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Abstract

Separation of water from oil emulsions has been a significant subject in the petroleum industry and chemical
processing. In this paper, we report experimental studies on separation of water from water-in-sunflower oil
emulsions under a combined treatment of a radial electric field and elevated temperature. The effects of voltage and
temperature on separation time are investigated experimentally and theoretically. It is found that the increase in
voltage and/or temperature can significantly reduce the separation time and the residual water in the emulsion. For
example, the application of the 1 kV voltages can reduce the separation time by 5-10 times and decrease the
residual water concentration by 4-5 times when compared to the process without electric fields. Increasing the
process temperature to 90°C can also reduce the separation time by 5-10 times and decrease the residual water
concentration by 5-6 times when compared to the processes at 25°C. The modeling analysis suggests that the
enhanced separation performance can be mainly attributed to the reduced viscosity at elevated temperature and the
accelerated droplet coalescence under the radial electric field. An optimized condition is also found to balance the
energy consumption and separation efficiency.

Keywords: Water/Oil; Emulsions; Electrode; Petroleum and
chemical industries

Introduction
The efficient removal of water from oils has been an important issue

in petroleum and chemical industry for many decades [1,2]. There are
many different aqueous coalescence techniques which are targeted to
remove water from the water-in-oil emulsion: gravity, centrifugal,
chemical treatment, heating, electrostatic, mechanical, filtration, and
so on [2-4].

Electrostatic coalescence was invented for the petroleum-related
industries, and this method uses electric fields to promote the
coalescence of small water droplets in water-in-oil emulsions2. In
electric fields, small water droplets move towards each other or collide
with each other due to the electrostatic forces, such as dipole-dipole
interaction and dielectrophoretic force, acting on them. As a result, the
merging and coalescence of those droplets will increase the droplet size
and eventually lead to settling and separation of water from the oil
phase.

The electrostatic separation can be further expedited by using
elevated temperature because some properties such as density,
viscosity, and dielectric constant become more favorable for separation
as the temperature increases. Especially, the viscosity of the oil
decreases rapidly at the high temperature, which accelerates the
movement and the coalescence of the water droplets [2,5].

In this paper, a separation system is built by using a homemade
cylindrical cone-shaped separator equipped with coaxial cylindrical
electrodes. The electrostatic field in combination with heat treatment is
utilized to accelerate the separation of water from the oil emulsion. The
effects of electric voltage, frequency, and temperature on the separation

time and concentration of residual water in the emulsion are
investigated experimentally. The influences of separation time on
residual water concentration and the power consumption of different
separation methods are also investigated in this paper.

Sunflower oil is used as a replacement of medium crude oil due to
its similar properties [6]. Crude oil contains many natural surfactants
such as asphaltenes, resins and fatty acids [7,8]. Sodium dodecyl sulfate
(SDS) is selected in this paper as the surfactant for sunflower oil
emulsions [9]. Water-in-sunflower oil emulsions with wt. (H2O) = 5%
and 10% are investigated in this paper. The residual water
concentrations (%) in oil phase are measured to compare the qualities
of separated oils.

Theoretical calculations
The droplet movements in electric fields with various temperatures

are investigated theoretically [10-15]. The balances of the forces acting
on a pair of droplets are indicated in Figure 1. Dipole-dipole and
gravitational forces are mainly considered in this analysis. The
velocities and collision times of the droplets are theoretically estimated
with different temperatures, droplet sizes, electric strengths, and
distances between two droplets. As shown in Figure 1, horizontal
electric force (Fel) is created because electrodes are located vertically in
our system, while the gravity (Fg) acts vertically to the ground. The
flow speeds of the droplets, which are divided into horizontal direction
VH and vertical direction VV, can generate the forces of flow resistance
(Fv). The forces of flow resistance are also divided into horizontal
(FV,H) and vertical (FV,V) directions.
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Figure 1: The balance of the forces acting on a pair of droplets in
horizontal electric fields.

The force of gravity (Fg) on the water droplets with radius a and
water density ρw, dispersed into a continuous oil phase of density ρo is
expressed in Equation 1. The forces of flow resistance, which are the
Stokes forces, through the continuous viscosity phase μo along with the
velocities VH and VV are indicated in Equations 2 and 3.�� = 43��3 ��− �0 �  (1)��, � = 6��0���  (2)��,� = 6��0��� (3)

where ε is a permittivity of the medium surrounding oil, Eo is the
strength of the electric field and l is the distance between the droplet
centers. The radii a of the two droplets are assumed same in this
Equation.

��� = 24���02�6�4 = 24���02�2�/� 4  (4)

where ε is a permittivity of the medium surrounding oil, Eo is the
strength of the electric field and l is the distance between the droplet
centers. The radii a of the two droplets are assumed same in this
Equation.

Vertical movement by gravity
First, the vertical movement of water droplets is investigated. In the

vertical movement, the force of gravity (Fg) along with the force of
vertical flow resistance (Fv,v) is considered. For a droplet, the balance of
forces in the vertical position can deliver the Equation 5 by using the
Equations 1 and 2. The Equation 7 for dVV/dt is obtained from the
Equations 5 and 6.������ = 43��3 (��− �0)� − 6��0���  (5)� = 43��3��

 (6)
����� = (�� − �0)��� − 4.5�0���2��  (7)

Considering that this is a pseudo-steady state (dVV/dt≈0), the
vertical velocity (VV) can be calculated in Equation 8. The
sedimentation time (tV) of the droplet is also obtained in the Equation
10 with the vertical distance h.

�� = �2(�� − �0)�4.5�0  (8)�ℎ�� = �� = �2(�� − �0)�4.5�0
(9)�� = 4.5�0ℎ�2 �� − �0 �  (10)

������ = 24���02�6�−4− 6��0���  (11)

The vertical velocity (VV) of water droplets can be affected by
several factors such as the densities of water and oil (ρw-ρo), oil
viscosity (μo), and the radius (a) of the water droplets as indicated in
Equation 8. When considering sunflower oil as a continuous oil phase,
the density and viscosity are affected by the temperature as shown in
Figure 2. Therefore, it is determined that the precipitation speed of
water droplet is mainly affected by the operating temperature and the
droplet size, and this speed can be increased by the increment of the
temperature as well as the droplet size.

Figure 2: Changes of properties with temperature (10 - 140°C): (a) Densities (kg/m3) of water and sunflower oil, (b) Dynamic viscosities of
sunflower oil, (c) Dielectric constants of sunflower oil.

The sedimentation times of the water droplets are analytically
calculated with various temperatures and droplet sizes. The vertical
distance (h) is assumed to be 10 cm. The precipitation time of the
droplets decreases as droplet size and temperature increase, as

indicated in Figure 3a. For example, the precipitation time of water
droplet is decreased by 5-10 times with high temperature (90°C) when
compared to the room temperature (25°C). This reduced precipitation
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time of the droplets can expedite the separation speed of the water-in-
oil emulsions.

Horizontal movement by electric fields
Next, the horizontal movement of the water droplets by the electric

fields is studied. In the horizontal movement, the electric force of the
droplet (Fel) along with the force of horizontal flow resistance (FvH) is
considered as shown in Figure 1. The balance of the forces on the
droplet in the horizontal direction can generate the Equation 11. The
Equation 12 of dVH/dt is obtained from the Equations 6 and 11.

The horizontal velocity (VH) can be also calculated by considering a
pseudo-steady state (dvh/dt≈0) assumption as seen in Equation 13. The
collision time (tc) calculated by integrating Equation 14 is expressed in
Equation 15. The collision time is influenced by several factors such as
ε, Eo, μo and l⁄a, among which dielectric constant (ε) and viscosity (μo)
are deeply influenced by the operating temperature. Therefore,
temperature and electric strength can be considered as main factors to
determine the collision time with assuming fixed l/a ratio.

The effects of temperature and electric strength on the collision time
are numerically calculated. The collision time decreases as temperature
and electric strength increase as shown in Figure 3b. For instance, the
collision time of the water droplets are reduced by 5-10 times with high
temperature (90°C) compared to the result at room temperature
(25°C).

From the results of the theoretical calculation, the precipitation and
collision times of water droplets in the oil phase is significantly related
to the increment of the temperature and electric force. The
precipitation and collision times are reduced by 5-10 times by
increasing the process temperature to 90°C when compared to the
process under the same electric field at 25°C. This reduced coalescence
time can accelerate the separation speed of water-in-oil emulsion. The
effect of temperature and electric force will be also determined by
water/oil separation tests to validate the results of analytical
considerations.

Figure 3: Precipitation and collision time of the water droplets under the influence of temperature (10 - 140°C): (a) Precipitation time (hours)
with various droplet sizes, (b) Collision time (sec) with various electric strengths.

Experimental Setup

Overall setup
Separation of water-in-sunflower oil emulsions is carried out using

an experimental setup as shown in Figure 4. The system consists of a
function generator, a voltage amplifier, a temperature-controlled oven
and a homemade separator. The function generator can generate
pulsed DC with different wave shapes, such as square, sine, arbitrary.
The voltage amplifier can amplify the input voltage to 2000 times
higher. The maximum voltage and frequency created from this
equipment are 10 kV and 7.5 kHz. A temperature-controlled oven is
used to achieve elevated temperature conditions. In this paper, the
ranges of the operating temperature, voltage, and frequency are
25-90°C, 0 – 1 kV and 10 - 5,000 Hz.

Water-in-oil emulsions
The water-in-sunflower oil emulsions are made with 0.1% (wt.)

Sodium Dodecyl Sulfate (SDS) surfactant and either 5% or 10% water.

The mixtures are mixed by an ultrasonic processor with 250 W power
for 12 minutes to make water-in-sunflower oil emulsions.

Design of electrodes and separation tube
There are several factors affecting electro-coalescence, such as a type

of current flow, voltage, frequency, electrode configuration, etc.
Different types of current flow have been used for the electro-
coalescence method: AC, DC and pulsed DC [16-19]. DC is efficient in
promoting droplet coalescence but usually causes electrolytic
corrosion. Therefore, it is rarely used in water-oil separation nowadays.
AC was the most common method used in crude oil emulsion due to
its tolerance to high water concentrations before the pulsed DC was
introduced. Pulsed DC was proposed with insulated electrodes for
high water content emulsions and has been extensively used since
1980s [2,20]. Pulsed DC provides a marked performance advantage
over AC or DC power [2,21]. While pulsed DC has different types of
wave shapes (e.g. sine, square, ramp, pulse, noise waves), square wave
shape shows the highest efficiency [22]. Therefore, the square wave of
pulsed DC is used for all the tests in our experiment.
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Figure 4: Experimental Setup for water-in-oil emulsion separation: (a) Overall diagram, (b) Cone-shaped cylindrical separation tube equipped
with coaxial electrodes.

Coalescers are devices that are primarily used for liquid separation.
For an electric coalescer, the design for electrodes is one of the key
factors. There are two types of electrodes: uninsulated electrodes and
insulated electrodes. An uninsulated electrode may cause short-circuit
problem [23]. The chance of the electric short-circuits is significant
when the water concentration is above 20%. Since the crude oil may
contain water concentration above 20%, it may not be a wise choice to
use the uninsulated electrode. On the other hand, insulated electrodes
have electrical breakdown strength to withstand the voltage. This can
reduce electrical potential at the electrode emulsion interface [24-29]
and enhance separation efficiency [30]. Therefore, insulated electrodes
are used for all the separation tests in our experiment.

The configuration (e.g. plate or cylinder) of electrodes can also
affect separation performance due to their effects on the electric fields.
As shown in Figures 5a and 5b, flat plate electrodes would create
uniform electric fields, while cylindrical electrodes can generate non-
uniform electric fields inside the separation tube. Non-uniform electric
fields can enhance the water-oil separations compared to uniform
fields [31-34]. In addition to generating non-uniform electric fields,
cylindrical electrodes can create electric fields that cover most of the
space in the separation tube. Therefore, in this paper, instead of using
two flat copper plate electrodes, cone-shaped cylindrical electrodes are
used in our experiment. The shape of a separator is another key factor.
In this paper, a long and thin cylindrical tube is fabricated as the
separator. By this design, the distance between the centre and
surrounded electrodes can be minimized. This reduced gap brings a
higher strength of electric fields and promotes the separation. The
temperature of the emulsion can be measured by a thermocouple
immersed in the emulsion.

A cylindrical conical glass tube, copper foils, and wires are used to
design the cone-shaped separator. The dimensions of the conical
separation tube are 128 mm height, 17 mm of the outer diameter and
13 mm of inner diameter. The volume of the separation tube is around

15 mL. A cap is used to cover and seal the separator. The separation
tube is surrounded by the copper roll, which plays a role as a ground
electrode. A central electrode and a thermocouple, which are insulated
by glass capillary tubes, are fixed by going through the cap. The
diameter of the center copper electrode is 1 mm. A separation tube is
supported by a cone-shaped tube holder.

Measurement uncertainty
The measurement uncertainty has significant influences on the

assessment of the results. The measurement device, Karl Fischer
Titrator, shows less than 0.5% of standard deviation with the range of
1-10% of water concentrations. Therefore, the uncertainties of
measurement devices are negligible. However, a human experimental
error may affect the results. Even though the tests are performed in
same conditions, measurement of the separation speed and the water
concentrations can show minor differences. Based on the results of
repeated tests, the experimental test error can be less than ± 10%.

Experimental Results

Comparisons of heating, electrostatic, and combined
methods

Water-in-oil emulsions may be separated by either heating or
electrostatic method alone. Three different tests with 10% water-in-
sunflower oil emulsion are executed to compare the heat treatment,
electrostatic method, and the combined method of these two. The
experiments are carried out in the homemade separator using an
experimental setup as shown in Figure 5. The water-oil separations
observed with these three conditions are indicated in Figure 6a, and
the residual water concentrations (%) in the separated oil phase after
10-minute tests are listed in Table 1. In the figures, red arrows indicate
the interfaces between the separated water and oil phases. For both
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heating and electrostatic tests, the residual water concentrations (%) in
the separated oil phase are around 5%. This indicates that only about
50% of the water is separated out of the emulsion by the heating or
electrostatic method alone. Moreover, the water phase is not fully
transparent when separated by only heat treatment as can be seen in

the figure. However, when the combined method is used, the amount
of separated water increases significantly. Around 90% of the water is
separated as shown in Table 1. Therefore, the combination of heating
and electrostatic methods can bring a significant improvement in the
quality of water separation.

Figure 5: Different electric fields generated by flat plates and
cylindrical electrodes: (a) Flat plate electrodes generate uniform
electric fields, (b) Cylindrical electrodes generate non-uniform electric
fields.

Temperature dependence
The speed and quality of the water-oil separation by the combined

method may be affected by several factors: temperature, voltage, and
frequency. Temperature dependence of the water-in-oil emulsion
separation is investigated by executing separation tests at seven
different temperatures: 25°C, 40°C, 50°C, 60°C, 70°C, 80°C and 90°C.
Other conditions remain constant during the tests. The applied voltage
and frequency are 1 kV and 50 Hz with a square wave. Figure 6b
indicates the separations of the emulsion during the test at four
different operating temperatures: 25°C, 50°C, 70°C and 90°C. At room
temperature, 25°C, no obvious separation is observed until 5 minutes
after applying voltage. However, at 90°C, the water-oil separation is
observed in less than 1 minute. The amount of separated water
increases during the test. Based on the test results, the water/oil
separation time is reduced by 5-10 times at 90°C compared to the tests
under the same electric field at the room temperature (25°C). This
reduced separation time by elevating temperature shows an agreement
with the result of the theoretical calculations.

The water concentrations of the separated oil phase are measured
after 10-minute tests. The results of residual water concentration in the
separated oils, with the initial water concentration of 5% and 10%, are
indicated in Figure 7a. At 25°C, 40-50% of the water is separated out
from the emulsion for both 5% and 10% emulsions. The amount of
separated water also increases as the operating temperature increases.
Over 90% of the water is separated at the highest temperature (i.e.,
90°C) with the residual water concentration around 0.8-0.9% in the
separated oil phase. Therefore, the quality of the separated oil becomes
higher with the increase of temperature. Especially, this high-

temperature treatment coupled with the electrostatic method can
efficiently separate the emulsified oil (e.g. crude oil).

Figure 6: 10% Separation of water-in-sunflower oil emulsion under
different conditions: (a) Comparison of heating, electrostatic, and
combined (heating + electrostatic) methods, (b) Separations by
different temperatures, (c) Separations by different voltages, (d)
Separations by different frequencies.
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10% Water-in-sunflower oil separations
Residual water concentrations (%) in the oil phase

10 minutes 60 minutes

Heating Only
4.49 2.75

(90°C)

Electrostatic Only
5.36 0.89

(25°C, 1kV, 1kHz)

Heating + Electrostatic
0.94 0.48

(90°C, 1kV, 1kHz)

Table 1: Water concentrations of separated oil phase with the extended separation time.

Voltage dependence
The dependence of voltage is also investigated for the electrostatic

separation. Five different voltages (0 kV, 0.1 kV, 0.3 kV, 0.5 kV, 1 kV)
are applied to the water-in-sunflower oil emulsions while all other
conditions remain the same. The operating temperature is 90°C, and
the frequency of the electric field is 50 Hz. The observed water-oil
separations are shown in Figure 6c. No separated water phase is
observed for the test with zero voltage (i.e., heating only) in five
minutes. In contrast, the separations of water phase are observed when

a voltage is applied to the system. As the applied voltage is increased
from 0.1 kV to 1 kV, the separation of water is also expedited. Figure
7b presents the residual water concentrations in the separated oil phase
after the 10-minute test. As shown in Figure 7b, the increase of voltage
can deliver a higher quality of the separated oil phase with residual
water concentration less than 1%. For example, the application of 1 kV
voltage reduces the separation time by 5-10 times and decreases the
residual water concentration by 4-5 times when compared to the test
without applying voltage.

Figure 7: Water concentrations of separated oil phase for different conditions: (a) Temperature dependence, (b) Voltage dependence, (c)
Frequency dependence.

Frequency dependence
The separation tests to determine the frequency dependence are

executed with six different frequencies: 10 Hz, 50 Hz, 100 Hz, 500 Hz,
1000 Hz, 5000 Hz. Applied voltage and temperature are constant at 1
kV and 90°C. The effect of frequency on the separation speed of water-
in-oil emulsion is displayed in Figure 6d. As can be seen in the figure,
the increasing of frequency may expedite the separation speed.
However, the effect of the frequency on the separation speed is
relatively small compared to the influences of temperature and voltage.
Figure 7c indicates the residual water concentrations in the separated
oil phase. As can be seen in the figure, the effect of increasing
frequency becomes negligible when the frequency reaches a certain
point (i.e., 50 Hz). Water concentrations are also measured to be less
than 1% when the applied frequency is over 50 Hz.

Testing time
The extension of separation time may bring a higher quality to the

separated oil. To illustrate that, separation tests of 10% water-in-
sunflower oil emulsions for the extended time (1 hour) are conducted
with heat treatment, an electrostatic method, and the combined
method. The residual water concentrations (%) in the separated oil
after 1-hour tests are shown in Table 1. As can be seen in the table, the
extension of separation time can reduce the water concentrations in
separated oil for all the three methods. The electrostatic method brings
much less water concentration (0.89%) compared to the heating only
method (2.75%). However, the water concentration (0.89%) of this
one-hour electrostatic test is almost the same as the result of the
combined method (0.94%) with 10 minutes. Therefore, the combined
method can reduce the separation time substantially with similar oil
quality. This reduced separation time can also deliver a less energy
consumption. Finally, when the testing time is increased to 1 hour for
the combined methods, the water concentration was decreased around
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0.5%. Therefore, the combined method can achieve not only a higher
quality of separated oil but also a reduction of the separation time.

Energy consumption
As shown in the previous results, the increase in voltage and

frequency can enhance the separation quality and reduce the
separation time. However, when the voltage or frequency reaches a
certain point, the effect of increasing becomes negligible. The power
consumptions with different voltage and frequency are indicated in
Figures 8a and 8b. Therefore, it is also important to find the optimal

values of voltage and frequency to minimize the unnecessary use of
power consumption. In this system, the optimum voltage and
frequency may be chosen to be 0.5 kV and 50 Hz. In addition, 10%
water-in-sunflower oil emulsion shows a little higher energy
consumption than 5% emulsion as shown in Figures 8a and 8b because
the resistance of the emulsion reduces with the increase of water
concentration. The optimum voltage and frequency can be changed for
different separation systems because it is also affected by the
configuration and dimensions.

Figure 8: Power consumptions of the system under different conditions: (a) Voltage dependence, (b) Frequency dependence.

Discussion
The combination of heating and electrostatic methods is more

effective than either method alone for the water-oil separation. The
separation of the water-in-oil emulsion in electric fields is accelerated
at the elevated temperature because the elevated temperature reduces
the viscosity of emulsion, which makes the coalescing more rapid. The
influences of elevating temperature for water/oil separation by
electrostatic force are also theoretically investigated. Theoretical
calculations show that the precipitation and collision times of water
droplets are decreased by elevating temperature or electric strength.
For instance, the water/oil separation speed is reduced by 5-10 times at
high temperature (90°C) when compared to the same process at room
temperature (25°C). These results are experimentally validated by
executing water/oil separation tests with different temperatures and
voltages. For example, increasing the operating temperature to 90°C
can reduce the separation time by 5-10 times and decrease the residual
water concentration by 5-6 times when compared to the results under
the same electric field at 25°C. In addition, the application of the 1 kV
voltages can decrease the separation time by 5-10 times and reduce the
residual water concentration by 4-5 times when compared to the test
without electric field but with the same heating condition.
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Conclusion
In this separation study, the separated oil phase contains normally

less than 1% of water after only a 10-minute separation using the
combined methods (i.e., heat treatment + electrostatic method).
Temperature and voltage are significant factors that influence the
speed and quality of separation, while frequency shows less effect. By
increasing the temperature, voltage, and frequency, we may improve
the quality of separated oil with reduced separation time.

Once the voltage and frequency reach certain points, the
improvement of water-in-oil emulsion separation becomes negligible.
Therefore, establishing the optimum voltage and frequency are
important to balance the energy consumptions and separation
efficiency. By estimating the power consumption, the optimum
condition of our system is found to be 0.5 kV and 50 Hz with 90°C of
heating. In this condition, the water-oil separation is observed in
around 30 seconds after applying the voltage and the amount of
separated water keep increasing during the experiment. After a 10-
minute test, the water concentration of the separated oil is about 0.8%.
The result can be further increased to be around 0.5% with an
extended separation time of 1 hour.
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