquid
Vwater

′ the volume of separated water after demulsification
De Dean number
dc the spiral diameter
di the hydraulic equivalent diameter of the microchannel
Re the Reynolds number
ρ the density of emulsions
v the flow rate of emulsions
µ the dynamic viscosity of emulsions
D(4,3) the mean volume diameter of emulsions

References

1. Muto, A.; Hiraguchi, Y.; Kinugawa, K.; Matsumoto, T.; Mizoguchi, Y.; Tokumoto, H. Effects of organic
solvent and ionic strength on continuous demulsification using an alternating electric field. Colloids Surf. A
Physicochem. Eng. Asp. 2016, 506, 228–233. [CrossRef]

2. Eow, J.S.; Ghadiri, M.; Sharif, A.O. Electro-hydrodynamic separation of aqueous drops from flowing viscous
oil. J. Pet. Sci. Eng. 2007, 55, 146–155. [CrossRef]

3. Cambiella, A.; Benito, J.M.; Pazos, C.; Coca, J. Centrifugal separation efficiency in the treatment of waste
emulsified oils. Chem. Eng. Res. Des. 2006, 84, 69–76. [CrossRef]

4. Krebs, T.; Schroën, C.G.P.H.; Boom, R.M. Separation kinetics of an oil-in-water emulsion under enhanced
gravity. Chem. Eng. Sci. 2012, 71, 118–125. [CrossRef]

5. Eow, J.S.; Ghadiri, M.; Sharif, A.O.; Williams, T.J. Electrostatic enhancement of coalescence of water droplets
in oil: A review of the current understanding. Chem. Eng. J. 2001, 84, 173–192. [CrossRef]

6. Mousavi, S.H.; Ghadiri, M.; Buckley, M. Electro-coalescence of water drops in oils under pulsatile electric
fields. Chem. Eng. Sci. 2014, 120, 130–142. [CrossRef]

7. Peng, K.; Xiong, Y.; Lu, L.; Liu, J.; Huang, X. Recyclable functional magnetic nanoparticles for fast
demulsification of waste metalworking emulsions driven by electrostatic interactions. ACS Sustain. Chem. Eng.
2018, 6, 9682–9690. [CrossRef]

8. Martínez-Palou, R.; Cerón-Camacho, R.; Chávez, B.; Vallejo, A.A.; Villanueva-Negrete, D.; Castellanos, J.;
Karamath, J.; Reyes, J.; Aburto, J. Demulsification of heavy crude oil-in-water emulsions: A comparative
study between microwave and thermal heating. Fuel 2013, 113, 407–414. [CrossRef]

9. Antes, F.G.; Diehl, L.O.; Pereira, J.S.F.; Guimarães, R.C.L.; Guarnieri, R.A.; Ferreira, B.M.S.; Dressler, V.L.;
Flores, E.M.M. Feasibility of low frequency ultrasound for water removal from crude oil emulsions. Ultrason.
Sonochem. 2015, 25, 70–75. [CrossRef]

http://dx.doi.org/10.1016/j.colsurfa.2016.06.037
http://dx.doi.org/10.1016/j.petrol.2006.04.005
http://dx.doi.org/10.1205/cherd.05130
http://dx.doi.org/10.1016/j.ces.2011.10.057
http://dx.doi.org/10.1016/S1385-8947(00)00386-7
http://dx.doi.org/10.1016/j.ces.2014.08.055
http://dx.doi.org/10.1021/acssuschemeng.8b00499
http://dx.doi.org/10.1016/j.fuel.2013.05.094
http://dx.doi.org/10.1016/j.ultsonch.2015.01.003


Micromachines 2019, 10, 751 12 of 13

10. Atehortúa, C.M.G.; Pérez, N.; Andrade, M.A.B.; Adamowski, J.C.; Pereira, L.O.V. Design and implementation
of the frequency control in an ultrasonic break water-in-oil emulsion chamber. Phys. Procedia 2015, 70, 42–45.
[CrossRef]

11. Zheng, S.; Song, Y.; Li, Y.; Sun, L.; Hu, B.; An, M.; Zhou, Y. Broadening of appropriate demulsifier dosage
range for latex-containing wastewater by sulfate addition. Front. Environ. Sci. Eng. 2018, 12, 4. [CrossRef]

12. Abdurahman, N.H.; Yunus, R.M.; Azhari, N.H.; Said, N.; Hassan, Z. The potential of microwave heating in
separating water-in-oil (w/o) emulsions. Energy Procedia 2017, 138, 1023–1028. [CrossRef]

13. Assenheimer, T.; Barros, A.; Kashefi, K.; Pinto, J.C.; Tavares, F.W.; Nele, M. Evaluation of microwave and
conventional heating for electrostatic treatment of a water-in-oil model emulsion in a pilot plant. Energy Fuels
2017, 31, 6587–6597. [CrossRef]

14. Xiong, Y.; Huang, X.; Liu, J.; Lu, L.; Peng, K. Preparation of magnetically responsive bacterial demulsifier
with special surface properties for efficient demulsification of water/oil emulsion. Renew. Energy 2018,
129, 786–793. [CrossRef]

15. Zolfaghari, R.; Fakhru’l-Razi, A.; Abdullah, L.C.; Elnashaie, S.S.E.H.; Pendashteh, A. Demulsification
techniques of water-in-oil and oil-in-water emulsions in petroleum industry. Sep. Purif. Technol. 2016,
170, 377–407. [CrossRef]

16. Pu, Y.; Ruan, D.; Hamiti, D.; Zhao, Z.; Chen, X. Demulsification of W/O emulsion with three-dimensional
electric spiral plate-type microchannel. CIESC J. 2017, 68, 2790–2797. [CrossRef]

17. Okubo, Y.; Toma, M.; Ueda, H.; Maki, T.; Mae, K. Microchannel devices for the coalescence of dispersed
droplets produced for use in rapid extraction processes. Chem. Eng. J. 2004, 101, 39–48. [CrossRef]

18. Kolehmainen, E.; Turunen, I. Micro-scale liquid–liquid separation in a plate-type coalescer. Chem. Eng.
Process. Process. Intensif. 2007, 46, 834–839. [CrossRef]

19. Chen, X.; Lu, H.; Jiang, W.; Chu, L.-Y.; Liang, B. De-emulsification of kerosene/water emulsions with
plate-type microchannels. Ind. Eng. Chem. Res. 2010, 49, 9279–9288. [CrossRef]

20. Ghayesh, M.H.; Farokhi, H.; Farajpour, A. Chaotic oscillations of viscoelastic microtubes conveying pulsatile
fluid. Microfluid. Nanofluidics 2018, 22. [CrossRef]

21. Ameur, D.; Galliéro, G. Slippage of binary fluid mixtures in a nanopore. Microfluid. Nanofluidics 2013,
15, 183–189. [CrossRef]

22. Ortiz-Pérez, A.S.; García-Ángel, V.; Acuña-Ramírez, A.; Vargas-Osuna, L.E.; Pérez-Barrera, J.; Cuevas, S.
Magnetohydrodynamic flow with slippage in an annular duct for microfluidic applications. Microfluid.
Nanofluidics 2017, 21. [CrossRef]

23. Xu, B.; Nguyen, N.-T.; Neng Wong, T. Droplet coalescence in microfluidic systems. Micro Nanosyst. 2011,
3, 131–136. [CrossRef]

24. Shang, L.; Cheng, Y.; Zhao, Y. Emerging droplet microfluidics. Chem. Rev. 2017, 117, 7964–8040. [CrossRef]
[PubMed]

25. Nam, Y.; Seo, D.; Lee, C.; Shin, S. Droplet coalescence on water repellant surfaces. Soft Matter 2015, 11, 154–160.
[CrossRef] [PubMed]

26. Kavehpour, H.P. Coalescence of drops. Annu. Rev. Fluid Mech. 2015, 47, 245–268. [CrossRef]
27. Akartuna, I.; Aubrecht, D.M.; Kodger, T.E.; Weitz, D.A. Chemically induced coalescence in droplet-based

microfluidics. Lab Chip 2015, 15, 1140–1144. [CrossRef]
28. Nowbahar, A.; Whitaker, K.A.; Schmitt, A.K.; Kuo, T.-C. Mechanistic study of water droplet coalescence

and flocculation in diluted bitumen emulsions with additives using microfluidics. Energy Fuels 2017,
31, 10555–10565. [CrossRef]

29. Thurgood, P.; Suarez, S.A.; Chen, S.; Gilliam, C.; Pirogova, E.; Jex, A.R.; Baratchi, S.; Khoshmanesh, K.
Self-sufficient, low-cost microfluidic pumps utilising reinforced balloons. Lab Chip 2019, 19, 2885–2896.
[CrossRef]

30. Nguyen, N.; Thurgood, P.; Arash, A.; Pirogova, E.; Baratchi, S.; Khoshmanesh, K. Inertial microfluidics with
integrated vortex generators using liquid metal droplets as fugitive ink. Adv. Funct. Mater. 2019, 29, 1–10.
[CrossRef]

31. Bithi, S.S.; Vanapalli, S.A. Behavior of a train of droplets in a fluidic network with hydrodynamic traps.
Biomicrofluidics 2010, 4, 44110. [CrossRef] [PubMed]

32. Labrot, V.; Schindler, M.; Guillot, P.; Colin, A.; Joanicot, M. Extracting the hydrodynamic resistance of droplets
from their behavior in microchannel networks. Biomicrofluidics 2009, 3, 12804. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.phpro.2015.08.033
http://dx.doi.org/10.1007/s11783-018-1041-z
http://dx.doi.org/10.1016/j.egypro.2017.10.123
http://dx.doi.org/10.1021/acs.energyfuels.7b00275
http://dx.doi.org/10.1016/j.renene.2017.03.078
http://dx.doi.org/10.1016/j.seppur.2016.06.026
http://dx.doi.org/10.11949/j.issn.0438-1157.20161732
http://dx.doi.org/10.1016/j.cej.2003.10.025
http://dx.doi.org/10.1016/j.cep.2007.05.027
http://dx.doi.org/10.1021/ie1005228
http://dx.doi.org/10.1007/s10404-018-2091-z
http://dx.doi.org/10.1007/s10404-013-1141-9
http://dx.doi.org/10.1007/s10404-017-1972-x
http://dx.doi.org/10.2174/1876402911103020131
http://dx.doi.org/10.1021/acs.chemrev.6b00848
http://www.ncbi.nlm.nih.gov/pubmed/28537383
http://dx.doi.org/10.1039/C4SM01647E
http://www.ncbi.nlm.nih.gov/pubmed/25375970
http://dx.doi.org/10.1146/annurev-fluid-010814-014720
http://dx.doi.org/10.1039/C4LC01285B
http://dx.doi.org/10.1021/acs.energyfuels.7b01619
http://dx.doi.org/10.1039/C9LC00618D
http://dx.doi.org/10.1002/adfm.201901998
http://dx.doi.org/10.1063/1.3523053
http://www.ncbi.nlm.nih.gov/pubmed/21264057
http://dx.doi.org/10.1063/1.3109686
http://www.ncbi.nlm.nih.gov/pubmed/19693393


Micromachines 2019, 10, 751 13 of 13

33. Nguyen, M.A.; Srijanto, B.; Collier, C.P.; Retterer, S.T.; Sarles, S.A. Hydrodynamic trapping for rapid assembly
and in situ electrical characterization of droplet interface bilayer arrays. Lab Chip 2016, 16, 3576–3588.
[CrossRef] [PubMed]

34. Ruan, D.; Hamiti, D.; Ma, Z.D.; Pu, Y.D.; Chen, X. Demulsification of kerosene/water emulsion in the
transparent asymmetric plate-type micro-channel. Micromachines 2018, 9, 680. [CrossRef] [PubMed]

35. Llamas, S.; Santini, E.; Liggieri, L.; Salerni, F.; Orsi, D.; Cristofolini, L.; Ravera, F. Adsorption of sodium
dodecyl sulfate at water-dodecane interface in relation to the oil in water emulsion properties. Langmuir
2018, 34, 5978–5989. [CrossRef]

36. Lü, L.; Wu, K.; Tang, Y.; Tang, S.; Liang, B. De-emulsification of 2-ethyl-1-hexanol/water emulsion using
oil-wet narrow channel combined with low-speed rotation. Chin. J. Chem. Eng. 2018, 26, 2048–2054.
[CrossRef]

37. Kuntaegowdanahalli, S.S.; Bhagat, A.A.; Kumar, G.; Papautsky, I. Inertial microfluidics for continuous
particle separation in spiral microchannels. Lab Chip 2009, 9, 2973–2980. [CrossRef]

38. Deshpande, S.; Tallapragada, P. Particle slip velocity influences inertial focusing of particles in curved
microchannels. Sci. Rep. 2018, 8, 11852. [CrossRef]

39. Sadeghi, H.M.; Sadri, B.; Kazemi, M.A.; Jafari, M. Coalescence of charged droplets in outer fluids. J. Colloid
Interface Sci. 2018, 532, 363–374. [CrossRef]

40. Monod, J. The growth of bacterial cultures. Annu. Rev. Microbiol. 1949, 3, 371–394. [CrossRef]
41. You, L.; Suthers, P.F.; Yin, J. Effects of escherichia coli physiology on growth of phage T7 In Vivo and In Silico.

J. Bacteriol. 2002, 184, 1888–1894. [CrossRef] [PubMed]
42. Bremond, N.; Domejean, H.; Bibette, J. Propagation of drop coalescence in a two-dimensional emulsion: A

route towards phase inversion. Phys. Rev. Lett. 2011, 106, 214502. [CrossRef] [PubMed]
43. Srivastava, A.; Karthick, S.; Jayaprakash, K.S.; Sen, A.K. Droplet demulsification using ultralow voltage-based

electrocoalescence. Langmuir 2018, 34, 1520–1527. [CrossRef] [PubMed]
44. Chen, D.; Cardinaels, R.; Moldenaers, P. Effect of confinement on droplet coalescence in shear flow. Langmuir

2009, 25, 12885–12893. [CrossRef]
45. Di Carlo, D. Inertial microfluidics. Lab Chip 2009, 9, 3038–3046. [CrossRef]
46. Javaid, M.U.; Cheema, T.A.; Park, C.W. Analysis of passive mixing in a serpentine microchannel with

sinusoidal side walls. Micromachines 2018, 9, 8. [CrossRef]
47. Bhaskar, K.U.; Murthy, Y.R.; Raju, M.R.; Tiwari, S.; Srivastava, J.K.; Ramakrishnan, N. CFD simulation and

experimental validation studies on hydrocyclone. Miner. Eng. 2007, 20, 60–71. [CrossRef]
48. Chu, L.; Chen, W.; Lee, X. Effect of structural modification on hydrocyclone performance. Sep. Purif. Technol.

2000, 21, 71–86. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C6LC00810K
http://www.ncbi.nlm.nih.gov/pubmed/27513561
http://dx.doi.org/10.3390/mi9120680
http://www.ncbi.nlm.nih.gov/pubmed/30572660
http://dx.doi.org/10.1021/acs.langmuir.8b00358
http://dx.doi.org/10.1016/j.cjche.2018.04.027
http://dx.doi.org/10.1039/b908271a
http://dx.doi.org/10.1038/s41598-018-30171-9
http://dx.doi.org/10.1016/j.jcis.2018.08.001
http://dx.doi.org/10.1146/annurev.mi.03.100149.002103
http://dx.doi.org/10.1128/JB.184.7.1888-1894.2002
http://www.ncbi.nlm.nih.gov/pubmed/11889095
http://dx.doi.org/10.1103/PhysRevLett.106.214502
http://www.ncbi.nlm.nih.gov/pubmed/21699303
http://dx.doi.org/10.1021/acs.langmuir.7b03323
http://www.ncbi.nlm.nih.gov/pubmed/29236503
http://dx.doi.org/10.1021/la901807k
http://dx.doi.org/10.1039/b912547g
http://dx.doi.org/10.3390/mi9010008
http://dx.doi.org/10.1016/j.mineng.2006.04.012
http://dx.doi.org/10.1016/S1383-5866(00)00192-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Experimental Setup 
	Preparation of the W/O Emulsion 
	Demulsification Experiment 
	Three-Dimensional Electric Spiral Plate-Type Microchannel (3D-ESPM) Demulsification Experiment 
	The Control Experiment 


	Results and Discussion 
	Contrasts between the Gravity Settling and the 3D-ESPM 
	Influence of the Flow Rate and Plate Number 
	Induction Period 
	Influence of the Residence Time 
	Droplet size Distributions of Emulsions 

	Conclusions 
	References

