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A B S T R A C T   

The removal efficiency of traditional air filters decreases with decreasing particle size, requiring the use of highly 
compact filter layers to achieve high efficiency, resulting in high-pressure drops and power consumption. To 
address this issue, this study proposes a novel approach by combining triboelectric nanogenerator (TENG) 
properties with industrial air filters and face masks to improve removal efficiency while maintaining low- 
pressure drop. The study investigates the impacts of key parameters, such as airflow velocity, particle size, 
and applied voltage, on filter performance through a developed mathematical model. The optimal voltage range 
required to remove specific particle sizes is also modeled, and suitable triboelectric materials for producing the 
optimal voltage are suggested. Results show that the use of the suggested triboelectric-based filter, generated 
using a polypropylene (PP)-polyurethane (PU) TENG pair, with a 300 µm filter thickness, 30 µm pore size, and 
30 µm fiber diameter, enhances the removal efficiency of particles from 23.0 % to 99.0 %. Specifically, a 10 V 
voltage on the fiber surface enables the removal of particles in the range of 10 nm to 100 µm with an efficiency of 
99.0 %, which is 4 times higher than a traditional filter. The study demonstrates the potential of utilizing various 
antibacterial and polymer-based triboelectric materials in different applications, including self-powered smart 
face masks and industrial air filters.   

1. Introduction 

Air pollution and particulate matter (PM) have made negative im
pacts on human health such as cardiovascular and respiratory diseases 
[1,2]. Thus, it is necessary to promote efficient methods for the removal 
of PM to reduce the negative health impacts of particles. Various tech
nologies have been used for air filtration, such as melt-blown polymers, 
metal-organic framework-based membranes, and electrostatic pre
cipitators [3–5]. Among different methods, electrostatic attraction (EA) 
is widely used due to its superior capacity in binding and clinging 
nanoparticles to fibers. The electrostatic precipitator (ESP) is the 
method used to collect particles from the air stream using a charger 
electrode and a collector electrode. In this method, particles are charged 
by a charger electrode and subjected to electric forces leading to particle 
absorption on a collector electrode [1,6]. 

In recent years, several studies have been conducted on ESP. Zhang 

et al. [7] numerically studied the impacts of electric potential field, 
particle charge-to-mass ratio, solid volume fraction, fiber diameter, and 
face velocity on filtration performance. According to their results, 
decreasing fiber diameter and increasing particle size improved filtra
tion efficiency. Also, increasing the velocity decreased efficiency. As 
well, when the solid volume fraction increased the removal efficiency 
increased but the pressure drop and solid volume fraction had a linear 
relationship, so but pressure drop increased. Lee et al. [8] investigated 
the effects of electrostatic and structural characteristics of filters on the 
removal efficiency and pressure drop. Based on their study, the particles 
were captured by coulomb force. Furthermore, the filter thickness had 
little influence on removal efficiency, but the efficiency was affected by 
the extent of inter-fiber distance and the fiber packing density. By 
increasing the number of sheets, the efficiency increased but the quality 
factor decreased because of the increase in the pressure drop. Long et al. 
[9] evaluated the efficiency and power consumption of a pleated filter. 
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They investigated the parameter’s effects such as the corona discharge, 
airflow, wire position, plate height, and distance between plates on the 
filtration performance. Their results showed that shorter distances, 
lengthier plates, and lower airflow velocity resulted in increased effi
ciency. Also, the higher applied voltage increased the removal efficiency 
but it made the power consumption increase. 

Generally, increasing pack density or applying a higher voltage can 
increase filtration efficiency, leading to a higher pressure drop and 
power consumption. And although electrostatic precipitators can be 
effective for air purification, they can be harmful to human health 
because of ozone production [10]. To solve this issue, the triboelectric 
effect is used to charge fibers [9]. The triboelectric nanogenerator 
consists of two materials with different affinities that could produce 
voltage and current by moving relative to each other [11]. TENG 
mechanism is based on the triboelectrification phenomenon and elec
trostatic induction. In triboelectrification, contact between two elec
trodes makes a charge and by separation from each other, the electrons 
flow between two electrodes by electrostatic induction phenomenon 
[12–14]. The application of TENG technology in filters presents a 
noteworthy advantage, as it results in increased filtration efficiency 
without any increase in pressure drop, power consumption, or ozone 
production. Furthermore, the mass or density of the structure remains 
constant and maintains high air permeability [3,15,16]. Another 
advantage is that TENG systems can employ low-frequency vibration in 
the environment to produce power such as the natural vibration of 
moving air in the channel or the car’s tailpipe and also biomechanical 
energy such as breathing and speaking [3,17–19]. Also, TENG material 
has properties such as flexibility and antibacterial effect that is helpful 
for human health [20,21]. Furthermore, the TENG materials’ compati
bility with the human body has been proven that used in a wide range of 
technology such as self-powered tactile sensing and breathable elec
tronic skin [16,19]. Some studies investigated employing TENG in air 
filtration. Wang et al. [22] studied air cleaning based on a multi-layered 
R-TENG. Their design consisted of a rotator and a stator that was driven 
by wind power to remove sulfur dioxide (SO2) and dust. In their 
experimental setup, the R-TENG was connected to the two copper 
meshes as anode and cathode plates. Based on the electrochemical re
action, SO2 lost two electrons and change to sulfuric acid so adsorbed on 
the anode copper mesh and removed from the air. Jeong et al. [23] 
fabricated a flexible porous structure film in combination with metal 
nanoparticles with a high dielectric constant. In their study, the 
dielectric film absorbed dust particles into the pore by triboelectric 
properties. They analyzed the collection efficiency of PM10 and PM2.5. 
According to their results, the flexible film had 20.0 % higher efficiency 
than a film without metal nanoparticles. Kim et al. [24] designed a new 
structure by using a 3D printing method. Their design had a high surface 
area in comparing flat structures and was used for the dust-adsorption 
(PM2.5) system. According to their study, the designed TENG had a 
removal efficiency of about 40.0 %. In recent years, several studies have 
been conducted on utilizing triboelectric technology in the face mask. 
Wang et al. [2] developed a self-powered face mask based on nanofiber 
electrospun that was enhanced by a TENG. They reached a removal ef
ficiency of 86.0 % for ultrafine particles (PM0.1). Zhou et al. [25] 
developed an electrospun polyetherimide (PEI) electret nonwoven face 
mask that can be used for healthcare monitoring and particulate matter 
removal. The removal efficiency was about 99.0 % for sub-micron NaCl 
particles (0.3 µm). In the study of Lustig et al. [26] various masks were 
investigated under steady-state, forced convection air flux with pulsed 
aerosols that simulate forceful respiration. Finally, the effective designs 
were noted. Wang et al.[27] fabricated a multilayered antibacterial 
nanofiber air filter that was enhanced by the TENG and had an average 
removal efficiency of 89.9 % for PM0.1. Rajib et al. [28] focused on 
virus-laden aerosols and designed a smart mask by using a TENG. In 
their study, the viruses were killed by electrocuting through the electric 
field of TENG. Wang et al. [4] preferred a five-layer washable mask 
based on TENG that had a removal efficiency of about and 96.0 % for 

PM2.5, but the removal efficiency decreased to 85.0 % for PM0.5. 
Recent research has shown that the effectiveness of various filtration 

technologies differs significantly for different particle sizes. Filtration of 
nano-sized particles is particularly challenging, as these particles can 
easily pass through the openings between fibers, thereby reducing the 
removal efficiency of the filter. To achieve high removal efficiency for 
such particles, a high packing density is required, which increases the 
pressure drop across the filter. Consequently, developing a technology 
that can enhance the PM collection efficiency and maintain filter per
formance without increasing the pressure drop remains a challenge. To 
address the challenge of decreasing removal efficiency for small-sized 
particles, the triboelectric nanogenerator is being explored to improve 
the removal efficiency of filters. While larger particles can be removed 
through mechanical means, small particles can be charged via the 
triboelectric effect and then separated from the air using electrostatic 
force. A TENG-based filtration model can thus maintain filter perfor
mance for small particles while avoiding pressure and removal effi
ciency drops. 

This study focuses on the optimization of the voltage in the filtration 
system for enhancing the removal efficiency of particles within a specific 
range of sizes. To this end, the triboelectric nanogenerator is incorpo
rated in the filtration system to supply the required voltage, and the 
optimal triboelectric material is selected for the filter design. The inte
gration of triboelectric effects in conventional filtration materials allows 
for improved removal efficiency without the need for changes in the 
structure, pressure drops, or costs. A key contribution of this work is the 
prediction of the optimal voltage required for achieving high particle 
removal efficiency in a gas-particle multiphase flow. The resulting filters 
have potential applications in self-charged face masks and industrial 
filters, with the selection of the appropriate material for each filter 
design. 

This paper aims to enhance the efficiency of face masks and indus
trial filters by utilizing triboelectric nanogenerator technology. The 
study investigates the effect of various operational parameters, such as 
airflow velocities, applied voltages, and particle diameters, on the 
removal efficiency of particles. The unique challenge of addressing a 
wide range of human breath velocity and particle motion in industrial 
channels, in addition to the diverse virus and dust particle sizes, is 
addressed in this work. To achieve this goal, a TENG module is 
numerically simulated using governing equations of TENG, two-phase 
flow, and electrostatic effect on particles. The study seeks to predict 
the optimal voltage range, identify suitable triboelectric materials for 
TENG filtration, study the impact of particle size on removal efficiency, 
and investigate the effect of airflow velocity on filtration efficiency. The 
findings demonstrate the promising potential of TENG-based filtration 
for various applications, offering a practical solution to the negative 
impacts of air pollution and particulate matter on human health. The 
study’s novelty lies in the comprehensive analysis of the effect of various 
parameters on the efficiency of TENG-based filters, offering insight into 
optimizing their design and enhancing their performance. This work 
provides an advantage in that the TENG filtration efficiency is provided 
for a wide range of materials and particle sizes. The wide range of 
particle sizes studied in this work is an asset for designing new filters’ to 
obtain the best filtration efficiency using various materials which 
consequently produce their associated TENG voltage separating especial 
particles. 

2. Modeling 

2.1. Governing equation 

This work presents a numerical method for simulating multiphase 
flow using the discrete element method for particle motion and the finite 
element method for fluid flow. The Euler-Lagrangian method is 
employed for simulating two-phase flow, with particle trajectory in a 
Lagrangian frame of reference and airflow in an Eulerian frame of 
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reference. External forces such as electrostatic, drag, and Brownian 
forces affect particle motion in the fluid flow. In this study, the Laplace 
equation is used to solve the electrostatic forces and TENG model ac
cording to Gauss’s law, while Navier-Stokes equations and Newton’s law 
are used to solve fluid flow and particle motion, respectively. The 
resulting two-dimensional model is used to construct fiber structure, 
particle trajectory, and the associated airflow around fibers. A 2D 
symmetry model is used for the simulation of particle motion in a fluid 
flow. The 2D simulation of the particle motion in the flow of the filter 
application is also used by previous studies such as [8], [6], and [29]. 
The model enables the prediction of removal efficiency and pressure 
drop under different parameters such as air velocity, electric potential, 
and particle diameter. With this model, it is possible to determine the 
required voltage within a certain range of particle diameter and velocity 
to achieve the desired separation. Additionally, the model facilitates the 
identification of the triboelectric material capable of providing the 
necessary voltage. 

2.1.1. Airflow 
In this study, the Reynolds number is low (less than 2000) and the 

flow is considered to be laminar. The continuity equation and Navier- 
Strokes equations are solved for the airflow field in the steady state 
condition as follows [30]: 

∂ρ
∂t +

∂uj
∂xj

= 0 (1)  

∂ρui
∂t +

∂uiuj
∂xj

=
∂P
∂xi

+
∂

∂xj

(

μ
(

∂ui
∂xj

+
∂uj
∂xi

−
2
3
δij

∂uk
xk

))

(2)  

Where u(m/s) is velocity, ρ(kg/m3) is density, P(pa) is pressure,δ( − )is 
the Kronecker delta and µ(Pa.s) is the viscosity of the continuous flow. In 
most industrial applications, the airflow is turbulent which affects the 
particles’ motion. Therefore, it is important to choose the best turbu
lence model that matches the study. In this study, based on the Reynolds 
number, the K-ε model is used which is suitable for the high Reynolds 
[31] number range. Also, based on the studies presented in [32] and 
[33], the K-ε model is recommended in turbulence airflow in industrial 
application simulations such as duct and HVAC. To resolve the flow in 
the near-wall region, the two-layer model in combination with enhanced 
wall functions is used for the wall treatment. The combination of the 
two-layer model with enhanced wall functions is recommended in ref
erences [34,35] for the simulation of particle deposition. 

2.1.2. Particles trajectory 
Particles are captured by fiber filtration based on five mechanisms: 

gravity sedimentation, inertial impaction, interception, diffusion, and 
electrostatic interaction [7,28,36]. The behavior of a suspended particle 
in the fluid flow is described by Stokes number that is related to particle 
diameters, fluid velocity, and particle relaxation time [30,37]. The 
studies have shown that large particles (larger than 1 µm) are affected by 
gravitational force, but medium-sized particles (1–10 µm) are affected 
by sedimentation and impaction mechanism. In small-sized, (100 nm- 
11 µm), particles get diffused by mechanical interception and Brownian 
motion [28,38,39]. 

The trajectory of a particle is calculated by solving the net forces on 
the particle. The acting forces are the sum of the drag force, electrostatic 
force, Brownian force, virtual mass, thermophoretic force, and gravity 
force. While the drag force is proportional to the fluid viscosity, the 
thermophoretic is a function of the temperature gradient. The virtual 
mass is a reaction force exerted on a particle moving through a fluid and 
will be remarkable when the density of the surrounding fluid is of a 
similar order of magnitude to the particle density. The Brownian force 
on the particle is important when the size of the particle is in the sub
micron range. When the particle is charged or an electric field is applied 
to the system, electrostatic forces occur. In this study, the acting forces 

on the particle include the drag force, electrostatic force, and Brownian 
force. The general equation of the thermophoretic force is a function of 
∇T. In this study, there is no temperature difference in the fluid flow, 
particles, and walls. So, the ∇T is equal to zero. Therefore, the ther
mophoretic force is zero. Also, the virtual mass is a reaction force 
exerted on a particle moving through a fluid and will be remarkable 
when the density of the surrounding fluid is of a similar order of 
magnitude to the particle density. In this study, the deviation between 
consideration and neglection of the virtual mass on the particles in two 
case studies is below 1.0 % in removal efficiency. Also, the reference 
[40] shows that for a gas-solid two-phase flow, the neglection of the 
virtual mass is an acceptable approximation. Also, other forces accord
ing to air and particle density (related to virtual mass force), particle size 
and mass (related to gravity force), and lack of temperature gradient 
(related to thermophoretic force) are neglected in the particle motion 
[41,42]. 

The particle motion in a flow is arrived at according to Newton’s law 
as follows [41,43]: 

mp
dup
dt

= FD+FE +FB (3)  

FD = mp
18μ
ρpd2

p

CDRed
24

(u − up) (4)  

FB = mp

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
216
π

μkT
Ccρ2d5

pΔt

√

(5)  

FE = qpE (6)  

Where FD, FE and FB are drag force, electrostatic force, and Brownian 
force, respectively. mp(kg) is particle mass and up(m/s) is particle ve
locity. 

The drag force is calculated by Eq. (4), where dp(m), ρp(kg/m3), 
Red (-) are particle diameter, particle density, and particle Reynolds 
number. CD is the drag coefficient and different models are available to 
calculate it based on Reynolds number and particle concentration. In 
this study, the Schiller-Naumann drag [44] correlation showed the best 
agreement. Brownian force is calculated by Eq. (5), where K is the 
Boltzmann constant and G is the Gaussian probability density function 
bounded by − 1 and + 1. 

Electrostatic force on a particle is solved by Eq. (6), where qp(C) is 
the particle charge and E(N/C) is the electric field. The electric field is 
solved by the Laplace equation as follows, where V(v) is voltage: 

E = − ∇V (7) 

The particle achieves charge by transferring charge from ions to the 
particle. The first mechanism for transferring charge to the particle is 
diffusion charging which is dominant for a particle’s diameter smaller 
than 0.2 µm. In this mechanism, particles are charged by ionic collision 
due to the thermal motion of the ion. The second mechanism for 
charging a particle is field charging which is confirmed for particles with 
a diameter larger than 0.5 µm. Field charging is based on ionic collision 
affected by an external electric field. In this study, the Lawless model 
[45], as a combined charging rate model, is used to calculate of charge 
rate on the particle. In this study, a uniform fiber potential and particle 
charge distribution are assumed. The field and diffusion charging 
equations are as follows [1,6,45,46]: 

dqf
dt

= πbN0d2
pE0G(1 −

qe
d2
pE0G

)
2

(8)  

G = 1+ 2
εp + 1
εp + 2

(9)  
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dqd
dt

= πVrmsN0d2
p exp( −

qe2

dpKT
) (10) 

Eq. (8) shows the field charging rate, where qf (C) is the field 
charging, b (m2/Vs) the ion mobility, N0(ion/m3) is the concentration of 
ions, E0 (V/m) is the electric field strength, and εp (-) is the relative 
permittivity of the particle, respectively. Eq. (10) shows the diffusion 
charging rate where, qd(C) is diffusion charging, Vrms(m/s) is the root- 
mean-square thermal velocity of the ion, and K (J/K) is Boltzmann 
constant. By the combination of Eqs. (8), (9), and (10), the field and 
diffusion charging of the particle is obtained and then the electric field 
force is computed by Eq. (6). Then the particle moving is calculated by 
Eq. (3). 

2.1.3. Triboelectric nanogenerator 
The contact-separation TENG consists of two electrodes with an air 

gap between them. The electric field around the triboelectric includes 
three parts; upper dielectric, lower dielectric, and air gaps, so based on 
Gauss’ law [47]: 

Eupper = −
Q

Sε0εr1
(11)  

Eair =
− Q
S + σ
ε0

(12)  

Elower = −
Q

Sε0εr2
(13)  

Where E (N/C) is the electrical field, Q(C) is induced charge, σ (N/m2) is 
surface charge density, S(m2) is dielectric surface area, εr (-) is the 
relative dielectric constant and ε0 (C2/N.m2) is vacuum permittivity. 

The voltage output of the triboelectric nanogenerator is carried out 
based on Maxwell’s theory. The output voltage can be obtained as Eq. 
(16) [12,48]: 

V =

∫

E.dn (14)  

V = E1d1 +E2d2 +Eairx (15)  

V = −
Q
Sε0

(
d1

εr1
+
d2

εr2
+ x(t)

)

+
σx(t)
ε0

(16)  

Where n(-) is the coordinate perpendicular to the surface, d(m) is the 
dielectric thickness and x(m) is the vertical distance between two elec
trodes. 

In the open circuit (OC) condition, it is assumed that charge transfer, 
Q, is equal to 0 in Eq. (16), so VOC is equal to: 

VOC =
σx(t)
ε0

(17) 

The removal efficiency of the filter is calculated based on the devi
ation between the entry particle at the inlet and scape particles at the 
outlet, as Eq. (18): 

η =
mp inlet − mp outlet

mp inlet
× 100 (18) 

By solving Eqs. (1) and (2) the airflow velocity field is obtained. Also, 
by solving Eqs. (3) to (10), particle motions are calculated. Thereafter, 
the removal efficiency is calculated by using Eq. (18). The required 
voltage to reach the best filtration performance can be calculated using 
the above equations. Then two pairs of triboelectric materials that can 
produce this voltage are selected. Finally, the open circuit voltage of the 
TENG is achieved by knowing of tribo-charge of the material by Eq. (17). 
The boundary condition of each equation is shown in the boundary 
condition section. 

2.2. Geometrical description 

The geometrical parameters and adsorption process of the particle 
are shown in Fig. 1(a). The calculation domain includes a channel with 
an inlet and outlet. The fibers with a specified design size of the diam
eter, vertical, and horizontal distance are placed in the middle of the 
channel. The uncharged particles that are entered the domain are 
affected by the electrostatic forces. Then the particles are charged and 
adsorbed to the grounded electrodes. 

The geometry of the simulation domain is shown in Fig. 1(b) which 
gives the detail of the inlet, outlet, fibers, and grounded electrodes po
sitions. In the present study, the fiber diameter, layer thickness (the 
distance between the first fiber and the last own), and pore size (vertical 
and horizontal distance between two fibers) are selected near the com
mon face mask [49–54] and given in Table 1. 

2.3. Boundary conditions 

Constant velocity for the gas flow has been considered as the inlet 
boundary condition and also the atmospheric pressure is considered as 
the outlet boundary condition. At the fiber’s surface, the no-slip 
boundary condition is employed for the gas velocity components. The 
air velocity in the face mask is studied at 2.5 cm/s, 5.0 cm/s, and 
7.5 cm/s. Also, the air velocity in industrial air filters is studied at 
1.0 cm/s, 2.5 cm/s, and 5.0 cm/s. As well as, symmetry condition is 
imposed at the grounded electrodes for the airflow. Particles are injected 
at the inlet and have the same velocity as the airflow. Also, it is assumed 
that charged particles are adsorbed to grounded electrodes [55,56]. 
According to the Laplace equation, four boundary conditions are needed 
to solve an electrostatic domain. Constant voltage is assumed on the 
fibers surface, inlet, and outlet. Also, the symmetric condition is 
considered at grounded electrodes. 

The performance of the filtration is a measure considered for various 
particles such as dust airborne and virus particles which have different 
ranges of diameters and velocity motions. Thus, different ranges of 
voltage should be applied for different usages. For example, the utili
zation of low voltages is necessary for smart face masks due to human 
health and comfort avoiding even small electric shocks. In this study, 
0 V,5 V, and 10 V are applied as a smart mask filter, which is widely 
accepted in human health application monitoring [57]. And the voltage 
0 kV,10 kV, and 20 kV are selected as an industrial filter which is 
consistent with the commonly applied voltage in industrial filters [58]. 
Furthermore, the particle diameter is selected between 20 nm and 
50 µm covering the size of aerosol particles generated during human 
breathing and industrial dust airborne, which is matched with the 
common particle size [59,60]. The particle velocity for face mask ap
plications is typically set between 2.5 cm/s and 7.5 cm/s, which corre
sponds to the airflow velocity during human respiration [61,62]. For 
industrial applications, a particle velocity range of 1.0 cm/s to 5.0 cm/s 
is assumed, which is consistent with the airflow velocity in various in
dustrial channels such as clean rooms, HVAC systems, and food pro
cessing plants. This low-velocity range is often desired in these 
industries to minimize turbulence, reduce the spread of airborne parti
cles, and maintain temperature control. The boundary conditions of the 
electrostatic, airflow, particle trajectory, and also fiber’s structure 
properties are summarized in Table 1 for industrial filter and face mask 
usage. 

2.4. Grid independence 

Mesh independence is investigated to keep the computational costs 
low while ensuring the accuracy of the model. Three different mesh sizes 
are used in this work and their removal efficiency is compared. In 
addition, the smallest mesh size has selected enough fine to resolve near- 
wall regions whit high accuracy. It was observed that there was no 
significant change in removal efficiency beyond the 23,126 grides. Thus, 
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it is chosen as the optimal grid to simulate the domain which is shown in 
Fig. 1(c,d). 

3. Results and discussion 

3.1. Model validation 

In this study, a mathematical model is developed as a new method 
and technology for air filters. To reach this goal, the TENG mathematical 
model is developed and modified for particle motion in the flow that is 
affected by electrostatic force. To ensure the accuracy of the developed 
model, all of the physical models are validated separately such as fluid 
flow, electrostatic, particle motion, removal efficiency, and TENG- 
produced voltage by reliable reference using two references [25,29]. 
Also, the TENG- produced voltage is verified by experimental simulation 

of reference [63]. 
For validation in order to ensure the accuracy of numerical simula

tion, the electrostatic forces, airflow fields, and removal efficiency are 
compared with Choi’s [25] work. The reference [25] is selected for 
model validation as it incorporates both fluid flow and electrostatic 
contour results. Utilizing this reference could ensure that developed 
electrostatic and fluid models are accurate and dynamic, as it is able to 
independently validate both physics. The calculation conditions for 
verification are as follows: the applied voltage on the fiber surface, inlet, 
and outlet are 10 V, 9.88 V, and 9.96 V, respectively. Air velocity is 
5.0 cm/s. Also, fiber diameters, the vertical and horizontal distances 
between the two fibers are 30 µm, 60 µm, and 60 µm, respectively. 

The comparison between the results of the present study and Choi’s 
[25] work is shown in Fig. 2 for electrostatic and air velocity. As shown 
in Fig. 2(a,b), the results indicate that the maximum velocity is about 
9.87 cm/s near the fiber surface which agrees with the reference [25]. 
As shown in Fig. 2(c,d), the maximum and minimum electrostatic 
magnitude in contour is fitted with reference [25]. Furthermore, the 
efficiency is calculated in the same condition as the reference [25], and 
the maximum deviation is about 5.0 %. It can be seen that a general 
agreement is achieved between the reference [25] and this numerical 
study. Also, the results of the developed model are compared with the 
reference [29] and shown in Fig. 2(e,f) and Fig. 2(g,h) for fluid flow and 
particle motion under electrostatic force. 

Following validation, the boundary conditions and particle proper
ties are adjusted to meet the requirements of the present study. As 
particle motion is a transient process, the removal efficiency is calcu
lated for various particle diameters and at different times to ensure its 
temporal stability. Our findings reveal that the removal efficiency sta
bilizes within 2.5 s 

Fig. 1. (a) The schematic diagram of the particle adoption process in the presence of electrostatic force, (b) 2D simulation domain with boundary conditions, (c) the 
generated mesh of the simulation domain, and (d) finer mesh near the walls and fibers. 

Table 1 
Simulation design parameters.  

Face mask usage Industrial air filter usage 

Parameter Unit Value Parameter Unit Value 

Pore size μm 30 Pore size μm 30 
Fiber’s vertical 

distance 
μm 15 Fiber’s vertical 

distance 
μm 15 

Fiber’s 
horizontal 
distance 

μm 15 Fiber’s 
horizontal 
distance 

μm 15 

Filter thickness μm 300 Filter thickness μm 300 
Fiber diameters μm 30 Fiber diameters μm 30 
Fiber surface 

voltage 
V 0, 5, 10 Fiber surface 

voltage 
kV 0, 10, 20 

Airflow velocity cm/ 
s 

2.5, 5.0, 
7.5 

Airflow velocity cm/ 
s 

1.0, 2.5, 
5.0 

Particles size nm 20–50,000 Particles size nm 20–50,000  
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3.2. The effect of the electrostatic field on removal efficiency 

The study investigates the impact of applied voltage on the adhesive 
force between particles and grounded electrodes. Electric potential 
contours at 0 kV, 10 kV, and 20 kV applied voltage on the fiber surface 
are shown in Fig. 3(a), (b), and (c), respectively. The behavior of 

particles with a radius of 10 nm and a velocity of 2.5 cm/s is analyzed 
under the applied voltages of 0 kV, 10 kV, and 20 kV. The particle 
tracking is depicted in Fig. 3(d-f). Based on Fig. 3(d), in absence of the 
electric field (0 kV), a considerable proportion of particles escape from 
the domain, leading to an approximate removal efficiency of 20.0 % 
based on mechanical separation. Conversely based on Fig. 3(e,f), under 

Fig. 2. Model validation. Comparison of airflow velocity of (a) the present model with (b) Choi’s [25] work. Comparison of the electric field between (c) present 
model with (d) Choi’s [25] work. Comparison of airflow velocity of (e) the present model with (f) reference [29]. Comparison of the particle adsorption between (g) 
present model with (h) reference [29]. 
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the applied voltage of 10 kV and 20 kV on the fiber surface, the charged 
particles move towards the grounded electrode, resulting in adsorption 
onto the grounded electrodes and enhanced removal efficiency. A sig
nificant increase in the removal efficiency from 20.0 % to 94.0 % is 
observed with a rise in applied voltage from 0 kV to 20 kV, which rep
resents a five-fold increase compared to the removal efficiency in fibers 
without electrostatic force. These results demonstrate that as the voltage 
increases, the particles become more easily adsorbed due to the 
strengthening of the electric field. 

The electrostatic field is generated by potential difference or voltage 
gradient and indicates the direction of the electric field vector. As 
depicted in Fig. 3(g), an electrostatic field streamline is entered from the 
fiber surface to the grounded electrodes. The electric field is presented in 

Fig. 3(h) and (k), where the length of the arrow indicates the electric 
field strength. A comparison between Fig. 3(h) and (k) shows that the 
applied voltage on the fiber surface at 20 kV exhibits a stronger electric 
field than at 10 kV. So, this is a result of the strong electrostatic forces 
that drive an increased number of charged particles toward the ground 
electrodes. 

3.3. The effect of airflow velocity on removal efficiency 

Fig. 4 illustrates the effect of different airflow velocities, specifically 
1.0 cm/s, 2.5 cm/s, and 5.0 cm/s, on particle behavior when the applied 
voltage is 10 kV and the particle radius is 10 nm. The results show that 
an increase in airflow velocity leads to more particles exiting the domain 

Fig. 3. Impacts of electrostatic forces on the particle removal efficiency: The electric potential contour with different applied voltage on fiber surface: (a) 0 kV, (b) 
10 kV, and (c) 20 kV. The particle trajectory under different applied voltages: (d) 0 kV (whit out voltage), (e) 10 kV, and (f) 20 kV, at 10 nm of radius and 2.5 cm/s of 
airflow velocity. (g) The electric field streamlines under applied voltage on the fiber surface. The electrostatic arrow line and electric field strength under applied 
voltage: (h) 10 kV, and (k) 20 kV. (k). 

Fig. 4. The particle trajectory under an electric field at different airflow velocities: (a) 1.0 cm/s, (b) 2.5 cm/s, and (c) 5.0 cm/s.  
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due to the significant influence of gas velocity on particle residence time. 
Residence time is the average length of time that something moves 
through a system, which is calculated as the ratio of the volume to the 
volumetric flow rate. At high velocities, the particle residence time is 
inadequate for the electric field to effectively act upon the particle. 
Therefore, as the airflow velocity increases from 1.0 cm/s to 5.0 cm/s, 
the volumetric flow rate increases 5 times, resulting in a corresponding 
5-fold decrease in the residence time. As a result, there is a 70.0 % 
decrease in removal efficiency, with the efficiency reduced from 86.0 % 
to 16.0 %. Also, at the radius of 5 µm, the removal efficiency decreases 
from 99.0 % to 56.0 % when the air velocity increases from 1.0 cm/s to 
5.0 cm/s. 

3.4. The effect of particles diameter on removal efficiency under the 
electrostatic field 

The impact of particle diameter on particle trajectory under an 
electrostatic field is depicted in Fig. 5(a-e). The study was conducted at 
particle radii of 10 nm, 200 nm, 2 µm, 5 µm, and 50 µm under an 
applied voltage of 10 kV and an airflow velocity of 2.5 cm/s. The results 
demonstrate that increasing the particle radius from 10 nm to 50 µm 
improves the removal efficiency from 46.0 % to 94.0 %. Larger particles 
with more surface area can accumulate a more electric charge, leading 
to their adsorption on the grounded electrodes, while smaller particles 
follow the airflow. Additionally, Fig. 5(f) investigates the filter’s pres
sure drop, which is increased from 0.71 Pa to 3.58 Pa as the airflow 
velocity is increased from 1.0 cm/s to 5.0 cm/s. The Bernoulli equation 
explains this increase in pressure drop. In other words, based on the 

Fig. 5. The particle trajectory under electrostatic field at different particle radii: (a) 10 nm, (b) 200 nm, (c) 2 µm, (d) 5 µm, and (e) 50 µm. (f) The pressure drops at 
different airflow velocities. 
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Bernoulli equation, the pressure is decreased in fluid flow regions where 
the velocity is increased. The pressure drop in porous structures is due to 
the material’s microstructure that can be characterized by various pa
rameters such as pore size, pore shape, and porosity [64]. In common 
filters, increased packing of fibers can be used for increased filtration 
which leads to enhanced pressure drops. However, triboelectric forces in 
TENG absorb small particles reducing the need for compactly packed 
filters and consequently reducing the pressure drops. 

3.5. The optimum voltage range in TENG industrial filter 

In industrial air filters, achieving optimal applied voltage is crucial to 
maintain high efficiency across a range of airflow velocities and particle 
diameters. To achieve this objective, efficiency is evaluated at various 
particle diameters and airflow velocities, while applying 0 kV, 10 kV, 
and 20 kV voltages. In industrial filtration, the removal efficiency of 
particles in the size range of 20 nm to 10 µm is calculated at a velocity of 
2.5 cm/s for 0 kV, 10 kV, and 20 kV, and the results are presented in  
Fig. 6(a). It is observed that an increase in applied voltage significantly 
improves the removal efficiency. The efficiency is increased from 23.0 % 
to 99.0 % with a change in applied voltage from 0 kV to 20 kV, resulting 
in a four-fold enhancement in removal efficiency. This improvement can 
be attributed to the strengthening of the electrostatic forces. 

The present study aimed to investigate the collection efficiencies of 
industrial filters under various applied voltages and airflow velocities. 
Fig. 6(b) displays the removal efficiency of particles calculated at 0 kV, 
10 kV, and 20 kV voltage, under 1.0 cm/s, 2.5 cm/s, and 5.0 cm/s 
airflow velocity. The results show that an increase in airflow velocity 

leads to a decrease in removal efficiency due to the shorter particle 
residence time. Specifically, when the airflow velocity is increased from 
1.0 cm/s to 5.0 cm/s, the removal efficiency under 10 kV applied 
voltage decreased from 99.0 % to 86.0 %. However, at 20 kV applied 
voltage, the removal efficiency remained at approximately 99.0 % under 
all velocities. The increased removal efficiency can be attributed to the 
stronger electrostatic forces generated by the higher applied voltage, 
which allow for more efficient particle collection and removal, even at 
higher airflow velocities. 

Based on the results, the optimal applied voltage for removing par
ticles with diameters ranging from 20 nm to 10 µm is approximately 
10–20 kV. These findings suggest that TENG materials that can produce 
this range of voltage can be used to design industrial air filters capable of 
removing ultrafine particles (PM0.1), fine particles (PM2.5), and coarse 
particles (PM10), covering all dust particles produced by industry. 

3.6. The optimum voltage range in the TENG face mask 

The optimal applied voltage for face mask filters is a voltage that 
maintains efficiency at varying airflow velocity and particle diameters. 
To achieve this goal, efficiency is calculated at different diameters and 
flow velocities under voltages of 0, 5 V, and 10 V. The removal effi
ciency in the smart face mask is evaluated based on diameter size 
ranging from 20 nm to 10 µm under applied voltages of 0 V, 5 V, and 
10 V. As shown in Fig. 6(c), the results indicate that an increase applied 
voltage led to an increase in efficiency. Based on Fig. 6(c), applying a 
voltage of 5 V to the filter leads to a removal efficiency of 94.0 %. While 
applying a voltage of 10 V resulted in a removal efficiency of 99.0 % for 

Fig. 6. Removal efficiency to predict the optimum voltage in the face mask and industrial air filter under different airflow velocities, applied voltages, and particle 
diameters. The removal efficiency of industrial air filters under 0 kV, 10 kV, and 20 kV at (a) different particles size and (b) different airflow velocities. The removal 
efficiency of the face mask filter under 0 V, 5 V, and 10 V at (c) different particles size and (d) different airflow velocities. 
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all particulates diameters size from 20 nm to 10 µm which represents a 
four-fold improvement in comparison to a filter without any applied 
voltage. The removal efficiencies are calculated at 0, 5 V, and 10 V 
voltage, under 2.5 cm/s, 5.0 cm/s, and 7.5 cm/s airflow velocity in 
Fig. 6(d) for face mask usage. When the air velocity is low, the collection 
efficiency is high and the higher voltage leads to higher efficiency. When 
the velocity is decreased from 7.5 cm/s to 2.5 cm/s, the efficiency is 
increased from 80.0 % to 99.0 % at 10 V. This observation can be 
explained by considering the interplay between the drag force and the 
electrostatic force. The drag force, which depends on both the air and 
particle velocity, opposes the motion of the particles, while the elec
trostatic force, which is proportional to the applied voltage, attracts the 
particles toward the grounded electrode. Hence, lower airflow velocity 
reduces the drag force and allows the electrostatic force to dominate, 
leading to higher collection efficiency. 

Results indicate that applying voltage in the range of 5–10 V is 
optimal for removing particles from 20 nm to 10 µm at different airflow 
velocities of human breathing in the design of face masks. By applying 
this voltage range, ultrafine particles (PM0.1), fine particles (PM2.5), and 
coarse particles (PM10) can be removed which covers all virus and dust 

particles size. By using the TENG materials that can produce this range 
of voltage, it can be designed a TENG smart face mask. 

3.7. Design of industrial TENG air filter based on the optimum voltage 
range 

This section discusses the design of self-powered industrial air filters 
using a contact-separation TENG. Industrial air filters are used in various 
fields, including the chemical and petrochemical industry, pharmaceu
tical manufacturing, food and beverage industry, automotive, cement, 
and mechanical engineering. The qualities of industrial filters should 
include mechanical and chemical durability, self-cleaning, corrosion 
resistance, anti-adhesion, and the possibility of regeneration. Therefore, 
each type of filter requires a specific material for its design. This study 
employs a range of materials, such as polyester (PES), viscose, poly
tetrafluoroethylene (PTFE), ethylene chlorotrifluoroethylene (E-CTFE), 
polyether ether ketone (PEEK), polyvinylidene fluoride (PVDF), poly
phenylene sulfide (PPS), PP, polyamide/nylon (PA), PE, and silicon, 
which are consistent with the common air filter materials [37,65–69]. 

When filtering hot exhaust gas, it is essential to consider the TENG’s 

Fig. 7. The design of the contact-separation TENG as a self-powered filter: (a) TENG industrial air filter, and (b,c) TENG face mask.  
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operating temperature range to select the triboelectric layer. Hence, this 
study recommends using the silicon family as the triboelectric layer in 
high-temperature applications, which has a high-temperature yield and 
is commonly used in such cases [70]. In an air filtration system, the 
airflow is generated by a fan that pulls or pushes the air. In the presence 
of this mechanical movement, a contact-separation TENG can be 
designed to utilize this vibration as a frequency movement source. 

Fig. 7(a) displays the parameters and design of the proposed TENG 
industrial air filter. Polluted airflows enter the inlet channels and pass 
through the TENG layers, resulting in charged particles that separate 
from the airflow, allowing clean air to exit the channel. This study 
suggests that applying a voltage of 10–20 kV produces the most efficient 
industrial air filters. TENG pairs that generate this voltage are well- 
suited for air filtration. The recommended design for industrial filters 
consists of two layers, one of which should be composed of commonly 
used industrial filter materials such as PES, PVDF, PTFE, or PP. The 
second electrode could be a metallic mesh like aluminum, copper, or 
steel. To improve the efficiency of current filters, incorporating a 
metallic-based mesh is recommended to enhance the triboelectric 
properties. Specifically, a PE-Cu TENG can be formed where PE serves as 
the negative layer and Cu as the positive layer. When placed at a vertical 
distance of approximately 1 mm and moved with the airflow frequency, 
the voltage produced is around 10 kV. Other suggested triboelectric 
pairs such as PTE-Cu, PE-Cu, and PLA-Cu can produce voltages of 
10–20 kV, where the PE layer and PTE layer have negative triboelectric 
charges, while the Cu layer has positive triboelectric charges. The pore 
size, fiber diameter, and layer thickness of the layer in the structure 
design are the same as those of the common filtration layers [49–54], 

with dimensions of 30 µm, 30 µm, and 300 µm, respectively. as PTE-Cu, 
PE-Cu, and PLA-Cu pairs are employed in the design, and the output 
voltage results are calculated using Eq. (17). The output voltage is 
calculated per 1 m2 for industrial use, with a vertical distance of 1 mm 
between the two layers. In this study, the output voltage is simulated 
according to Eq. (17) for the proposed TENGs pairs for industrial usage 
including PTE-Cu, PE-Cu, PU-Cu, and PLA-Cu. Furthermore, the output 
voltage is calculated for 1 m2, with a vertical distance of 1 mm between 
the two layers in a pair with results shown in Fig. 8(a). As shown in Fig. 8 
(a), the proposed TENG produced a voltage of about 10–20 kV that is 
suitable for industrial air filters [58]. The applications of air filters are 
used in various industries such as mining, renewable power generation, 
food & beverage packaging, pharmaceuticals, and HVAC. One should 
note that the duct or channel gas velocity varies significantly for 
different industrial applications which require accurate modeling for 
each case. Here, a study has been conducted to investigate the perfor
mance of the TENG-based filter at 0.2–0.4 m/s. To investigate the 
TENG-based filter performance in the HVAC, the airflow velocity is 
considered about 0.2 m/s, 0.3 m/s, and 0.4 m/s which is consistent with 
the velocities chosen in [71] and [72]. The removal efficiency for these 
velocities is shown in Fig. 8(d). The proposed TENG could be utilized as 
a self-powered air filter or self-powered monitoring sensor, such as gas 
temperature sensors or pressure sensors, in industrial channels. An in
dustrial air filter based on TENGs could be used for a variety of appli
cations including clean rooms, air conditioning, food processing, and 
emissions from power plants and automobiles. TENG pairs could be 
placed at the air ducts and the exhaust channels. Since there is a distance 
of about 1 mm between the TENG pairs, the pairs contact and separate 

Fig. 8. The generation voltage of the different pairs of the selected triboelectric materials for (a) industrial air filtration, and (b) face mask. (c) The surface charge 
density of different suggested filters material based on triboelectric series. (d) The removal efficiency in TENG-based filters at 0.2 m/s, 0.3 m/s, and 0.4 m/s 
airflow velocities. 
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under the airflow. So, the electrostatic force will be produced in a 
contact separation mode due to the force obtained by air motion [12]. 
The produced electrostatic force removes the dust particles. 

3.8. Design of TENG face mask based on the optimum voltage range 

This section discusses the design of a contact-separation TENG for 
self-powered smart masks, including the selection of materials, moving 
source, and design parameters. The selection of appropriate materials is 
critical in designing TENG face masks. In addition, the applied voltage 
plays a vital role in the efficiency of the device. Based on the findings of 
this work, an applied voltage of approximately 5–10 V yields the best 
results for face masks. Therefore, TENG pairs that can produce this 
voltage range are ideal for use in face mask design. To design TENG pairs 
for face masks, a wide range of materials are employed in this study, 
such as polypropylene, polystyrene, polycarbonate, PE, nylon, polyester, 
PP, cotton, polyethylene terephthalate (PET), polylactic acid (PLA), 
polyvinyl chloride, polyamide, polyacrylonitrile (PAN), polyester, 
polyolefin, thermoplastic, natural cotton, regenerated rayon, cellulose 
acetate, and PU. These materials are consistent with the common layers 
of air face masks [25,73–75]. Cu and CuO can be employed as tribo
electric materials for the TENG face mask due to their higher degree of 
antimicrobial activity and hydrophobicity properties [76], which are 
important properties for masks. In addition, polyester or cotton can be 
chosen as triboelectric materials for the TENG face mask due to their 
cloth-like nature, which makes them economical as they can be reused 
and rewashed multiple times. Furthermore, both polyester and cotton 
are recommended by the World Health Organization (WHO) due to their 
hydrophobic properties, which enable them to maintain their efficiency 
in humid environments when breathing [77]. Therefore, natural tribo
electric materials such as Cu, CuO, polyester, and cotton can be chosen 
for the TENG self-powered face mask. It is important to note that the 
normal human respiratory rate ranges from 12 to 20 breaths per minute, 
which is equivalent to a frequency of 0.2–0.33 Hz in the 
contact-separation mode of the TENG. 

Fig. 7(b,c) illustrates a simple design for a TENG filter, where two 
pairs of triboelectric layers with a vertical distance are placed together 
and have relative motion through breathing or talking force. This study 
suggests that an applied voltage ranging from 5 V to 10 V is optimal for 
achieving the best efficiency in face mask filters. Triboelectric nano
generator pairs that can produce this voltage range are suitable for 
TENG face masks. Based on this study, it is recommended that PTFE- 
Nylon, PVC-Nylon, PP-PU, and PI-Nylon are the best pairs of triboelec
tric nanogenerators. In these pairs, PVC, PI, and PP are the negative 
layers, while Nylon and PU act as the positive layers. All of these ma
terials are commonly found in face masks. When placed at a vertical 
distance of approximately 1 mm and moved with a talking or breathing 
frequency, the pairs of TENG produce a voltage ranging from 5 V to 
10 V. The design values for layer thickness, fiber diameters, and pore 
size are 300 µm, 30 µm, and 30 µm, respectively, which are in accor
dance with the typical filter structure [49–54]. Table 2 provides a list of 
different pairs of materials and their corresponding surface charge 
densities for designing face masks. Using the total charge density of each 
pair and the distance between two layers, the voltage generation can be 
calculated using Eq. (17), which is shown in Fig. 8(b). The surface 
charge density of the suggested materials for face masks and industrial 
air filters as positive and negative triboelectric series are also presented 

in Fig. 8(c). There are various applications that can be applied to 
TENG-based face masks, including surgery masks, N95s, and cloth masks 
that only require the use of TENG polymer-based or antibacterial-based 
pairs as the base materials. The TENG pairs are moved by human 
breathing as contact- separation mode. So, the produced electrostatic 
forces are able to remove viruses and dust particles. Humans are pro
tected against viruses and dust particles by using the TENG- face mask. 
In order to demonstrate the advantages of the TENG-based face mask, a 
comparison is made between the commercial surgical face mask and the 
TENG-based mask. The commercial surgical face mask has an efficiency 
of about 53–75 % but could reach 90 % when another under layer is 
added to the mask according to [78]. The additional layers would result 
in increasing the pressure drops in the mask. Also, the filtration effi
ciency is related to the particle size. The application of the surgical face 
mask show that the removal efficiency is about 55–85 % and 70–90 % at 
the 30 and 100 liters in flow rate when particle size is about 300 nm 
[79]. However, this mask is inefficient in dust-mists and dust-mist-fumes 
[79]. Based on the concept of triboelectric nanogenerators, the 
TENG-based mask uses electrostatic forces in addition to the packed fi
bers. As a consequence, TENG-based masks are expected to remove 
small particles with less compact or multilayer fibers compared to cur
rent commercial surgical masks and N95 masks. So, it leads to a 
reduction in pressure drops and consequently more comfortable 
breathing compared to N95 and surgical masks. Another advantage is 
that the TENG masks’ material is as same as the common mask material 
which is more economical and affordable. Also TENG- masks could use 
antibacterial material that is helpful in medical applications. 

The efficiency of previous TENG-based filter studies is compared 
with the present model in Table 3. 

4. Conclusion 

In this study, the application of triboelectric nanogenerator filters 
has been investigated for improving the removal efficiency of airborne 
particles and viruses. Specifically, a TENG face mask and an industrial 
filter have been designed based on the TENG properties, and numerical 
simulations have been used to predict their optimum voltage range and 
filtration performance. The results show that applying a 5 V voltage to 
the filter without any voltage results in a significant increase in the 
removal efficiency from 23.0 % to 94.0 %, due to the stronger electro
static forces experienced by the particles. Moreover, the removal effi
ciency reaches about 99.0 % at 10 V, which is approximately four times 
higher than that of a filter without any voltage. Furthermore, the effect 
of airflow velocity on the particle’s movement has been investigated. It 
has been observed that the relaxation time of particles increases as the 
airflow velocity decreases from 7.5 cm/s to 2.5 cm/s, which allows for 
more charge to be accumulated on the particles, resulting in an increase 
in the removal efficiency from 80.0 % to 99.0 %. Based on the results of 
this study, the optimal voltage range for designing the TENG face mask 
is between 5 V and 10 V, under 2.5 cm/s to 7.5 cm/s airflow velocity, 
for eliminating PM0.1, PM2.5, and PM10. Among the tested triboelectric 
fabrics, the PI-nylon and PP-PU TENG layers have been found to be the 
most suitable for the TENG face mask, as they produce a voltage of about 
10 V. In addition, the optimal voltage range for designing the industrial 
air filter has been found to be between 10 kV and 20 kV, under an 
airflow velocity of 1.0 cm/s to 5.0 cm/s, for eliminating PM0.1, PM2.5, 
and PM10. The PE-Cu and PU-Cu TENG layers have been identified as the 
most suitable for the industrial filter, as they generate a 10 kV voltage. 
Overall, the results of this study demonstrate that the use of TENG filters 
is an effective way to enhance the removal efficiency of airborne par
ticles and viruses, without any energy consumption or pressure drop. 
Based on the results of this work, a wide range of particle sizes, mate
rials, and applied voltages can be investigated to achieve the best 
filtration efficiency for a special application. The development of self- 
powered, cost-effective, and pollutant-free TENG face masks and in
dustrial filters, that utilize environmental energy, could have significant 

Table 2 
Triboelectric material surface charge.  

Material Unit Triboelectric Charge Total charge 

PTFE-Nylon (nC/cm2) + 0.7 +0.422 2.78e-1 
PVC-Nylon (nC/cm2) -1.17e-5 +0.422 -4.22e-1 
PP-PU (nC/cm2) -2.70e-6 +0.385 -3.85e-1 
PI-Nylon (nC/cm2) -9.30e-6 +0.422 -4.22e-1  
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implications for public health and safety. 
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Porous PDMS PM10,PM2.5 Experimental PDMS+ Au 
NPs had 20 % 
higher than 
PDMS/BTO/ 
fine sucrose 
and PDMS/ 
BTO. 

[23] 

PTFE PM2.5 Experimental The removal 
efficiency was 
about 41 %. 
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Kapton+ Al PM0.3,PM0.5, 
PM1.0,PM2.5, 
PM5.0,PM10 

Experimental In the three- 
layer mask, 
the average 
efficiency was 
about 89.9 % 
for PM2.5. And 
the efficiency 
was about 
90.0 % for 
particles in the 
range of 
15–550 nm. 
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Nylon-polyester, 
cotton- 
polyester, 
PMMA-PVDF, 
nylon-PVDF, 
polypropylene- 
polyester. 

Without 
study 

Theory Without an 
efficiency 
report. 
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Capable for a 
wide range of 
materials for 
air filters like 
PTE-Cu, PE-Cu, 
PU-Cu, and 
PLA-Cu. Also, 
for face masks 
like 
PTFE-Nylon, 
PVC-Nylon, PP- 
PU, and PI- 
Nylon. 

Without 
bound: 
wide range 
of particles 
that cover 
the PM and 
virus size: 
PM0.1 to 
PM10 

Numerical The removal 
efficiency is 
about 
94.0–99.0 % 
for particles in 
the range of 
20 nm to 
10 µm. 
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