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1. Introduction

Oil–water emulsions generated by oil pro-
duction and other human activities are 
extremely harmful to the environment,[1,2] 
ecology,[3,4] and human health,[5] if they 
are not appropriately treated. Several 
oil–water separation technologies exist to 
treat these oil–water emulsions, such as 
physical separation methods, chemical 
demulsification, and electric dehydra-
tion. Physical separation methods such 
as gravity settling are mainly utilized 
for the initial separation of the oil–water 
mixture. They are usually energy inten-
sive and require considerable power con-
sumption.[6–10] Chemical demulsification 
relies on chemical agents to destroy the 
interfacial stability of oil–water emul-

sions, thus achieving oil–water separation. It is widely used 
in many applications but could generate impurities and 
cause secondary pollution.[11–13] Electric dehydration has the 
advantages of high dehydration efficiency and quality, but it 
can only work at low moisture content with a complex power 
supply.[14–16] Overall, a large amount of energy or chemicals is 
consumed during oil–water treatment. Therefore, it is highly 
desired to develop a sustainable and efficient method for sepa-
rating oil–water emulsions.

A triboelectric nanogenerator (TENG) can instantly convert 
environmental energy into electricity and then serves as an 
energy harvester, active sensor portable power sources, and 
self-powered systems.[17–23] Relying on the electrostatic induc-
tion effect, TENGs can generate an extremely high electric 
field, and their open-circuit voltage (VOC) can easily reach a 
few thousand volts.[24] This makes the TENG a high-voltage 
power supply driven by environmental energy for water dis-
infection,[25] sterilization,[26] microplasma generation,[27] soft 
robots,[28,29] microfluidics,[30,31] cell printing technology,[32] and 
electrostatic spinning.[33] In particular, Lei et al.[34] developed a 
TENG with a charge-accumulation strategy to provide a sus-
tained ultrahigh output voltage of 20 kV, which was used to 
trigger continuous electrophoresis and dielectrophoresis in 
the oil, resulting in a self-powered oil purification system. 
Previous studies[35–38] found that traditional electric dehydra-
tors cannot function well beyond a moisture content of 20% 
due to water chain caused short-circuit current (ISC) damage. 
However, the short-current output of TENGs is usually at 
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the level of microamps due to the finite transferred charge 
of TENGs.[24] The high-voltage and low-current properties of 
a TENG could expand the applicable moisture content range 
in electric dehydration. The above works suggest that a TENG 
has great potential to serve as a high-voltage source driven by 
environmental energy for the electric dehydration of water-in-
oil emulsions.

In the present work, a self-powered and efficient triboe-
lectric dehydrator (TED) is proposed, consisting of a pair of 
electrodes that connect to a freestanding rotary TENG (FR-
TENG). When environmental energy such as wind energy 
is used to drive the TENG, it provides a high-voltage electric 
field to the emulsion. A multiphysics-coupled model is estab-
lished to study the dynamic performance of water droplets in 
oil under the high-voltage electric field. Through both simu-
lations and experiments, the dehydration performance of the 
TED is analyzed in detail. The present experimental results 
show that the dehydration rate reaches 99.41% even when the 
initial moisture content is 60%. Above this moisture content, 
the water-in-oil emulsions will transform into the oil-in-water 
emulsion. In addition, the TED driven by wind energy is suc-
cessfully demonstrated to dehydrate the water-in-oil emul-
sions. The present work proves that TED has great potential 
for separating oil–water emulsions.

2. Results and Discussion

2.1. Structure and Working Principle of TED

Figure 1a demonstrates a schematic diagram of the wind-driven 
TED network for crude oil treatment. As shown in Figure  1b, 
a TED is driven by offshore wind energy by connecting to a 
windmill. The wind-driven TED unit floats on the sea with the 
buoyancy block. Through pipelines, multiple wind-driven TED 
units distributed in neighboring water areas are deployed in a 
TED network. The pipeline transfers crude oil from the plat-
form to TED units, and the dehydrated liquids are returned to 
the platform separately through the oil and water outlets. Due 
to the applicable moisture content limit of conventional electric 
dehydrators, crude oil treatment on offshore platforms usually 
uses electrical dehydration as the last stage of treatment, before 
which the emulsion moisture content is reduced to a suitable 
range by other methods. The wind-driven TED network simpli-
fies the dehydration process and saves energy, thus releasing 
space and improving production efficiency.

Figure 1c illustrates the TED structure, consisting of an FR-
TENG connecting to a dehydrator. The design of an FR-TENG 
enables the polyvinyl chloride (PVC) film on the rotor soft to 
contact with the nylon film on the stator. Compared with other 

Figure 1. Design and application of TED for separating water-in-oil emulsions. a) The wind-driven TED network for crude oil treatment. b) Structure 
diagram of a wind-driven TED unit. c) Schematic of TED. Comparison of d) the initial moisture content and e) final dehydration rate obtained in this 
work with others.[14,39–45]
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tightly frictional TENGs, the FR-TENG has less resistance 
torque between the rotor and the stator. Therefore, it is easier 
to harvest environmental energy, such as wave energy, wind 
energy, and ocean current energy. By connecting the FR-TENG 
directly with the two electrodes of the electric dehydrator, an 
electric field is built in the vessel. According to electro-hydro-
dynamics, the electric field provided by the FR-TENG produces 
dielectric force to the water-in-oil emulsion. With the effect of 
the dielectric force, the oil-wrapped water droplets produce 
deformation, oscillation, and coalescence. As a result, the dehy-
dration is accelerated significantly.

Oil–water emulsions are sorted into water-in-oil emulsions 
and oil-in-water emulsions with different moisture contents. 
The oil phase is continuous in water-in-oil emulsions, while the 
aqueous phase is discrete, and the phase continuity in the oil-
in-water emulsion is the opposite. When the moisture content 
increases and exceeds the phase inversion concentration, the 
water-in-oil emulsion turns into the oil-in-water emulsion.[39–41] 
It is well known that oil is usually a good insulator. Water is 
insulated in the ideal situation, but in practice, it is conductive. 
The conductive continuous aqueous phase between two elec-
trodes could cause the destruction of the electric field.

The TED works well at 60% moisture content, at which the 
moisture content is close to phase inversion concentration. 
As shown in Figure 1d, the applicable moisture content of the 
TED is far beyond that in the literature.[14,42–45] It is because of 
water chains that occur continuously in the traditional dehy-
drator,[36–38] which causes short-circuit current damage. In 
contrast, the short-circuit current damage does not happen 

in TED. Since the FR-TENG is a high-voltage, low-current 
power source, the TED is barely influenced by the water chain, 
which is a great advantage over traditional electric dehydration 
equipment.

Additionally, as shown in Figure  1e, to the best of our 
knowledge, TED is more efficient compared with other 
works.[14,42,45–48] The final dehydration rate is 99.41% for the 
TED, at 60% initial moisture content, 1000 V cm−1 average elec-
tric field intensity, parallel electrode, and 50 °C. In summary, 
the dehydrating performance of the TED is outstanding for 
ultrahigh moisture content water-in-oil emulsions.

2.2. The Output and Characteristics of an FR-TENG

To further analyze the characteristics of TED, the output 
and characteristics of the FR-TENG are tested. As shown in 
Figure 2a, the gap distance between the rotor and the stator 
determines the contact area of the PVC film and the nylon film 
when the same set of PVC films is used. On this basis, the gap 
distance influences the output of the FR-TENG. Additionally, 
the speed of rotation also affects the output.

The VOC and ISC are measured by the circuit shown in 
Figure 2b. Results are shown in Figure 2c,d, measured at a 5 mm 
gap distance and rotational speed from 20 to 400 rpm. The VOC 
increases with the rotational speed of the rotor. At 20  rpm, the 
VOC reaches 1.6 kV and up to a maximum of 3.0 kV at 400 rpm. 
The speed change affects the ISC more obviously, rising from 
14.7 µA at 20 rpm to a maximum of 193.7 µA at 400 rpm.

Figure 2. Structure and electric characteristics of the FR-TENG. a) Structure diagram of the FR-TENG. b) Circuit schematic measuring electric character-
istics of the FR-TENG. Switching positions 1 and 2 mean the measurement of open-circuit voltage and short-circuit current of the FR-TENG, respectively. 
c) Open-circuit voltage and d) short-circuit current of the FR-TENG with various rotational speeds. e) Open-circuit voltage and f) short-circuit current 
of the FR-TENG with various gap distances.
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The peak values of VOC and ISC at different rotational speeds 
for the FR-TENG with various gap distances are shown in 
Figure 2e,f. The contact area is reduced by increasing the gap 
distance, leading to a lower output. VOC covers from 200 to 
2000 V at these three gap distances. Despite the variation in fre-
quency, the frequency within this range has a negligible effect 
on the dehydration efficiency.[49] It allows experiments to be 
executed at different electric intensities. These experiments also 
demonstrate that smaller TENGs can drive dehydration. These 
provide the foundation for designing a TED according to var-
ious energy harvesting methods.

2.3. Dehydration Performance of the TED

2.3.1. Dynamic Performance of Water Droplet in Oil under  
a High-Voltage Electric Field

Figure 3a shows the charge transfer during a full cycle containing 
four stages. The nylon and PVC are charged by frictional contact. 
Positive charges on 12 pieces of PVC films induce corresponding 
negative charges on electrodes of the FR-TENG directly below the 
contact area. The FR-TENG is connected directly to the electrodes 
in the emulsion. As the rotor rotates, charges are transported 
from the electrodes of the FR-TENG to the electrodes of the dehy-
drator, thus generating an electric field force on the water-in-oil 
emulsion. The electric field force is mainly produced around 
water droplets, while its magnitude is positively related to the 
strength of the electric field. By continuously repeating this cycle, 
the water droplets keep getting deformed, oscillated, and coales-
cenced, which significantly increases the dehydration speed.

According to electro-hydrodynamics theory, the emulsion 
satisfies the Navier–Stokes equations[50]

· · st e
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∂

+ ∇ = ∇ − + ∇ + ∇



 + + +  (1)
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where ρ is the fluid density, p is the pressure, μ is the fluid vis-
cosity, and u is the fluid velocity. The additional terms Fst and Fe 
are the interfacial force and the electric force, respectively. The 
interfacial force is the resistance, and the electric force is the 
driving force of the coalescence. The interfacial force is defined 
as follow

·st γ δ( )( )= ∇ − F I nnT  (3)

Here, I and T are the identity matrix and the transposed 
matrix, γ is the surface tension, n is the interface normal, and δ 
is the Dirac delta function that is zero except at the fluid inter-
face. The fluid is subjected to forces in the electric field, as 
shown in the following equation[51]
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where qe is the charge density, E is the electric field, ε is the 
fluid permittivity, and T is the temperature. The three terms in 
the equation represent the Coulomb force, the dielectric force, 

Figure 3. Dynamics of water droplets in emulsions under high-voltage electric field built by an FR-TENG. a) Four stages in one full cycle of the TED. 
The b) experiment and c) simulation for the coalescence of water droplets directly driven by the FR-TENG.
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and the electrostriction force, respectively. Although a small 
amount of charge is transferred from the two electrodes to the 
water-in-oil emulsion, its quantity is almost negligible.[52] The 
electrostriction force is neglected since the emulsion is consid-
ered an incompressible fluid. Therefore, the dominating force 
on the water-in-oil emulsion in the electric field is the dielectric 
force

1
2

e
2F E ε≈ − ∇  (5)

Equation  (5) indicates that the emulsion is subjected to an 
electric field mainly induced by the inhomogeneity of the die-
lectric constant. In electro-hydrodynamics theory, it can be cal-
culated equivalently by the Maxwell stress tensor. The detailed 
deduction is presented in Note S1 (Supporting Information).

The electric coalescence of water droplets is divided into 
oscillation coalescence and dipole coalescence. They are ana-
lyzed in detail through both simulations and experiments. In 
the simulation and experiment, the droplet size is enlarged to 
500 µm, and the parallel electrode distance is reduced to 5 mm 
to observe the dynamic processes intuitively. The lowest acces-
sible rotation speed of the FR-TENG for the experiment is 
20 rpm. Correspondingly, in the simulation, the top and bottom 
electrodes’ voltage waveforms are tuned to 4 Hz, and the peak 
voltage is set to 1.5 kV. A multiphysics model is developed in 
COMSOL to perform this simulation. The model consists of 
three physical field models, including a laminar flow model to 
calculate the flow of the emulsion, a level-set two-phase flow 
model to track the changes at the oil–water interface, and an 
electrostatic model to estimate the electric field changes in the 
water-in-oil emulsion. The three models are fully coupled to 
simulate the interactions between the emulsion and the electric 
field.

Figure S1 (Supporting Information) shows the deformation 
of a water droplet in the simulation and experiment. It is the 
basis of oscillation coalescence and dipole coalescence. The 
arrows in the simulation indicate the magnitude and direc-
tion of the electric field force. It should be noted that the arrow 
lengths in Figures S1 and S2 (Supporting Information) are 
proportional, and the scale factors are 3E-4 and 5E-5, respec-
tively, while the arrow length in Figure  3c is logarithmic, the 
range quotient is 500, and the scale factor is 10E-6. It can be 
observed that as the electric potential increases, the upward die-
lectric force increases. In the experiment, water droplets were 
successfully deformed by the dielectric force generated by the 
FR-TENG. The dynamic process of the water droplet deforma-
tion driven by the FR-TENG is shown in Video S1 (Supporting 
Information).

In practice, as shown in Figure S2 (Supporting Informa-
tion), the dielectric forces generated above and below the water 
droplet are not in the same magnitude, making the water 
droplet deform and oscillate simultaneously, which is because 
the electric field around the water droplet varies with its loca-
tion owing to the inhomogeneity of the electric field. The oscil-
lation of water droplets increases the opportunity of water 
droplets collision, which forms the basis of the oscillation coa-
lescence. The process of the oscillation is shown in Video S2 
(Supporting Information).

The simulation and experiment of dipole coalescence are 
shown in Figure  3b,c. Water droplets are initially placed hori-
zontally. Under the dielectric force, the water droplets deformed 
rapidly. Since the two droplets adhere to the electrodes with dif-
ferent forces, they move differently, and the angle between the 
droplets is no longer zero. Subsequently, the two water droplets 
produce dipole coalescence. The process is shown in Video S3 
(Supporting Information). In the simulation, although the force 
of water droplets adhering to electrodes could not be simulated, 
the deformation of water droplets still moves them differently, 
making the angle between them diverge from zero. Finally, the 
dipole coalescence is completed.

Meanwhile, Figure 4 shows the effects on electric field 
intensity and dielectric force. The effective parameters include 
water droplet size, position, and the dielectric constant of oil, in 
which the size and position of water droplets reflect the impact 
of the inhomogeneity of the dielectric constant mentioned in  
Equation (5). Figure 4a,b illustrates the electric field intensity and 
dielectric force variation around a single water droplet and two 
water droplets at different angles. The angle is marked in Figure S3  
(Supporting Information). The water droplet simulated in 
Figure 4a is placed in the middle of the upper and lower elec-
trodes so that the dielectric force generated is symmetric. When 
the position of the water droplet is not at the exact midpoint, the 
dielectric force is asymmetric, thus producing the oscillations in 
Figure S2 (Supporting Information). Figure 4b indicates that the 
dielectric force between the two droplets reaches the maximum 
when they are up and down. Figure 4c shows the effect of the 
dielectric constant, indicating the magnitude of the dielectric 
force generated on different types of oil with different dielectric 
constants. In Figure  4d, as the water droplets’ center distance 
decreases, the electric field intensity between them increases. 
As shown in Figure  4e, when the distance between two water 
droplets is kept constant, the electric field intensity between 
them increases with the diameter of the water droplet. The vari-
ation of dielectric force with the diameter and center distance of 
water droplets is illustrated in Figure 4f. It is found that when 
two water droplets are close enough, there exists a considerable 
interaction between them, producing dipole coalescence.

The dynamic performance of water-in-oil emulsions under 
the electric field generated by the FR-TENG is analyzed in 
detail through simulations and experiments. Guidance is given 
for the subsequent dehydration performance experiments’ vari-
able selection.

2.3.2. Effects of Operating Conditions on the Dehydration  
Performance of the TED

Electric dehydration is relevant to the moisture content, con-
tinuous phase viscosity, electric field intensity, electric field uni-
formity, etc. Figure 5 shows the three processes in the electric 
dehydration experiment. Before the dehydration, surfactant-
stabilized water-in-oil emulsions with different initial moisture 
contents are prepared. Water bath heating changes the viscosity 
by controlling the temperature of the emulsion. During the 
dehydration, the upper dehydrated oil is sampled by a microsa-
mpler. The moisture titrator measures the moisture content of 
the sample every 5 min. Calculations of moisture content and 
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the dehydration rate are demonstrated in Note S2 (Supporting 
Information).

Two electrode structures, parallel electrode and wire–duct 
electrode, are used to compare the effects of electric field uni-
formity. The dimensions of the two electrode structures are 
marked in Figure S4 (Supporting Information). An acrylic poly-
methyl methacrylate (PMMA) vessel with an inner diameter of 
42 mm is used as the container for both electrode structures. 
The electrode diameter is 35 mm for the parallel electrode, 
and the distance between electrodes is 20 mm. The distance 
between the wire surface and the duct is 20 mm for the wire–
duct electrode.

First, the effect on the dehydration rate with or without an 
electric field is examined at room temperature. Emulsions 
with an initial moisture content of 10% are used. The dehydra-
tion rate is shown in Figure 5b. The electric field significantly 
enhances dehydration compared with gravity settling without 
the electric field. The dehydration is rapid in the earlier stage, 
while the dehydration gradually slows down in the later stage. 
Therefore, we defined the dehydration rate at 5 min as the dehy-
dration speed and 60 min as the final dehydration rate. Then, 
experiments on the effect of electric field intensity on the dehy-
dration rate of both electrode structures are carried out under 
the same conditions. As shown in Figure  5c, the dehydration 
speed and the final dehydration rate increase with the enhanced 
electric field intensity for both electrodes. The dehydration rate 
of the parallel electrode is 21.0–30.9% at 5 min with an average 
electric field intensity of 200–1000 V cm−1. In comparison, the 
dehydration rate of the wire–duct electrode is 30.5–50.0%, 
implying that the dehydration speed of the wire–duct elec-
trode is higher. At 60 min, the dehydration rate of the parallel 

electrode is 90.0–95.4%, while that of the wire–duct electrode 
is 84.0–86.4%. Compared with the wire–duct electrode, the par-
allel electrode has a relatively slower dehydration speed but a 
higher final dehydration rate, which is attributed to the differ-
ence in the electric field distribution. The electric field of the 
parallel electrode is more concentrated between the two elec-
trodes, while the wire–duct electrode generates an electric field 
throughout the vessel. It is also why the wire–duct electrode has 
lower final moisture content. In the first stage of dehydration, 
although the parallel electrode has a more concentrated effect 
on the emulsion, the movement of separated oil and water is 
hindered by the electrode. In contrast, the wire–duct electrode 
does not, resulting in a higher dehydration speed.

The viscosity of emulsion decreases as temperature increases. 
To investigate the effect of viscosity, comparative experiments are 
conducted in a water bath at 50 °C versus the room temperature of 
23 °C. Meanwhile, experiments are carried out at the average elec-
tric field intensity of 1000 V cm−1. The effect of temperature on 
the dehydration rate is shown in Figure  5d. Both dehydration 
speed and the final dehydration rate were improved at 50 °C. As 
shown in Figure S5 (Supporting Information), under heating, the 
dehydration rate is 84.4% for the parallel electrode and 72.4% for 
the wire–duct electrode at 5 min. The dehydration speed is higher 
for the parallel electrode. At 50 °C, both the dehydration speed 
and the final dehydration rate with the parallel electrode were 
higher than those with the wire–duct electrode (97.2% for the par-
allel electrode and 93.1% for the wire–duct electrode at 60 min). 
This is because heating reduces the viscosity of the emulsion, 
thereby causing a much faster movement of dehydrated oil and 
water between the two electrodes, leading to the dehydration 
speed of the parallel electrode improving significantly.

Figure 4. Simulation of electric field intensity and dielectric force in various water-in-oil emulsions. Variation for the electric field intensity and dielectric 
force a) around a water droplet and b) between two water droplets under different angles. c) The relationship of the dielectric constant with electric 
field intensity and dielectric force. d) The electric field intensity at different center distances between two water droplets. e) The electric field intensity 
with different diameters of two water droplets. f) The dielectric force with different diameters of water droplets at different center distances.
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Experiments with different initial moisture contents are carried 
out under the condition of the parallel electrode at 50 °C with an 
average electric field intensity of 1000 V cm−1. In Figure 5e, photos 
show the presence of dehydrated water-in-oil emulsions with dif-
ferent initial moisture contents. Simultaneously, Figure 5e demon-
strates that the final dehydration rate increases with the increase of 
the initial moisture content. The highest final dehydration rate is 
99.41%, with an initial moisture content of 60%.

The number of water droplets in the water-in-oil emulsion 
increases as the initial moisture content rises, and their spacing 
decreases, making it easier to induce water droplets’ oscillation 
coalescence. Simultaneously, since the center distance between 
water droplets is small, the dielectric force between them is 
stronger, resulting in an easier induced dipole coalescence. 
Figure S6 (Supporting Information) illustrates the variation of 
emulsion water content with time for different initial moisture 
contents. As shown in Figure S7 (Supporting Information), the 
dehydration speed increases and decreases with the increase 

of initial moisture content, owing to the dehydration rate cal-
culated by dividing the initial moisture content. In addition, 
experiments with various temperatures, electrode structures, 
initial moisture contents, and average electric intensities are 
completed. The results are shown in Figures S8 and S9 (Sup-
porting Information). Overall, the electric field is the one that 
most promotes dehydration compared to the other conditions. 
Video S4 (Supporting Information) demonstrates the micro-
scopic dynamics of the emulsion during dehydration. It can be 
observed that the TED is very efficient in dehydration.

The working moisture content of a traditional electric dehy-
drator is usually below 20%. For the traditional electric dehydrator 
with a pulsed electric field and insulated electrodes, the applicable 
moisture content is nearly 40%. The range of moisture content 
that the TED can dehydrate in the experiment covers almost the 
whole moisture range of water-in-oil emulsions because the elec-
trical characteristics of the FR-TENG are fundamentally different 
from those of traditional high-voltage power supplies.

Figure 5. Effects of operating conditions on the performance of electric dehydration of the TED. a) Schematic diagram of the electric dehydration 
experiment process. b) Enhancement of the dehydration by the electric field powered by the FR-TENG compared with gravity settling. c) Effect on the 
dehydration rate with different average electric intensities for the two electrode structures at 5 and 60 min. d) Promotion of dehydration by increasing 
the temperature of the emulsion. e) Variation of the final dehydration rate with different initial moisture content.
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2.4. Demonstration of a Wind-Driven TED

A TENG already has successful applications for harvesting envi-
ronmental energy, such as wind speed sensor,[53] hydrological 
monitoring system,[54] smart home/city,[55] wheel monitoring,[56] 
and intelligent transportation system,[57] making a wind-driven 
TED possible. As shown in Figure 6a, the TED harvests environ-
mental energy through a windmill that converts wind energy 
into mechanical energy and drives the FR-TENG to rotate. The 
FR-TENG generates high-voltage output electricity, eventu-
ally driving the electric dehydration. As shown in Figure  S10 
(Supporting Information), a shaft delivers the torque of the 
windmill to the rotor of the FR-TENG. As there is a resist-
ance torque between the rotor and the stator of the FR-TENG, 
the torque generated on the windmill should be bigger than the 
resistance torque. On the other hand, the rotational inertia of 
the rotor determines the required torque for rotation. In this 
sense, a rotor 3D-printed with foamed polylactic acid (PLA) 
significantly reduces the rotational inertia. This is due to the 
PMMA density of 1.2 g cm−3, and the foamed PLA density of 
only 0.54 g cm−3, as well as the structural optimization.

The rotors made of acrylic and foamed PLA are pulled uni-
formly using a tensiometer at various gap distances to measure 
the starting torque. The results are shown in Figure  6b. The 
increase in gap distance significantly reduces the torque 
required for initializing the rotation. The photo of the lab bench 
is shown in Figure  6c. The airflow generated by the fan sim-
ulates the natural wind with a certain wind speed. The wind 
speed is measured precisely by an anemometer in front of the 
windmill.

As shown in Video S5 (Supporting Information), the 
FR-TENG with a 3D-printed rotor is driven by wind energy. The 
FR-TENG with a 17 mm gap distance rotates continuously and 

completes the dehydration. A photograph of the emulsion in 
dehydration is shown in Figure  6d. The wind speed is about 
6 m s−1, equivalent to the class 4 wind. There is still room for 
optimizing the interactions between the wind turbine and the 
FR-TENG. By optimizing the windmill for the FR-TENG, pos-
sibly lower-speed winds can drive the TED.

3. Conclusions

The present work proposed a self-powered and efficient tribo-
electric dehydrator for separating water-in-oil emulsions with 
ultrahigh moisture content. The triboelectric dehydrator con-
sists of parallel electrodes connecting to the FR-TENG. A high-
voltage electric field is formed between the parallel electrodes 
placed in the emulsion when the TENG is driven by mechanical 
energy. To understand the dynamic performance of water drop-
lets in oil under the high-voltage electric field, the laminar flow 
model, the level-set two-phase flow model, and the electrostatic 
model are coupled to simulate the interactions between water 
droplets in oil under the electric field. It is found that the dielec-
tric force generated by TED promotes the coalescence of water 
droplets through dipole coalescence and oscillation coalescence. 
Moreover, the effects of continuous phase viscosity, electric field 
intensity, electric field uniformity, and initial moisture content 
on the dehydration performance of the TED are experimentally 
investigated. The results show that the TED can dehydrate water-
in-oil emulsions with the moisture content from 10% to 60%. In 
particular, the dehydration rate of the TED reaches 99.41% even 
when the initial moisture content is 60% which is near the phase 
inversion concentration of the emulsions. This indicates that the 
dehydrating capability of the TED is outstanding under various 
conditions, demonstrating advantageous efficiency and stability, 

Figure 6. Demonstration of the wind-driven TED for separating water-in-oil emulsions. a) A schematic diagram of the wind-driven TED lab bench and 
energy cycle. b) The torque variation in driving the FR-TENG at gap distances of 5, 17, and 26 mm. c) A lab bench photo of the wind-driven TED. 1 to 
5 represents the fan, the vessel of the TED, the anemometer, the windmill, and the FR-TENG, respectively (scale bar: 10 cm). d) Photograph of the 
dehydrated emulsion with the power supply of harvesting wind energy (scale bar: 2 cm).
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especially for ultrahigh moisture content in water-in-oil emul-
sions. In addition, the TED driven by wind energy is successfully 
demonstrated to dehydrate the water-in-oil emulsions. The pre-
sent work has proved that TED has great potential application for 
separating oil–water emulsions.

4. Experimental Section
Measurement of the Electrical Characteristics of an FR-TENG: A Keithley 

6514 electrometer was used as a power measurement device with an 
internal resistance of ≈200 TΩ. The voltage or current measurements 
can be selected by switching between the different ranges. When 
measuring voltage, the Keithley 6514 electrometer was connected in 
series with a PINTECH HVP-40 high-voltage probe with an impedance of 
1 GΩ because the voltage was out of range.

Measurement of the Water Cut in Oil: A Byes-8 Karl Fischer moisture 
titrator was used for the measurement of moisture content. The device 
uses the Karl Fischer Coulomb titration method with a measurement 
range from 3 µg to 100 mg, a sensitivity of 0.1 µg, and an accuracy from 
3 µg to 1 mg ± 2 µg.

Demo Capture and Wind Speed Measurement: The camera used for the 
shooting was a CANON EOS 5D Mark III, and the microscopic effects 
were taken with a CCD microscope. The wind speed in the demo was 
measured with an Aicevoos H6 anemometer.

Structural Design of the FR-TENG and Wind-Driven TED: The FR-TENG 
was composed of two parts: a stator and a rotor. For the stator, i) the 
TENG stator (300 mm × 300 mm × 2 mm) was made of an FR-4 board 
with a grid-shaped copper electrode coated on the surface. The positive 
and negative electrodes were alternately arranged, with a 3 mm space 
between them. ii) A nylon layer with a thickness of 50 µm was tautly 
applied to the surface of the TENG stator using textured paper tape. 
In the rotor, i) a laser cutter was used to cut an acrylic sheet that was 
4 mm thick. It made a disk that had an outside diameter of 320 mm and 
an inside diameter of 20 mm. The hole in the center of the substrate 
was for attaching to the shaft through the flange. ii) By the laser cutter, 
12 radially arranged slots of 1 mm width and 107.5 mm length were cut 
into the disk. iii) The PVC film with a thickness of 100 µm was inserted in 
the slots and held in place by Kapton tape. Based on the FR-TENG, the 
wind-driven TED replaced the rotor and added a windmill. i) The rotor 
was made of 3D-printed foamed PLA material with a thickness of 4 mm 
and an outside diameter of 310 mm. A total of 12 radially arranged slots 
were also printed on the rotor. ii) A hollow design was used at a distance 
of 15 mm away from the two slots and the outer diameter. The windmill 
was constructed of plastic, with an outside diameter of 280 mm, a 
height of 135 mm, and a total of 48 blades.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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