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A B S T R A C T

Electrostatic precipitators (ESPs) are widely recognized as cost-effective air purification technologies. However, 
achieving high and broad-spectrum removal efficiency across diverse particle sizes and compositions remains a 
persistent challenge. In this study, an electrostatic precipitator featuring dielectric-coated collecting electrodes 
was developed, and its removal performance for particulate matter (PM) with varying sizes and compositions 
was systematically evaluated. Experimental results demonstrated that the polyethylene terephthalate (PET) 
coating increased the breakdown voltage by up to 1.8 times, thereby enabling higher operating safety and 
enhanced removal efficiency. A theoretical framework was established to quantify the distinct contributions of 
geometric and electrohydrodynamic effects to efficiency enhancement, utilizing the dimensionless effective area 
(A*) and migration velocity (u*). Broad-spectrum performance was validated using five representative particle 
types (NaCl, Fe, Fe₂O₃, DEHS, and indoor ambient particles), achieving a removal efficiency of up to 99.9% at a 
collecting voltage of 1 kV. Long-term tests with DEHS particles further demonstrated stable operation and 
complete recovery of efficiency after washing. This study provides a viable solution and a systematic framework 
for the safe, economical, high-performance, and broad-spectrum removal of airborne particulate matter, offering 
strong potential for practical indoor air purification applications.

1. Introduction

Airborne particulate matter (PM) poses a serious threat to human 
health worldwide, and the situation remains increasingly concerning 
[1]. Exposure to PM, especially fine particles with larger surface area 
and high penetrability, is strongly associated with respiratory and car
diovascular diseases, cognitive impairment, and increased premature 
mortality, even at low concentrations [2–5]. Despite worldwide atten
tion and substantial mitigation efforts, the health burden of PM con
tinues to rise annually [6]. The prolonged indoor occupancy of the 
population (nearly 90% of their time spent indoors) highlights the need 
for efficient indoor PM removal strategies in building ventilation 

systems [7,8].
Among available PM control technologies, the cost-effective elec

trostatic precipitator (ESP) method stands out for its low pressure drop, 
high airflow capacity, and reusability. Generally, it falls short of high- 
efficiency particulate air (HEPA) filters in achieving ultra-high 
removal efficiency [9–11]. The development of highly efficient and 
broadly effective ESP remains a primary pursuit in numerous studies. 
The determinants of efficiency can be categorized into two primary di
mensions: design and operational parameters, and the physicochemical 
properties of PM.

Several studies have explored altering the structure of the collection 
electrodes. Zhu et al. [12,13] developed a corrugated plate electrostatic 
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precipitator (CP ESP), which exhibited enhanced electrostatic field 
characteristics compared to a parallel plate ESP. In addition to the 
corrugated electrode structure, other structural designs aimed at 
enhancing airflow field disturbance include square-wave electrodes 
[14], perforated electrodes [15], and the incorporation of baffles [16]. 
However, these structural modifications increase geometric complexity 
and may generate strong localized vortices, leading to secondary parti
cle resuspension. Optimizing particle migration primarily relies on 
strengthening the electric field by increasing the voltage or reducing the 
electrode spacing [17,18]. However, these approaches are often con
strained by safety considerations related to electric sparks [19–21]. To 
overcome the breakdown limitation of conventional ESPs under high 
electric fields, Mo et al. [21,22] introduced unilateral dielectric-coated 
electrodes to increase the breakdown threshold while maintaining 
high particle collection efficiency. However, several key issues remain 
unresolved. A systematic theoretical framework for interpreting coating- 
induced enhancement mechanisms and guiding coated-ESP optimiza
tion has not yet been established. In addition, systematic evaluation of 
coating performance under different electrode spacings, discharge 
conditions, and particle properties remains limited, requiring further 
validation of its general applicability.

Regarding particle-side characteristics, particle size is the most 
critical determinant of ESP performance, with collection efficiency 
typically reaching a minimum in the 0.1–0.5 μm range, while some 
studies have also reported a minimum around 0.01 μm [17,23]. Owing 
to the higher capture efficiency for coarse particles, various coagulation- 
based strategies, including thermophoretic [24], chemical [25], acoustic 
[26], and turbulent [27] methods, have been proposed to promote 
particle growth and enhance collection. However, these approaches 
often increase system complexity and hinder practical implementation. 
In addition, the electrical conductivity and phase state of particulate 
matter can also significantly influence collection efficiency. There have 
been studies investigating ESP performance for kitchen oil fumes (liquid 
particles) [28,29], bacteria and viruses [30–33], combustion-generated 
dust from different types of biomass (e.g., spruce, beech, straw, and 
sunflower) [34], and welding fumes [35]. However, existing studies are 
scattered across different experimental setups and operating conditions, 
resulting in limited comparability, with many investigations relying 
solely on numerical simulations, highlighting the need for systematic 
experimental investigations under unified operating conditions.

To address these challenges, this study develops an interface-coated 
electrostatic precipitator to achieve high-performance and broad- 
spectrum particulate matter removal. A theoretical framework is 
established to quantitatively analyze the roles of the dimensionless 
effective area (A*) and the electrohydrodynamic parameter (u*) in ef
ficiency enhancement. PET-coated collecting electrodes with variable 
electrode spacing are fabricated to increase the breakdown voltage and 
expand the operational electric field range. The removal performance is 
systematically evaluated across particle sizes and compositions using 
representative aerosols, including sodium chloride (NaCl), iron (Fe), 
iron oxide (Fe2O3), di-ethylhexyl sebacate (DEHS), and indoor ambient 
particles. A removal efficiency of up to 99.9% was achieved at a col
lecting voltage of 1 kV for all particle sources. This work aims to provide 
a comprehensive understanding of particle–device interactions and a 
systematic framework for the design and performance evaluation of 
high-efficiency ESP systems with broad-spectrum effectiveness.

2. Methods

2.1. Theoretical analysis

A typical electrostatic particle capture process involves two steps: 
particle charging and electrode collecting within the electric field. In 
terms of particle capture performance under a given airflow, the effi
ciency is determined by two major categories: the intrinsic properties of 
the particulate matter and the device parameters, including geometrical 

dimensions and electrical inputs, as illustrated in Fig. 1. The factors 
influencing the efficiency and the strategies for its improvement are 
presented below.

In the charging process, mechanisms include field charging through 
ion bombardment and diffusion charging through ion diffusion [9]. 
Various models have been proposed to describe this process [36], which 
can generally be classified into two categories: models predicting a 
saturated charge, such as the well-known White model, and models 
describing particle charge as a time-dependent function obtained by 
summing the contributions of field charging and diffusion charging. 
Among these models, the Cochet model modifies the electric field dis
tribution on particle surfaces, improving the prediction accuracy for 
submicron particles. The Cochet equation is employed here to approx
imate the combined effects of diffusion charging and field charging and 
is empirically expressed by Eq.(1) [37]. Notably, the differences in 
charging performance among various particles are expected to be 
attributed to their diameters and dielectric constants. 
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where, q is the particle charge (C); ε0 is the vacuum permittivity (8.85 ×
10− 12 F/m); Ec is the electric field strength during the charging process 
(V/m); dp is the particle diameter (m); εp is the relative dielectric con
stant of the particle; λ is the mean free path of gas molecules (m).

After charging, particles migrate in the electric field between the 
electrodes and are ultimately collected. The migration velocity ue is the 
key parameter determining the efficiency. According to the classical 
Stokes' drag law, the migration velocity of particles emerging from a 
balance of drag force and electric force is as follows: 

ue =
qE

3πμdp
(2) 

where, μ is the coefficient of dynamic viscosity (Pa⋅s), E is the intensity 
of the collecting electric field (V/m).

According to Eq.(2), when considering the influence of particle 
properties on the migration velocity, the charge-to-diameter ratio q/dp 
can be regarded as an intrinsic parameter. However, the Stokes' drag law 
significantly overestimates the fluid resistance for sub-micron particles; 
thus, the Cunningham slip correction factor (Cc) must be introduced to 
accurately calculate the resistance for fine particles. According to the 
Cunningham-corrected Stokes' Law, the migration velocity can be 
rewritten as follows: 

ue =
qCc

dp

E
3πμ (3) 

Cc = 1+
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dp

[
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(

− C
dp
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where, Cc is the Cunningham correction coefficient, the constants are: A 
= 1.246, B = 0.42, C = 0.87 [38,39].

At a given collecting electric field, ue is determined by Cc⋅q/dp. 
Consequently, a Cc modified charge-to-diameter ratio is proposed as a 
refined metric that integrates the coupled effects of particle charging 
behavior and particle dynamics for submicron particles, as defined 
below: 

Cc modified charge-to-diameter ratio =
qCc

dp
(5) 

For efficiency improvement, a dimensionless efficiency model was 
developed based on the classical Deutsch framework as an engineering 
approximation to decouple geometric and electrohydrodynamic effects 
for design interpretation. The assumptions are: (1) particle 

X. Liu et al.                                                                                                                                                                                                                                      Separation and Puriϧcation Technology 405 (2026) 138925 

2 



concentration varies only in the streamwise direction, and the cross- 
sectional average concentration is used as the effective local concen
tration, i.e.,C = C(x); the boundary layer near the collecting plate is 
neglected; (2) the migration velocity of particles toward the collecting 
plate is assumed to be constant, and gravitational effects are ignored; (3) 
collection is assumed to be complete upon particle deposition on the 
plate, with re-entrainment neglected. The dimensionless efficiency is 
expressed as follows: 

η = 1 − exp
(

−
ueL
u∞H

)

= 1 − exp( − u*⋅A*) (6) 

A* =
Ac

Af
(7) 

u* =
ue

u∞
(8) 

where, Ac is the area of the collecting electrode (m2); Af is the cross- 
sectional area of the flow channel between collecting electrodes (m2); 
A* is the dimensionless effective area, the ratio of the collecting area to 
the flow channel area, dimensionless; u∞ is the mainstream velocity (m/ 
s); u* is the dimensionless effective migration velocity, the ratio of the 
migration velocity to the mainstream velocity, dimensionless.

According to this dimensionless efficiency model, the performance 
enhancement of the ESP can be attributed to increasing the dimen
sionless effective area A* (representing geometrical enhancement) and 
increasing the dimensionless effective migration velocity u* (repre
senting electrohydrodynamic enhancement). Practically, these can be 
achieved by reducing the electrode spacing and increasing the electrode 
electric field strength.

Here, an evaluation method is further developed to quantitatively 
distinguish the contributions of A* and u* between two operating con
ditions. The performance difference can be decomposed through loga
rithmic analysis of the governing parameter A*⋅u*. By taking the natural 
logarithm of the ratio of this parameter before and after enhancement, 
Eq.(9) is obtained with the assumption of identical mainstream condi
tions. After a mathematical transformation, as shown in Eq.(10), the 
relative contributions of geometrical enhancement A* and electro
hydrodynamic enhancement u* can be quantified as expressed in Eq.
(11). 
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where, Δη represents the increase in efficiency, which can be decom
posed into two terms on the right side of the equation: the first term 
corresponds to the improvement associated with A*, and the second 
term corresponds to that associated with u*. Therefore, the enhance
ment in particle capture performance due to geometrical and electro
hydrodynamic effects can be evaluated separately.

2.2. PET-coated collecting electrode unit fabrication

Commercially available stainless-steel plates (200 μm thick) were 
sectioned into collecting electrodes with dimensions of 7 cm × 6 cm. A 
70 μm thick PET film was coated onto a galvanized iron electrode via a 
roll-to-roll thermal pressing process to fully encapsulate the original 
electrode. This dielectric coating on the electrode provides a modified 
surface and reduces electron emission, thereby increasing the break
down voltage. The detailed procedure was consistent with that reported 
in our previous study [22].

Bare and coated electrodes were alternately assembled using a 
magnetic assembly method to construct the collecting electrode unit, 
serving as the ground and high-voltage electrodes, respectively. The 
electrode spacing was varied to 1, 2, 3, 4, and 5 mm.

2.3. Experimental setup and testing procedures

A lab-scale air duct setup (cross-section 8 × 8 cm) was constructed 
for performance testing (Fig. 1). Two high-voltage power supplies (P30, 
Boer Co., Ltd., Suqian, China) with direct current output were employed 
to independently power the sequential pin-to-plate charging unit and 
the collecting electrode unit. Particle number concentrations for sizes 
0.3–10 μm and below 0.3 μm were measured using a particle counter 
(Aerotrak 9306, TSI Inc., Shoreview, USA) and a scanning mobility 
particle sizer (NanoScan SMPS 3910, TSI Inc., Shoreview, USA), 
respectively. Details are stated in Supplementary Methods S1.

To evaluate the broad-spectrum effectiveness of the ESP, five 
representative particle sources with diverse physicochemical properties 
were selected and tested: NaCl, Fe, Fe₂O₃, DEHS, and indoor ambient 
particles. All single-component aerosols were generated using a 

Fig. 1. Illustration of the charging and collecting processes in electrostatic particle capture, the factors influencing efficiency, and strategies for performance 
improvement.
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nebulizer (MRE 6Jet, BGI Inc., USA). NaCl, Fe, and Fe₂O₃ were dispersed 
in deionized water, while DEHS was dispersed in ethanol. The validity of 
this approach was experimentally verified: particle concentrations 
generated from pure ethanol were negligible, whereas a significant in
crease in particle number concentration was observed after adding 
DEHS, confirming that the measured aerosols originated primarily from 
DEHS rather than the solvent. Detailed validation results are provided in 
Supplementary Fig. S1.

2.4. Characterization

After particle deposition for 2.5 h in the ESP system, the collecting 
electrode plate was sectioned and sampled, and the morphology of the 
deposited particulate matter was examined using a field-emission 
scanning electron microscope (FE-SEM, Merlin VP Compact, Carl Zeiss 
AG).

3. Results and discussion

3.1. ESP performance leverage effect

Applying a dielectric coating to the collecting plate is expected to 
increase the breakdown voltage. Using a roll-to-roll thermal pressing 
method, PET-coated collecting electrodes were successfully prepared, 
and the cross-sectional SEM image is shown in Supplementary Fig. S2, 
revealing a clear hierarchical structure and strong adhesion. The coating 
film was several millimeters larger than the edge of the collecting plate 
to thoroughly envelop the plate and reliably increase the breakdown 
voltage.

The breakdown voltage as a function of electrode spacing, with and 
without the coating, is shown in Fig. 2(a). Notably, all breakdown 
voltages with the PET coating were consistently higher than those of the 
bare electrodes. At an electrode spacing of 1 mm, the breakdown voltage 

increased from 2.2 to 3.5 kV after coating. As the electrode spacing was 
increased to 5 mm, the breakdown voltage reached 5.5 kV for bare 
electrodes and could be elevated to 10.3 kV with the coating. On 
average, coating the electrode increased the breakdown voltage by 1.8 
times that of the bare electrode. This leverage in breakdown voltage 
yields the benefit of electrical safety and increases the upper limit of the 
applied voltage.

Fig. 2(b) illustrates the removal efficiency of 0.3–0.5 μm particles 
under varying collecting voltages and electrode spacings, with the 
charging voltage fixed at 7 kV, revealing the effects of reduced electrode 
spacing and increased collecting voltage. At a collecting voltage of 1 kV, 
the efficiency increased significantly from 46.9% to 93.6% as the elec
trode spacing reduced from 5 to 1 mm. Furthermore, when the collecting 
voltage was raised from 0.5 to 3 kV at an electrode spacing of 2 mm, the 
efficiency improved from 44.0% to 95.8%.

The improvement in particle removal performance can be quantita
tively attributed to two factors: geometrical and electrohydrodynamic 
effects, represented by A* and u*, respectively. These two parameters 
were analyzed to quantify their respective contributions to performance 
enhancement through both experimental data and theoretical calcula
tions, as shown in Fig. 2(c). The theoretical results were obtained by Eq. 
(11). To quantitatively evaluate the accuracy of the decoupled efficiency 
increment between experimental and theoretical results, statistical 
goodness-of-fit indicators, including mean absolute error (MAE), root- 
mean-square error (RMSE), and coefficient of determination (R2), 
were introduced. The calculated values of MAE, RMSE, and R2 are 0.030, 
0.031, and 0.859, respectively, indicating reasonably good agreement. A 
detailed comparison between experimental and theoretical decoupled 
efficiency increments is further provided in Supplementary Fig. S3. In 
the performance comparison between 5 mm and 1 mm electrode spacing 
at 1 kV collecting voltage, the increase in efficiency from 46.9% to 
93.6% could be attributed to A* and u*, whose contributions were 
26.8% and 29.9% experimentally, and 23.4% and 23.4% theoretically. 

Fig. 2. (a) Breakdown voltage versus electrode spacing. The environmental conditions were 22 ◦C and 12% relative humidity. The error bars represent the standard 
deviation of three measurements. (b) Collecting efficiencies for 0.3–0.5 μm particles under a 7 kV charging voltage and a 1 m/s face velocity. All error bars of 
efficiencies represent the standard deviation of five continuous measurements. (c) The contributions of A* and u* to the efficiency enhancement. The u* increment is 
partitioned by the breakdown voltage of the bare collecting electrode: the first and second columns represent the increase before and after the breakdown voltage 
enhancement due to the coated collecting electrodes, respectively. The conditions were a 7 kV charging voltage and collecting voltages of 1 kV and 3 kV, with 
electrode spacing ranging from 5 mm to 1 mm.
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The results of theoretical calculations and experiments showed good 
agreement. With the collecting voltage held constant and the electrode 
spacing reduced, the geometrical effect A* and electrohydrodynamic 
effect u* contribute equally to the efficiency increase in theory. 
Furthermore, at higher collecting voltages, particularly as the voltage 
approaches the breakdown threshold of the collecting electrode, the 
electrode coating can facilitate a larger increase in u* compared with the 
bare electrode. Specifically, under initial conditions of a 3 kV collecting 
voltage and a 5 mm electrode spacing, the maximum contribution of u* 
to the efficiency was 8.7%. With the coating applied to the collecting 
electrode, u* could theoretically contribute an additional efficiency 
increment of 6.6%. The coating on the collecting electrode enhances the 
attainable maximum efficiency.

As we have proposed, the particle capture efficiency of the ESP can 
be enhanced by increasing two dimensionless parameters: the geomet
rical parameter A* and the electrohydrodynamic parameter u*. How
ever, in practical applications, increases in both parameters are 
inherently constrained by the trade-off effect, as shown in Fig. 3(a). As 
the parameter u* increases, the electric field progressively approaches 
the breakdown limit, leading to electrical sparks and posing significant 
operational safety concerns. This upper limit can be substantially 
extended through electrode coating, unlocking a great potential of u*. 
To enhance the geometrical parameter A*, air resistance increases due to 
narrower flow channels and electrode cross-section blockage, resulting 
in a trade-off.

Higher A* leads to improved removal efficiency at the cost of 
increased pressure drop, accompanied by an additional energy penalty. 
To evaluate the trade-off between efficiency and pressure drop, the 
pressure drop of the collecting electrode unit was first experimentally 
characterized under various face velocities and electrode spacings, as 
presented in Fig. 3(b). Specifically, the pressure drop across the 3 mm 
electrode-spacing collecting unit ranged from 3.0 to 17.5 Pa, with face 
velocity adjusted from 0.5 to 3 m/s. As the electrode spacing decreases, 
the pressure drop showed a nonlinear increase; for example, at 2 m/s, 
altering the electrode spacing from 3 mm to 5 mm and 1 mm led to 

pressure drops of 9.0 and 18.6 Pa, respectively, indicating that spacing 
reduction at smaller electrode spacing induces disproportionately 
higher air resistance increases. Therefore, striking a balance between air 
resistance and particle removal performance is essential.

To quantitatively characterize the optimal balance between air 
resistance and particle removal performance, we proposed normalized 
parameters to compare the costs and rewards, as illustrated in Fig. 3(c). 
The normalized efficiency (η/η0) and air resistance (P/P0) were defined 
to evaluate the efficiency reward and the pressure drop cost associated 
with reducing electrode spacing, where the reference point (η0, P0) 
corresponds to a 7 kV charging voltage, 1 m/s face velocity, and 5 mm 
electrode spacing. Generally, the normalized efficiency-resistance curve 
exhibited a rapid initial increase followed by a gradual rise toward an 
upper limit. As a representative case, narrowing the electrode spacing to 
2 mm results in a normalized efficiency (η/η0) of 1.86 with P/P0 of 1.75, 
while further reducing it to 1 mm yields a η/η0 of 1.99 with P/P0 of 3.12, 
indicating a marginal efficiency reward accompanied by a substantial 
increase in air resistance. In addition, the upper limit of η/η0 decreased 
as the collecting voltage and particle diameter increased. The highest 
η/η0 of 1.99 was achieved at a collecting voltage of 1 kV for 0.3–0.5 μm 
particles, while a lower value of 1.56 was observed for 0.5–1 μm par
ticles, and a value of 1.68 was obtained at a collecting voltage of 2 kV. 
Based on the above analysis, a 2 mm electrode spacing is recommended 
to strike a balance between particle removal efficiency and air resistance 
if energy costs are taken into consideration.

In addition, an energy-efficiency analysis was performed. We 
compared the proposed ESP with existing air purification technologies, 
including HEPA filters and conventional ESP systems, in terms of total 
power consumption (P), clean air delivery rate (CADR), and energy 
consumption per unit clean air delivery rate (ECADR). Detailed data are 
provided in the Supplementary Methods S2. Benefiting from the low 
pressure drop and high particle removal efficiency, the proposed system 
exhibits the lowest ECADR of 37.34 J/m3, highlighting its superior 
energy-performance trade-off and practical applicability for real-world 
air purification.

Fig. 3. (a) The trade-off effect of particle capture efficiency enhancement by A* and u*. (b) The pressure drop of the collecting electrode unit under various face 
velocities and electrode spacings. (c) The normalized efficiency η/η0 and normalized resistance P/P0 of the collecting electrode unit. The reference point (η0, P0) 
corresponds to a 7 kV charging voltage, 1 m/s face velocity, and 5 mm electrode spacing. Data point colors correspond to those in (b).
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3.2. Removal performance of different particle sizes

In addition to the geometric and electrical properties of the ESP, 
particle capture efficiency is significantly influenced by intrinsic particle 
characteristics, particularly particle diameter. Particle diameter pri
marily affects efficiency by influencing particle charge and its motion 
within the airflow and electric field. These two aspects are analyzed in 
Fig. 4(a). According to Eq. (1), the charge acquired by particles with 
diameters ranging from 0.01 to 10 μm is calculated theoretically, 
showing a non-linear increase as particle size transitions from the sub- 
micron to the micron scale. This phenomenon is primarily attributed 
to the shift from diffusion charging to field charging, which scales with 
the square of the particle diameter. This substantial charge accumula
tion essentially dictates the superior collection efficiency of ESP for 
larger particles. As analyzed in Section 2.1, two additional parameters 
can be used to characterize the effect of particle diameter on efficiency. 
Considering the dynamics of particle motion, the charge-to-diameter 
ratio q/dp exhibits a subtle localized enhancement near 10 nm. How
ever, this remains insufficient to accurately characterize sub-micron 
particle efficiency. In contrast, the proposed modified charge-to- 
diameter ratio Cc⋅q/dp exhibits a distinct U-shaped trend, with a global 
minimum at approximately 0.2 μm. This aligns closely with the widely 
reported efficiency valley for 0.1–5 μm particles [10,23]. Thus, the 
proposed Cc⋅q/dp parameter provides a robust characterization of size- 
dependent particle removal performance.

Fig. 4(b) illustrates the ESP removal efficiency as a function of par
ticle diameter and collecting voltage. High efficiencies were observed 
for both ultrafine (<0.3 μm) and large (>3 μm) particles, while a pro
nounced minimum occurred within the 0.3–0.5 μm interval. Specif
ically, at a collecting voltage of 0.1 kV, the efficiency for 0.3–0.5 μm 
particles was 54.2%, while remaining 94.1% for particles larger than 5 
μm. This size-dependent efficiency distribution is consistent with the 
trend characterized by Cc⋅q/dp. The removal performance exhibited a 
positive correlation with the collecting voltage. Notably, at a collecting 
voltage of 0.5 kV, high removal efficiencies were consistently main
tained across the entire particle size range, with a minimum value of 
97.1%, demonstrating highly effective particle capture.

3.3. Removal performance of different particle compositions

Five representative particle types, including NaCl, Fe, Fe₂O₃, DEHS, 
and indoor ambient particles, was employed to evaluate the broad- 

spectrum collection performance of the ESP. These sources were cho
sen to represent the complex physicochemical characteristics found in 
real-world particulate matter. NaCl was employed as a standard test 
aerosol commonly used in laboratory studies of particulate matter 
removal [40,41]. Fe and Fe₂O₃ represented typical metallic and metal 
oxide constituents in underground environments, such as subway sys
tems, where iron-containing particles primarily originate from rail- 
wheel wear [42–44]. DEHS, a single-component, non-volatile liquid, 
can be readily atomized into stable aerosols and exhibits aerodynamic 
behavior similar to cooking oil droplets [45,46]. It was selected to 
represent liquid oil aerosols associated with cooking emissions and other 
organic compound sources. Indoor ambient particles were directly 
sampled from our laboratory without artificial generation, representing 
a realistic mixed composition.

As shown in Fig. 5(a), SEM images of solid-phase particles deposited 
on the ESP collecting electrode reveal distinct morphological features 
for particles from different sources. NaCl particles exhibit cubic crystal 
structures with smooth surfaces and sharp edges. Fe particles present 
irregular, aggregated morphologies with rough surfaces, mainly result
ing from mechanical fragmentation and strong inter-particle adhesion 
driven by high surface energy [47–49]. Iron oxide particles are pre
dominantly spherical. Indoor ambient particles exhibit highly hetero
geneous, irregular structures, reflecting their complex composition.

The variations in removal performance across the different particle 
types are illustrated in Fig. 5(b). While indoor ambient particles showed 
variable results, the remaining four particle sources exhibited a virtually 
identical ranking in collection efficiency across most tested conditions 
and particle diameter ranges, in descending order of Fe, Fe₂O₃, NaCl, and 
DEHS. For instance, at 7 kV charging voltage and 0.2 kV collecting 
voltage, the 0.3–0.5 μm removal efficiencies for Fe, Fe₂O₃, NaCl, and 
DEHS were 88.9%, 87.6%, 83.0%, and 75.5%, respectively, while that of 
indoor ambient particles was 91.7%. The Fe, Fe₂O₃, NaCl, DEHS, and 
indoor ambient particles exhibit distinct dielectric properties, with 
relative dielectric constants of ∞ (conductor), 14.2, 5.9, 2.5, and 2–10, 
respectively [50–53]. For particles with the same diameter but different 
compositions, their kinetic behavior is consistent; the primary distinc
tion lies in their charge quantity, which is fundamentally determined by 
the dielectric constant. According to Eq.(1), the charges of the single- 
component particles were calculated and are presented in Fig. 5(c). 
The particle charge exhibits a strong dependence on both particle 
diameter and composition. The influence of dielectric constant on par
ticle charging, particularly for ultrafine particles, is negligible, whereas 

Fig. 4. (a) Particle charge (C), charge-to-diameter ratio (C/m), and modified charge-to-diameter ratio (C/m) as functions of particle diameter. The conditions are a 7 
kV charging voltage and a relative dielectric constant of 5.9 (NaCl particles). (b) Particle removal efficiency versus particle diameter and collection voltage at a 7 kV 
charging voltage, 1 m/s face velocity, and 1 mm electrode spacing.
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its effect becomes more pronounced for larger particles. Notably, at any 
given diameter, the charge values follow a descending order of Fe, Fe₂O₃, 
NaCl, and DEHS, which closely aligns with their respective dielectric 
constants and removal performance. Regarding indoor ambient parti
cles, the variations in the efficiency ranking across different diameter 
intervals are likely attributable to their heterogeneous composition. The 
detailed particle size distribution within a specific interval also in
fluences the corresponding removal efficiency.

The 0.3–0.5 μm particle removal performance under a charging 
voltage of 10 kV was subsequently evaluated across a range of collecting 
voltages, with results detailed in Fig. 5(d). A positive correlation be
tween collecting voltage and removal efficiency was observed across all 
particle sources, and the differences among sources diminished as the 
voltage increased. At a collecting voltage of 1 kV, an exceptionally high 
removal efficiency of 99.9% was consistently achieved for all particle 
sources, including heterogeneous indoor ambient particles and single- 
component particles. This uniform high-performance capability un
derscores the robustness of the ESP in effectively treating a wide range of 
particulate matter.

3.4. Long-term performance

The long-term performance and post-washing reusability of an ESP 
are critical for real-world applications. Ozone generation was monitored 
at both the upstream and downstream of the ESP unit, as shown in 
Supplementary Fig. S4. At a charging voltage of 7 kV, ozone generation 

remained low, with an outlet concentration of 15.8 ppb, indicating 
stable operation of the four-pin corona discharge array. When the 
voltage increased, a pronounced rise in ozone production was observed, 
reaching 45.7 ppb at 10 kV. The average background ozone level was 
14.5 ppb. For reference, the WHO 8-h mean air quality guideline for 
ozone is 100 μg/m3 (approximately 47 ppb) [54]. Relative to this 
threshold, only the operating conditions at 9 and 10 kV resulted in ex
ceedance at the ESP outlet, where ozone concentrations reached 49.4 
and 60.2 ppb. A continuous two-week experiment was conducted with a 
charging voltage of 7 kV, which was intentionally kept relatively low to 
mitigate ozone generation. Considering the unique properties of oil 
particles, liquid and viscous, DEHS was selected as the long-term par
ticle source. The results are presented in Fig. 6. The typical daily PM 
source concentration is shown in Supplementary Fig. S5, with concen
trations of 1.6 × 105 #/L for 0.3–0.5 μm, 1.1 × 105 #/L for 0.5–1 μm, 
and 5.6 × 104 #/L for 1–3 μm particles. The environmental parameters, 
including temperature and relative humidity during the long-term test, 
are summarized in Supplementary Table S4.

In general, the long-term performance deterioration of ESP stems 
from several fundamental mechanisms. The accumulation of a dust cake 
on the collection plates inevitably triggers back corona discharge within 
the layer [55]. Furthermore, aerodynamic shearing aggravates the re- 
entrainment and resuspension of already captured particles [56]. On 
the discharge side, particulate fouling leads to the passivation and 
blunting of emission electrode tips, which subsequently reduces the 
overall corona discharge stability during extended operational periods 

Fig. 5. (a)SEM images of solid-phase particles deposited on the ESP collecting electrode (from left to right: NaCl, Fe, Fe₂O₃, and indoor ambient particles). (b) Particle 
removal efficiency for five particle sources (NaCl, Fe, Fe₂O₃, DEHS, and indoor ambient particles) at a 0.2 kV collecting voltage, 1 m/s face velocity, and 1 mm 
electrode spacing. (c) Particle charge of four single-component particle sources (NaCl, Fe, Fe₂O₃, and DEHS) at a 7 kV charging voltage. (d) Particle removal efficiency 
of 0.3–0.5 μm versus collecting voltage at a 10 kV charging voltage, 1 m/s face velocity, and 1 mm electrode spacing.
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[57,58]. In this work, the long-term daily average removal efficiencies 
for 0.3–0.5 μm, 0.5–1 μm, and 1–3 μm particles remained high at 97.7%, 
98.5%, and 99.0%, respectively. The efficiency for the most penetrating 
0.3–0.5 μm particles decreased by 5.4% over 14 days, representing a 
slightly more pronounced decline than the 7.8% degradation observed 
over 35 days for NaCl particles in our previous study [22]. The accel
erated efficiency degradation observed for DEHS particles, relative to 
NaCl, can potentially be ascribed to the intrinsic physicochemical 
properties and distinct deposition behaviors of oily aerosols, specifically 
regarding the following three aspects: (1) Oil film formation. The 
deposition of DEHS on the collection electrodes typically forms a 
continuous, fluid oil film, while localized accumulation in specific areas 
results in the formation of large droplets (Supplementary Fig. S6). These 
deposits significantly weaken the discharge strength [58–60]. (2) Re- 
entrainment dynamics. Unlike solid particles, whose deposition film 
typically forms chain-like dendritic structures that induce localized 
electric field intensification and mitigate re-entrainment, the smooth oil 
film lacks these morphological advantages [61,62]. (3) Back electric 
field effects. Due to the lower dielectric constant and extremely low 
electrical conductivity, DEHS particles promote substantial surface 
charge accumulation. This generates a robust back electric field, which 
subsequently reduces the migration velocity of incoming particles 
within the electric field [63,64].

To restore electrode performance, a sequential cleaning procedure 
was employed: 10 min of ultrasonic cleaning in anhydrous ethanol fol
lowed by 2 min in deionized water, after which the electrodes were dried 
at ambient temperature. This cleaning procedure effectively removes 
the deposited oil film while ensuring that the collecting electrodes and 
PET coatings remain structurally intact and undamaged. The post- 
washing performance test demonstrated complete restoration of the 
collection efficiency. Specifically, the efficiency for 0.3–0.5 μm particles 
reached 99.3%, which is nearly identical to the initial value. This 
exceptional regenerative capacity demonstrates robust reusability. The 
SEM characterization of the electrode surface before and after washing is 
shown in Supplementary Fig. S7. The complete removal of accumulated 
particles indicates good performance under repeated washing cycles. 
Besides post-washing performance, PET coating stability and charging 
electrode aging also affect long-term performance. The hydrolytic 
degradation of PET is very slow under typical fluctuating indoor con
ditions at room temperature, and its lifetime can extend to several de
cades [65]. Under the complex circumstances in this work, the stability 

requires further characterization in future studies. In addition, efficiency 
degradation caused by electrode contamination can be potentially 
eliminated by particle-free external air protection [58]. Therefore, the 
proposed ESP offers the potential for sustained operational stability in 
long-term real-world applications.

4. Conclusions

In conclusion, this study delineates the principles of ESP perfor
mance enhancement and proposes a dielectric coating strategy to in
crease the breakdown voltage, enabling high-efficiency ESP operation 
with broad-spectrum effectiveness across diverse particle sources. The 
PET coating increased the breakdown voltage by up to 1.8 times on 
average under variable electrode spacing. The enhancement in ESP 
performance was quantitatively attributed to geometrical and electro
hydrodynamic effects represented by the dimensionless effective area A* 
and dimensionless effective migration velocity u*. Theoretical and 
experimental results showed good agreement. The trade-off between 
efficiency and pressure drop was characterized, and a 2 mm electrode 
spacing is recommended when energy costs are considered. The pro
posed modified charge-to-diameter ratio Cc⋅q/dp successfully charac
terized the efficiency minimum around 0.3–0.5 μm particles and 
provided a robust index for predicting size-dependent ESP performance. 
The broad-spectrum particle removal capability was validated using five 
representative particle sources. The collection efficiency followed the 
order of Fe > Fe₂O₃ > NaCl > DEHS, primarily governed by particle 
dielectric constants, whereas the ranking for indoor ambient particles 
varied due to their heterogeneous composition. A high removal effi
ciency of 99.9% was achieved for all particle sources at a collecting 
voltage of 1 kV. Long-term testing demonstrated stable ESP perfor
mance, with only a 5.4% reduction in oil particle efficiency over 14 days 
and complete recovery after washing, confirming strong reusability and 
practical applicability. The proposed ESP showed high efficiency, veri
fied operational stability, and reliable broad-spectrum effectiveness for 
practical application in ventilation and indoor air purification systems, 
contributing to the development of sustainable and healthy indoor 
environments.
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