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Abstract: The synergistic effect of electrostatically enhanced fibrous filtration originates from the
charging characteristics of aerosol particles and electret fibers in an electric field. Two electrostatically
enhanced fibrous filter systems are designed in this study to investigate the mechanism of the effects
of the charging characteristics of oily aerosol on the filtration efficiency. We investigate the charging
characteristics and their effects on the filtration efficiency of dioctyl-phthalate (DOP) aerosol particles
of various sizes by setting different filter systems and electric field intensities. The experimental
results show that the charge of DOP particles increases with the strength of the electric field, and
the average charge increases with the particle size. The maximum charge of DOP particles reaches
4760 eC/P, and the filtration efficiency of the coupled system improves when DOP particles are amply
charged. For 0.25 µm DOP particles as the most penetrating particle size, the system had good long-
term stability, and the filtration efficiency is approximately 72% higher than that of the fiber acting
alone. Meanwhile, the problem of oily aerosol deposition reducing the electret filtration efficiency is
solved, providing a basis for long-term filtration and oily aerosol purification by electret fiber.

Keywords: electric field enhancement; air filtration; dioctyl- phthalate aerosol; charge

1. Introduction

Concerns relating to air pollution and public health, especially the ongoing pandemic
of novel coronavirus pneumonia (COVID-19), have increased the demand for and attention
to the treatment of aerosol pollution in recent decades [1–4]. Electrostatic precipitator tech-
nology and fiber filtration technology are the gas-cleaning technologies most commonly
used for the removal of aerosol particles in atmospheric filtration [5,6]. Electrostatic precipi-
tator technology charges particles with a high-voltage electric field such that they move in
a certain direction and are collected by a dust-collecting plate. However, the electrostatic
precipitator technology poorly filters ultrafine particles and generates ozone (O3) and other
by-products [5,7]. Fiber filtration technology uses mechanical means of capturing particles,
such as direct interception and inertial sedimentation. However, it faces the problem of
high pressure in the efficient filtering of fine particles [8–10].

Electrostatically enhanced fibrous filtration technology takes advantage of both elec-
trostatic filtration technology and fiber filtration technology. Relevant equipment not only
effectively collects submicron fine particles but also has a low resistance, a long service
life, and low energy consumption and is thus suited to the filtration of aerosols [11–13].
This technology is widely used to purify cooking oil fume and oily aerosol produced by
machining processes, ship engines, and diesel-powered vehicles [14–17]. In the electro-
statically enhanced fibrous filter system, there is air ionization around the electrode to
produce O3 because of the application of a high voltage, so the ozone concentration should
be monitored in case of causing secondary pollution [18–21].

According to Coulomb’s law, the electrostatic force increases with the charge of an
aerosol [22,23]. For both the electrostatic precipitator technology and the electrostatically
enhanced fibrous filtration technology, the Coulomb force generated by the charging of
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aerosol particles greatly affects the filtration process. In the electrostatically enhanced
fibrous filtration process, the charging characteristics of aerosol relate to the filtration
efficiency [24]. The charge of aerosol particles also affects the sedimentation form of the
aerosols [25,26]. The form and intensity of the electric field were the main factors affecting
the purification efficiency in a study of the effect of the electric field on the filtration
efficiency of an oily aerosol [27,28]. This also applies to bioaerosols. Xu et al. [29] used
an electrostatic precipitator with parallel plates to charge microbial aerosols, finding that
a stronger electric field improved the charge and collection efficiency of the bioaerosols.
Wang et al. [30] showed that the influence of electrostatic force on charged dust aerosol
was related to the charge of the dust layer and particles in the electrostatic fabric filter. An
increase in voltage improved the filtration efficiency owing to a greater disorder of the
movement of charged particles, resulting in full diffusion in the precipitator.

The mechanism of enhanced filtration efficiency by an electrostatically enhanced fi-
brous filter system is very complex and is affected by fiber charging, aerosol charging, and
electric field. Studying the charge law of aerosols can enhance the understanding of the col-
laborative filtering mechanisms from one side. However, most studies on aerosol charging
have focused on solid aerosols, and the relationship between the charging characteristics
of oily aerosols and enhanced filtration efficiency requires further research. Additionally,
there have been few reports on the charge amount of aerosol in an electric field. In relevant
equipment, the electric field is arranged in various forms to increase the charging effect,
improve filtration efficiency, and reduce the pressure drop [31–33]. The present paper
thus investigates the factors affecting the filtration efficiency of oil-based aerosols for two
self-designed electrostatically enhanced fibrous filter systems. The paper further analyzes
the charging of DOP aerosols and the filtering performance of the two coupled systems.
The purpose of this study was to analyze the influencing factors on oily aerosol charging
and the effect of charging characteristics on the filtering performance of the coupled system.
These factors were the form of the electric field and the electric field intensity. This study
can provide a reference for the structural design and setting of the engineering parameters
for the electrostatically enhanced fibrous filter system.

2. Materials and Methods
2.1. Experimental System

As shown in Figure 1a, the electrostatically enhanced fibrous filter experimental system
had three main parts for aerosol generation, aerosol charging, and data collection, and
analysis. The experimental air duct was made from polymethyl methacrylate and had a
square cross-section of 200 mm × 200 mm and a total length of 3.5 m. The air duct was
divided into two sections, namely, an upstream section having a length of 1500 mm and a
downstream section having a length of 2000 mm. In the air duct, a flange connection was
set in the middle to connect the aerosol charging reactor and filter material. A sampling port
was set in each of the upper section and downstream sections to monitor the face velocity,
particle size distribution, quantity concentration, and charge amount of the DOP aerosol.
The experimental air volume was controlled to be 14.4 ± 0.1 m3/h by a variable-frequency
fan and vortex flowmeter at the end of the air duct. The high voltage range of high voltage
DC power supply (Dongwen, Tianjin, China) was 0–50 kV for negative polarity. The
accuracy was 0.01 kV. The ozone concentration of coupled systems was measured by the
photometric ozone analyzer (106-L, 2B-Technologies, Boulder, CO, USA). The measuring
range was 0–500 ppb and the accuracy was 0.1 ppb. The sampling port was set in the
downstream section of air duct to monitor the ozone concentration. The distance between
air duct opening and sampling port was 10 cm. The discharged current was measured
by the ammeter (ZGF-Z2, Guodianzhongxing, Wuhan, China) in different experimental
conditions. The measuring range was 0–2 mA, and its accuracy was 1 µA.
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Figure 1. Experimental setup for electrostatically enhanced fibrous filter system (a) schematic diagram
of the experimental system (b) schematic diagram of the HVF (c) schematic diagram of the HVFG
(d) schematic diagram of the SHV (e) schematic diagram of the HVG.

2.1.1. Aerosol Generation

DOP was used as the medium to generate oily aerosol. Compressed air was passed
through an organic aerosol generator (Agf10.0, Palas, Karlsruhe, Germany) to produce
oily aerosol, which was mixed with a large amount of air in the mixing section at the
inlet of the experimental pipeline. The mixture became stable and uniform after mixing
and rectifying through the upstream pipeline. The aerosol concentration was varied
by adjusting the gas flow of the aerosol generator. The total aerosol concentration in the
experiment was 105 P/cm3, and the particle size measured using an Electrical Low-Pressure
Impactor (ELPI+) was 0.03–3.68 µm (median size of approximately 0.4 µm). The particle
size distribution is shown in Figure 2.

2.1.2. Aerosol Charging

The part of aerosol charging was mainly formed by the aerosol charging reactor, filter
material, and diamond-shaped copper mesh. Wire electrodes were installed in the aerosol
charging reactor, and the installation location could be changed to adjust the distance
between copper wires and the grounding electrode. As shown in Figure 1b,c in this study,
we designed two coupled systems, namely, a ‘high voltage electrode-fiber-grounding
electrode’ coupled system (HVFG) and a ‘high voltage electrode-fiber’ coupled system
(HVF), with the difference being that the former had a special device for the grounding
electrode. The HVFG was composed of high-voltage wire electrodes, filter material, and
the grounding electrode, and it was similar to an electrostatic precipitator coupled with
filter material. The HVF was formed by high-voltage wire electrodes and filter material,
and the filter material was installed downstream of wire electrodes, so it could be seen as
an ionizing coupled with filtration. When the filter material was removed from above two
systems, the HVFG changed to the ‘high voltage electrode–grounding electrode’ system
(HVG), while the HVF changed to the ‘suspended high-voltage electrodes’ (SHV). The
configuration of SHV is shown in Figure 1d. The SHV was only formed by wire electrodes,
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so it was similar to an ionizing device. As shown in Figure 1e, the HVG was an ESP device
with the structure of wire electrodes and a grounding electrode.
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The high-voltage wire electrodes were five copper wires, each with a diameter of
0.2 mm and a length of 200 mm. These copper wires were evenly arranged in the air duct
perpendicular to the direction of airflow. The grounding electrode was a diamond-shaped
copper mesh with a side length of 8 mm, placed parallel to the high-voltage electrode
wire. The metal grid of diamond-shaped copper mesh was composed of copper wires with
a net wire diameter of 1 mm, and the distance between two copper wires was 2.7 mm.
The thickness of this diamond-shaped copper mesh was 1 mm. The filter material was
polypropylene fiber with an areal fiber weight of 22 g/m3 (PP22 g). The electric field
intensity was varied by adjusting the distance between the line electrode and grounding
electrode or the output voltage of the high-voltage direct current (DC) power supply.

Considering that the electric field generated by the wire electrode and grounding
electrode was uneven, the electric field intensity was varied by fixing the applied voltage
but adjusting the distance between the wire electrode and grounding electrode or by fixing
the distance between the electrodes but adjusting the applied voltage. The HVF was
composed of high-voltage electrodes and filter materials. The electric field of the HVF
was generated by suspended high-voltage electrodes (SHV). The electric field intensity
was varied by adjusting the distance between the wire electrode and the air duct outlet
downstream of the aerosol charging section where the filter material was placed. The
grounding electrode was placed in the air duct opening of this section, and thus, for the
same initial distance of two types of electrodes, the operation of varying the electric field
intensity by adjusting the distance had the same effect in the two systems.

2.1.3. Data Acquisition and Analysis

Data on the charging characteristics were obtained using an ELPI+ (Dekati, Kangasala,
Finland). The aerosol concentration with long-term stability was measured by an aerosol
spectrometer (Promo 2000, Palas, Karlsruhe, Germany). The particle size distribution,
number concentration, and charge amount were obtained before and after the charging of
the aerosol by switching the sampling ports of the upstream and downstream air ducts of
the experimental pipeline.
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2.2. Experimental Methodology
2.2.1. Method of Determining the Aerosol Charge

In accordance with the measurement principle of the ELPI+, the particle size dis-
tribution and charge amount of the aerosol were monitored in real-time by turning on
or off the charging switch of the ELPI+. The main principle is that the charged aerosol
has inertia to pass through a certain number of 14 low-pressure cascade impactors, with
each impactor connecting to a sensitive electrometer that measures the induced current of
particles passing through that impactor stage. This current is directly proportional to the
number concentration of particles in the stage. When the charging switch of the ELPI+ is
turned on, the collected aerosol is charged to a known level in a positive corona charger.
After their collection, the particles are classified by their aerodynamic particle size in a
low-pressure cascade impactor, and the aerosol concentration of each impactor stage (i.e.,
each particle size segment) is then measured. The ELPI+ used in the experiment measured
particles in 14 size fractions ranging from 6 nm to 10 µm. When the charge switch of the
ELPI+ is turned off, the ELPI+ measures the charge distribution of the charged aerosol.

The induced current of each impactor stage reflects the total current of all particles
within the particle size range. The relationship between the average charge of aerosol and
the induced current is thus

Qi =
|Ii|

V × Ci
(1)

where Ii is the induced current of stage i measured by the sensitive electrometers (A); Ci
is the DOP quantity concentration of level i measured by the ELPI+ (P/cm3); V is the
sampling flow (cm3/s); Qi is the average charge of a single aerosol particle in the level i
particle size section of DOP (eC/P).

For the DOP aerosol used in this experiment, in accordance with the measurement
principle of the ELPI+, the charge distribution of DOP measured by the ELPI+ in each
particle size class is calculated as shown in Figure 2.

2.2.2. Model of the Particle Filtration Efficiency

There are two states of the electrostatically enhanced fibrous filter system, namely, the
on and off states of the negative high-voltage DC power supply. Therefore, the fractional
concentration of DOP aerosol can be tested at symmetrical positions of the upstream and
downstream air channels of the aerosol charger. The fractional efficiency of the oily DOP
aerosol within the particle size range of level j is calculated as

ηj =
Cjin − Cjout

Cjin
× 100%, (2)

where Cjin and Cjout are respectively the quantity concentrations of the level j particle size
range of aerosol measured upstream and downstream of the electrostatically enhanced
fibrous filter system (P/cm3).

3. Results
3.1. Filtering Performances of the Two Coupled Systems

The enhancement effects of the HVFG and HVF on the filtration efficiency are shown
in Figure 3. The results show that the two coupled systems had effectively improved the
filtering effects of the filter material under the same experimental conditions of the air
volume and DOP concentration. At a negative voltage of−30 kV, the filtration efficiency for
DOP charged in the electric field generated by the SHV was low. The fractional efficiency
gradually increased with the DOP particle size at a small particle size, whereas it was
basically stable at approximately 25% for DOP particles larger than 0.25 µm. In the case of
the HVF, there was a downward trend in the fractional efficiency in the particle size range
of 0.15–0.25 µm when the filter material acted alone at the same voltage. The filtration
efficiency of the coupled system improved by approximately 10% for DOP aerosol having a
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particle size smaller than 0.38 µm, and the improvement gradually decreased as the particle
size increased beyond 0.38 µm.
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Figure 3 also shows that, at the same voltage, the filtration efficiency of HVG for DOP
having a particle size of 0.25 µm reached 65.8%, which was much higher than the electrode
discharge of 18.3% in the suspended state. Additionally, at an applied voltage of −30 kV,
the HVFG had a high filtration efficiency for each particle size, i.e., the filtration efficiency
was approximately 92% for the smallest particles and reached 97% for particles larger than
0.25 µm. Furthermore, the filtration efficiency of the coupled system increased with the
DOP particle size, but there was no penetration particle size ranging from 0.15 to 0.25 µm.
The electrostatically enhanced fibrous filter system thus overcomes the problem of the most
penetrating particle size in single filtration technology.

3.2. DOP Charging Effects of the Coupled Systems

Theoretical analysis of the electrostatically enhanced fibrous filter has shown that the
main reason for the enhanced filtration efficiency is that the precharging of aerosol particles
by the electric field increases the Coulomb force of the aerosol particles passing through
the filter material. The present study investigated the charging of DOP oil aerosol in an
electric field and its effects on the filtration efficiency of the coupled system.

The charging characteristics of DOP in the two coupled systems are shown in Figure 4.
Figure 4a shows that when the system did not have a special device for the grounding
electrode, the charging of DOP aerosol by the HVF was poor. When the applied negative
voltage was lower than −30 kV, the charge of the aerosol did not increase appreciably, and
the charge of the DOP particles was far less than the ample charge of the ELPI+. This is
because the SHV generates a weak corona discharge when high pressure is applied, and
the aerosol is thus charged by ions generated by ionized air. There is no specific device
grounded, and the increase in the applied voltage thus does not appreciably improve the
coronal discharge effect. The concentration of negative ions generated in the air is low,
which reduces the probability of combining with particles and leads to the poor charging
of DOP aerosol. Figure 4b presents the DOP aerosol charge for the grounding system. It
is seen that for the electric field of the coupled system with a specific grounded device
behind the wire electrode, the applied voltage remarkably affects the aerosol charge. When
the negative voltage was stronger than −20 kV, the electric field generated by the wire
electrodes and grounding electrode better charged the DOP aerosol than did the ELPI+.
The charge amount of aerosol increased continuously with the applied voltage; the charge
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of particles smaller than 1.5 µm increased slowly, whereas that of larger particles changed
more rapidly.
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The results of the filtration efficiency of the system presented in Figure 3 show that the
improvement in the filtration efficiency of the coupled system due to the charging by the
electric field well matches the charging effect in the electric field. Under the same conditions,
the improvement in DOP charging due to the SHV discharge was far less than that due
to electric field discharge with the grounding electrode. For the same high DC voltage of
−30 kV, the average charge of DOP aerosol particles with a size of 3.68 µm was 191.8 eC/P
after the particles passed through the electric field generated by the SHV, whereas the
charge was 24.4 times as large for the HVG. The results show that the aerosol charge
affected the filtration efficiency of the coupled system. Under the above conditions, the
filtration efficiency was only 18.3% when there was no grounding electrode and 65.8% when
there was a grounding electrode for the DOP particles, with the most penetrating particle
size being 0.25 µm for the electric field and filter material. In the coupled system of the
electric field and filter material, the charged DOP particles are more likely to be intercepted
and captured by the filter material because of the action of the Coulomb force. There is an
upper limit for the effect of the Coulomb force, and the difference in the effect of the aerosol
charge on the filtration efficiency of the coupled system is thus due to the presence of a
sufficient charge. The filtration efficiency is better when the average charge is higher than
the stable charge of the ELPI+ for DOP charging. In the example of a particle size of 0.25 µm,
the filtration efficiency was 43% for the HVF and 96.6% for the HVFG. Additionally, for
the coupled system with filter material, the filtration efficiency improved, and the charge
of DOP particles was reduced after filtering with the filter material, indicating that the
improvement in the filtration efficiency of the coupled system was mainly due to the
charged particles strengthening the Coulomb force. The probability that DOP particles
passing through the filter material were intercepted and filtered by the filter material was
increased.

3.3. Effect of the Electric Field Intensity on the Filtering Effects of the Coupled Systems

The effects of factors such as the electric field intensity on the DOP charge and corre-
sponding filtration efficiency in the HVFG are further studied to clarify the mechanism of
the enhancement effect of the DOP charge on the filtration efficiency in the electrostatically
enhanced fibrous filter system. The electric field intensity is the main factor that affects the
aerosol charge and can be varied by adjusting the voltage or the distance between the two
types of electrodes.

The V-I relationship of the coupled system with and without the filter material was
measured when the coupled system had a grounding electrode. Figure 5 shows the V-I
characteristics of the HVG and HVFG. Additionally, the V-I relationship was also changed
because of the adjustment of voltage or the distance between the two types of electrodes. At
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the same distance between the wires electrodes and grounding electrode, the current value
increased with the increase in voltage for the two coupled systems. At the same voltage,
the current value decreased as the above distance increased for two coupled systems.

Separations 2022, 9, 320 8 of 15 
 

 

There is an upper limit for the effect of the Coulomb force, and the difference in the effect 
of the aerosol charge on the filtration efficiency of the coupled system is thus due to the 
presence of a sufficient charge. The filtration efficiency is better when the average charge 
is higher than the stable charge of the ELPI+ for DOP charging. In the example of a particle 
size of 0.25 μm, the filtration efficiency was 43% for the HVF and 96.6% for the HVFG. 
Additionally, for the coupled system with filter material, the filtration efficiency im-
proved, and the charge of DOP particles was reduced after filtering with the filter mate-
rial, indicating that the improvement in the filtration efficiency of the coupled system was 
mainly due to the charged particles strengthening the Coulomb force. The probability that 
DOP particles passing through the filter material were intercepted and filtered by the filter 
material was increased. 

3.3. Effect of the Electric Field Intensity on the Filtering Effects of the Coupled Systems 
The effects of factors such as the electric field intensity on the DOP charge and corre-

sponding filtration efficiency in the HVFG are further studied to clarify the mechanism of 
the enhancement effect of the DOP charge on the filtration efficiency in the electrostati-
cally enhanced fibrous filter system. The electric field intensity is the main factor that af-
fects the aerosol charge and can be varied by adjusting the voltage or the distance between 
the two types of electrodes. 

The V-I relationship of the coupled system with and without the filter material was 
measured when the coupled system had a grounding electrode. Figure 5 shows the V-I 
characteristics of the HVG and HVFG. Additionally, the V-I relationship was also changed 
because of the adjustment of voltage or the distance between the two types of electrodes. 
At the same distance between the wires electrodes and grounding electrode, the current 
value increased with the increase in voltage for the two coupled systems. At the same 
voltage, the current value decreased as the above distance increased for two coupled sys-
tems. 

 
Figure 5. The voltage-current relationship of the HVG and HVFG. 

We first fixed the voltage and adjusted the distance between the wire electrode and 
grounding electrode to analyze the effects of the electric field intensity on the DOP charge 
and the filtration efficiency of the HVFG. With the applied voltage fixed at −20 kV, the 
electric field intensity was varied by adjusting the separation of the two electrodes be-
tween 3 and 10 cm. The charge of DOP aerosol particles and the filtration efficiency of the 
coupled system at different electric field intensities are shown in Figure 6. 
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We first fixed the voltage and adjusted the distance between the wire electrode and
grounding electrode to analyze the effects of the electric field intensity on the DOP charge
and the filtration efficiency of the HVFG. With the applied voltage fixed at −20 kV, the
electric field intensity was varied by adjusting the separation of the two electrodes between
3 and 10 cm. The charge of DOP aerosol particles and the filtration efficiency of the coupled
system at different electric field intensities are shown in Figure 6.

Figure 6a shows that for the electric field generated by the wire electrode and ground-
ing electrode, the charge of the DOP aerosol increased with the electric field intensity, and
for DOP aerosol particles larger than 1 µm, the charge of a single particle increased with
the particle size. This is because the electric field of the ‘high voltage electrode–grounding
electrode’ structure was non-uniform. When a high negative DC voltage is applied, the
wire electrode creates a corona discharge and a region of ionization forms around the
discharge electrode [34–36]. The gas molecules are ionized and release a large number
of free electrons, forming a Trichel pulse [37–39]. As the electric field strengthens, an
electron avalanche forms, which intensifies the ionization of gas molecules. The ionization
reaction continues to generate many electrons, thus improving the spatial charge density
and the charging of the aerosol improves [40–42]. At the same time, because the particle
size of aerosols affects the charge of the particles in the electric field, the average charge of
particles increases with the particle size under the two charging mechanisms of diffusion
and collision. However, aerosol particles smaller than 1 µm have a low charge capacity.
Even if the number concentration is high, the effect of the field strength on the charge is not
obvious, and the charge of small aerosol particles readily reaches a balance. The charge
capacity increases appreciably for aerosol particles larger than 1 µm, which explains how
the charge of particles larger than 1 µm increases appreciably with the field strength [24,30].
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When the charging of DOP particles by the applied high negative DC voltage reaches
or exceeds the stable charge of the ELPI+ for aerosol charging, the filtration efficiency
of the HVFG improves appreciably. This is because the measurement principle of the
ELPI+ is the conversion of the current obtained from the amply charged aerosol. When the
average charge obtained by applying a voltage to the DOP aerosol is higher than that of
the equipment, it is considered that the particles are amply charged. The charged aerosol
particles move toward the grounding electrode under the effect of the electric field. In
addition to interception, gravitational, inertial deposition, diffusion, and other mechanical
effects, the filter material in the electric field has an electrostatic adsorption effect on particles
through the existence of the Coulomb force. The increase in the aerosol charge is beneficial
for filter material capturing particulate matter, such that the electrostatically enhanced
fibrous filter system has higher filtration efficiency. Thus, with a further strengthening of
the electric field, the increase in the DOP aerosol charge slows, and the improvement in
the filtration efficiency of the coupled system slows, yet the efficiency remains high. If the
electric field continues to strengthen, the electric field generated by the charge of aerosol
particles gradually strengthens and generates a reverse Coulomb force. Therefore, the
interaction between aerosol particles and free electrons for continual charging weakens,
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which is unfavorable for rapidly increasing the DOP average charge, and the improvement
of the filtration efficiency of the coupled system is thus limited.

Relatively speaking, for a particle size of 0.15–0.25 µm, the particle charging weakens
the phenomenon of a permeable particle size in the coupled system, such that the improve-
ment in the classification filtration efficiency of the original permeable particle size is most
obvious. Aerosols smaller than 0.15 µm are mainly subject to a diffusion charge in the
electric field, and the particle charge comes from the random diffusion of charged particles.
A smaller aerosol particle is more easily able to pass through the diffusion charge. Aerosol
particles larger than 0.5 µm are mainly affected by collision charge, and charged particles
collide with other particles through the action of the electric field force to change the latter’s
charge. The charge is proportional to the quadratic power of the particle size. A larger
particle is more easily charged by collision. Particles of size between 0.15 and 0.5 µm are
affected by the two charging mechanisms and have relatively little charge, and they are not
easily trapped by the electric field [30].

In the case of the filter material, particles smaller than 0.1 µm are captured under the
diffusion effect, whereas particles larger than 0.4 µm are captured by mechanisms such as
interception and inertial deposition, whereas for particles within the size range of 0.1–0.4 µm,
the effect of the above mechanism is limited. Therefore, aerosol particles in the size range of
0.1–0.4 µm are the most penetrating and result in the poor effectiveness of the filter material,
and the filtration efficiency is readily at a minimum in this particle size range [43]. The amply
charged aerosol interacts with the filter material through the electrostatic force to greatly
improve the filtration effect in this size range. In the present experiment, when the separation
of the wire electrode and grounding electrode was 5 cm and a high voltage of 20 kV was
applied, the filtration efficiency for a particle size of 0.25 µm in the coupled system increased
to 96.6% from 31.8% for the filter material alone and to 51% for the electric field alone.

Figure 6b presents the filtration efficiency of the coupled system, showing that, com-
pared with the DOP charge amount upstream and downstream of the HVFG, the original
charge amount of DOP was low without an applied voltage and hardly changed after the
DOP passed through the coupled system. When a high negative DC voltage was applied,
the fully charged DOP particles were filtered by the coupled system, and the charge was
reduced, indicating that the filter material better trapped the charged particles.

Figure 7 shows the effect of varying the electric field intensity by adjusting the voltage
while fixing the electrode separation at 5 cm on the filtration efficiency of the HVFG.
Figure 7a shows that the charge of DOP aerosol gradually increased with a strengthening
electric field. At an applied voltage lower than −15 kV, the charge of the aerosol hardly
changed and did not reach the ample charge of ELPI+ for DOP charging. At an applied
voltage of −20 kV, the charging of the aerosol by the coupled system was higher and
exceeded the charge of the ample charge of ELPI+ for DOP charging. Additionally, the
results of the filtration efficiency of the coupled system in Figure 7b show that in the HVG,
at an applied voltage of the electric field of −10 or −15 kV, the filtration efficiency did
not improve. At an applied voltage of −20 kV, the filtration efficiency was approximately
25% higher than that at an applied voltage of −15 kV. In the electrostatically enhanced
fibrous filter system, the improvement of the filtration efficiency was appreciable. At an
applied voltage of −10 kV and a particle size of 0.25 µm, the filtration efficiency of the
HVG was 28.5% and the filtration efficiency of the filter material was 30.5%, whereas the
filtration efficiency of the HVFG was 94.6%. At an applied voltage of −20 kV, the filtration
efficiency was 96.6%, and the charge of amply charged DOP after filtering by the filter
material was reduced.
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3.4. Effect of Coupled Systems on the Filtration Efficiency and Stability of the Filter Material

An electret filter material has the advantages of low flow resistance and high efficiency
due to a special electrostatic effect originating from the polarization or charge of the fiber.
However, the deposition of oily particles can cause the fast decay of electret charge in the
filtering of oily aerosol, resulting in a rapid decline in filtration efficiency. To investigate
the probability that the oil aerosol reduces the electret effect of the filter material when
the aerosol covers the surface of the fiber in the coupled system, we studied the change in
the filtration performance of the HVFG under the condition of continuously generating
DOP aerosol for an experimental period of 1 h. For particles smaller than 1.5 µm, Figure 8a
shows that the filtration efficiency of HVFG at 0 kV was stable at a low level for the period
of 1 h. Figure 8b shows that the long-term filtration effect of the deposition of DOP aerosol
in the coupled system was limited. For 0.25 µm particles, the filtration efficiency of the
coupled system increased from 32.8% for the fiber acting alone to 96.2%. After continuous
filtration for 60 min, the filtration efficiency of the coupled system slightly increased and
remained at 99.1%. With an increase in the DOP particle size, the fractional efficiency
increased slowly, and when the aerosol particles were larger than 0.29 µm, the filtration
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efficiency of the coupled system remained above 99.5%. Additionally, for a small DOP
particle size of 0.22 µm, when we turned off the external electric field after 1 h, the filtration
efficiency of the fiber reached 79.6%, which was much higher than the initial filtration
efficiency of the fiber acting alone (34.8%). This indicates that in the filtration process of the
coupled system, not only was the aerosol charged but also the electret performance of the
electret fiber improved.
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In this experiment, an O3 detector was used to monitor the O3 generated during the
filtration process of the coupled system. Figure 9 presents the concentration of O3 for
the HVFG with a more obvious coupling effect. By adjusting the separation of the wire
electrode and grounding electrode to vary the electric field intensity, it was found that the
quantity of generated O3 depended on the electric field. Figure 9 shows that when the
distance of the wire electrode and grounding electrode was 1, 3, 5, and 10 cm, the peak
concentration of O3 was 6.3, 24.3, 36.5, and 26.3 ppb, respectively, which meets indoor O3
concentration standards.
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4. Conclusions

The following conclusions are drawn from the results of the study:

(1) In the electrostatically enhanced fibrous filter system, the charge of the aerosol is the
main factor affecting the coupling effect. Increasing the charge of the aerosol improves
the DOP filtration efficiency of the coupled system. Both the form of coupling and the
strength of the electric field affect the charge of DOP aerosol. The arrangement of an
electric field with a grounding electrode is more conducive to the charging of aerosol
and has a better effect on filtration;
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(2) For the filter media or electric field, the DOP aerosol has a permeable particle size
range of 0.15–0.25 µm. In the electrostatically enhanced fibrous filter system, there is
no longer the phenomenon of the most permeable particle size because the charge of
the aerosol and filter media increases the Coulomb force in the filtration process. The
filtration efficiency gradually increases with the enlargement of particles, reaching
96.6% at a particle size of 0.25 µm;

(3) The electrostatically enhanced fibrous filter system restores the filtration efficiency of
electret materials and effectively enhances the long-term stability of electret materials
in filtering oily aerosol.
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