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ABSTRACT: As an important personal protective item against the COVID-19 pandemic,
masks have recently attracted much attention in both academic and industrial contexts. We
established a modified numerical model for investigating the dominant factors on the
performance of masks, including the thickness and fill rate of melt-blown fibers for a
filtering layer, as well as the diameters and surface charge density of the fibers. It is found
that increasing the surface charge of melt-blown fibers can improve the filtration efficiency
of the melt-blown layer with a low respiratory pressure drop. The relationship between the
filtered particle diameter and filtration efficiency of respirators is also investigated, which
demonstrated that particles with a diameter of 0.1−0.2 μm are the most difficult to filter
out. Combined with molecular dynamics simulations and experimental verifications, the effect of hydrophobicity on the droplet
adhesion and the water blocking performance was revealed. The knowledge obtained in this work provides reference for the design
of high-performance masks.

1. INTRODUCTION

Respirators, which are commonly known as masks, are
essential necessities to fight against the pandemic of the
worldwide coronavirus disease 2019 (COVID-19).1 Since the
COVID-19 pandemic in 2020, people are recommended
globally to wear masks in public places such as supermarkets,
shopping malls, subways, and so on.2 To date, commercialized
masks are usually made of three layers of nonwoven
polypropylene fabric, including the inner layer, filter layer,
and the outer layer. Typically, the inner layer of a respirator is
designed to absorb the moisture released from wearers. The
outer layer mainly works as the structural support and also can
block large particles and liquid droplets. The filter layer is the
most crucial; it is usually made of charged melt-blown
polypropylene microfibers or polymeric nanofibers, serving as
the barrier against fine particulate matter, which may contain
germs.3 Meanwhile, the limited productivity and scarce
resources cannot meet the ever-increasing demand of
respirators; some government institutions and academic
communities recommended using cloth respirators when at
low infection risk and when there is lack of new melt-blown
fiber respirators.4

Besides national or industrial standard requirements on
respirators properties, some other requirements are equally
essential, such as high bacterial filtration efficiency (BFE) and/
or particle filtration efficiency (PFE) to block microorganisms,
droplets, other particles, as well as low-enough air resistance to
ensure the wearing comfort of users. Increasing the thickness
and fill rate of the respirator can directly increase the filtration

efficiency and also increase the respiratory resistance, that is,
the increase in gas diffusion resistance caused by the increase
in particle filtration efficiency for respirators. Therefore,
introducing static charge on the surfaces of the respirator
fibers to adsorb particles can partially solve the contradiction.
The other option to solve this contradiction is represented by
the application of nanofiber technology. By using nanofibers
with an ultrasmall diameter, high surface-area-to-volume ratio
and high porosity are achieved; thus, the filtration efficiency
could be significantly enhanced, while the filtration pressure
drop may also decrease, compared to microfiber respirators.5

Many researchers have investigated influences of structural
parameters (i.e., fiber diameter, thickness, porosity, fill rate, and
charge density) on the filtration process of different filtered
objects (i.e., oil particulates, nonoil particulates, germs, virus,
and volatile organic compounds).6−8 Particularly, because of
the global shortage of respirators supply and the environmental
problems caused by difficulty in recycling, Tudu et al.9 have
developed a self-powered triboelectric respirator for long-time
effective use on the basis of the general recognition that
electrostatic charge can improve the performance of respira-
tors. For the same purpose, worldwide researchers give efforts
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on the recycling and reuse of respirators and gave better
regeneration plans.3,10,11 On this basis, it can be anticipated
that the theoretical modeling of the structure−effect relation-
ship of the respirator will help to design and use the melt-
blown cloth more efficiently, thus to greatly reduce the supply
pressure and performance concerns. From a dialectical
perspective, the performance of a respirator is controlled by
two dominant mechanisms: particle filtration and gas diffusion.
Therefore, the cognation of how the various factors work in the
micro−nano multiscale is very useful, especially for the design
of the filtration material and respirator structure.
In this work, we investigate the complexity of designing a

respirator by a modified numerical model for calculation of
melt-blown intermediate layer pressure drop and filtration
efficiency. The effects of thickness, fill rate, surface charge
density, and fiber diameter on the performance of respirators
are studied. Moreover, through classical molecular dynamics
(MD) simulations, the influence of the surface affinity of the
melt-blown fiber on the filtration performance and the abilities
of different diameters fibers to break particulates is
demonstrated.

2. THEORY AND MODEL
2.1. Model Assumptions. A model suitable for the

filtration performance of the melt-blown layer of the respirator
is established. The basic assumptions are as follows:

• The fiber filter material can be regarded as a stack of
multiple fiber layers perpendicular to the airflow
direction, and it is assumed that the fibers in the fiber
medium are evenly distributed and the fiber diameter is
uniform (equaling to the average fiber diameter).

• Various influence factors act independently on partic-
ulate filtration.

• The hydrophilicity of the melt-blownfiber surface and
whether the particulate is oily or water-based are ignored
(Except for MD simulations).

• Particles deposited in the melt-blown layer have no
effect on the filtration performance. In other words, the
model in this paper is only suitable for the prediction of
the initial filtration performance of clean melt-blown
nonwoven fabrics.

• Reynolds number of airflow through the melt-blown
layer has no effect on the filtration performance model.
The Reynolds number is defined as Re = (ρvdf)/μ,
where v is the face velocity (∼0.18 m/s when flux is 85
L/min, and the radius of flow surface is 5 cm), df is the
fiber diameter (3 μm here), and μ is the dynamic
viscosity of air (15.7 μPa·s here). It much smaller than 1,
indicating that the flows are in the Stokes flow regime,
which is similar to previous research studies.12,13

2.2. Mechanical Filtration Efficiency. The relationship
between the total mechanical filtration efficiency and the
particle mechanical penetration rate of the melt-blown layer
can be calculated by eq 1

E P1m m= − (1)

where Pm is the particle mechanical penetration rate of the
filter. In the current research studies of air filtration theory, the
integral filtration material mechanical filtration theory
developed from the single-fiber filtration model proposed by
Lee and Liu14 has gained some approvals.15,16 Based on the
assumption of uniform f iber media, Pm should be related to the

fiber diameter, fiber fill rate (volume fraction), filter thickness,
and the contribution of single fiber capture efficiency. Pm can
be expressed by eq 2

P 1 e E Z d
m

( 4 / (1 ))T f= − α π α− −
(2)

where df is the fiber diameter, α and Z are the fiber volume
fraction and thickness of filter material, respectively. ET is the
total mechanical filtration efficiency of a single fiber and can be
described as

E E E E E ET D C DC I G= + + + + (3)

ED, EC, EI, and EG correspond to the capture efficiency
because of diffusion, collision interception, inertia, and gravity,
respectively. EDC represents the enhanced capture efficiency
due to particle diffusion as Hinds mentioned.17

2.3. Components of Single Fiber Filtration Efficiency.
The Peclet number, Pe, as the ratio of convection strength and
diffusion strength, has always been an important object to
study the single fiber filtration efficiency caused by diffusion.18

The calculation methods of ED are given in the form of eq 4.
Empirically, for submicron particles, ED accounts for more than
half of the total filtration efficiency of a single fiber.

E APem
D = (4)

where A and m are two constants (as the report of Wang et
al.12; A = 0.81 to 0.87 and m = −0.46 to −0.41), and Pe is
given as

Pe
d v

kTB
f=

(5)

where v, k, and T account for gas velocity, Boltzmann constant,
and temperature (300 K here), respectively. B is the
mechanical mobility of the particles in air, and it should be
related to gas dynamic viscosity, particle size, and particle−gas
interaction

B
C

d3
c

p
=

πμ (6)

where μ is the gas dynamic viscosity (15.7 μPa·s here), dp is
the characteristic size of particles (the spherical particle model
is used here, so it is the particle diameter), and Cc is the
Cunningham slip correction factor related to particle−gas
interaction, and its expression is

C
d

1 2.34 1.05 e d
c

p

( 0.39 / )p
λ= + [ + ]λ−

(7)

where λ is the mean free path of gas molecules.
As for the capture efficiency EC caused by collision

interception, intuitively, it should be related to the fiber fill
rate, particle, and fiber size. Based on the Kuwabara flow field
model,19,20 EC can be written as

E
R

R
R

R

1
2Ku

2 ln(1 )
1

1
1
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α

α α

= + + +
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−

− + + −
(8)

where R is the ratio of particle diameter (dp) to fiber diameter
(df); Ku is the Kuwabara hydrodynamic factor and defined as
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Ku
ln

2 4
3
4

2α α α= − − + −
(9)

As Hinds reported,17 the enhanced capture efficiency due to
particle diffusion (EDC) should be related to the spatial
characteristics of the flow field and the characteristics of the
fluid, so it can be expressed as

E
R

Pe
1.24

(Ku )DC

2/3

0.5=
× (10)

EI characterizes the enhancement of fiber interception
particles by the degree of particle inertial motion with fluid,
and it should be related to the Stokes number, which describes
the degree of suspended particles affected by the inertia of the
gas. As reported by Wang et al.,13 the spatial characteristics of
the flow field (such as fiber fill rate and sizes of particle and
fiber) can also affect EI

E R R
1

(2Ku)
(29.6 28 ) 27.5 StkI 2

0.62 2 2.8α= [ − − ]
(11)

where Stk is the Stokes number; the smaller the particles, the
easier it is to follow the movement of the fluid.

d C v

d
Stk

18
p p

2
c

f

ρ

μ
=

(12)

where ρp is the particle density (2.165 × 103 kg/m3 for the
NaCl particle here). As for the enhancement of the trapping
efficiency due to the gravity effect (EG), it can be ignored for
filtering submicron particles. So far as we know, the calculation
of mechanical filtration efficiency has been completed.
2.4. Electrostatic Filtration Efficiency. For the calcu-

lation of the filtration efficiency of the electret filter material
(Ee), this article follows the formula reported by Yu and
Zhao21

E P P1 1e e mτ= − = − (13)

where Pe is the particle penetration rate of the electret filter
material; τ is the electrostatic enhancement factor that should
be related to particle size, surface charge density, and gas
velocity

d

d

K v
p

c

ln( ) 1i
k
jjjjj

y
{
zzzzzτ =

σ− [− + ]

(14)

where dc is the critical particle size of electrostatic effect (as
Chang et al. reported;22 when the particle diameter is less than
20 nm, the presence of static electricity does not improve the
filtration efficiency, so dc = 20 nm); K is a constant (2664.2)
fitted from experimental data.21

2.5. Pressure Drop. The pressure drop should be related
to the gas dynamic viscosity, fiber fill rate, filter thickness, gas
velocity, and fiber diameter. According to the form of Darcy’s
law, it can be expressed as

P C
vZ

d
4

d
f

2π
Δ = μα

(15)

in which Cd is the drag coefficient. After comparing with the
experimental data of respirators’ pressure drop, it is found that
the pressure drops of the filter obtained by the above Cd
calculation methods are too large; then, we choose Hinds’s
method17 and modify it as

C 4 (1 56 )d
0.5 3πα α= + (16)

The polymer density (fiber density ρf) is set as 900 kg/m3.
For the calculation of the areal density (Dareal) of the respirator,
follow the formula

D Zareal fαρ= (17)

2.6. MD Simulation Models and Methods. MD
simulations are performed on a large-scale atomic/molecular
massively parallel simulator (LAMMPS).23 Both the X and Y
spatial dimensions of the simulated box use periodic boundary
conditions, and the Z dimension (perpendicular to the surface
or parallel to the droplet movement) uses nonperiodic elastic
reflection boundary conditions. As shown in Table 1, the SPC/

E H2O model is adopted, and the long-range charge interaction
between H2O molecules is calculated by the PPPM method
with a cutoff distance of 12 Å, which means that interactions
outside the distance are computed in reciprocal space. The
equations of motion are integrated with the velocity Verlet
algorithm with a time step of 1 fs. The temperatures of all MD
simulations are set to 300 K, controlled with the Nose-́Hoover
thermostat of a relaxation time of 0.10 ps.

2.6.1. MD Simulation 1. Fixed graphene surfaces with
different Lennard-Jones (LJ) potential parameters in Table 1
are used to study the droplet adhesion performance of different
affinity surfaces. The LJ potential function is given by24

U r
r r

( ) 4LJ
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ε σ σ= −

(18)

The 20 × 35 graphene surface and droplet (1000 H2O
molecules) model are prerelaxed for 2 ns, and the sampling of
the contact angle is time-averaged within the subsequent 1 ns.
The calculation of the contact angle follows the volume-
contact area method,25 which is suitable for the calculation of
the contact angle of droplets of any shape than the fitted edge
method. Subsequently, a variable force is applied to the center
of the droplet mass and makes it moves upward in the Z
direction at a speed of 5 Å/ns, and the force of the process is
integrated to obtain the potential of mean force (PMF).

2.6.2. MD Simulation 2. In the study of the water blocking
performance of different affinity polymer fiber networks (melt-
blown cloth microstructures), a (40, 40) single-wall carbon
nanotube (SWCNT) (diameter ∼54.24 Å, length ∼30 Å)
embedded vertically between two layers of graphene is chosen
to model the pores in the melt-blown layer. The simulation
box is a cube of ∼150 Å, filled with 29,988 H2O molecules
above the pore, and a monoatomic hard wall composed of

Table 1. LJ Potential Parameters and Atomic Charges for
MD Simulation Systems

LJ potential parameters atomic charges

atom type σ (kcal/mol) r (Å) e

O of H2O 0.1553000 3.166 −0.8476
H of H2O 0 0 0.4238
C of 134° surface 0.0055688 3.400 0.0000
C of 116° surface 0.0155688 3.400 0.0000
C of 91° surface 0.0555688 3.400 0.0000
C of 66° surface 0.1055688 3.400 0.0000
C of 34° surface 0.1555688 3.400 0.0000
C of 0° surface 0.2055688 3.400 0.0000
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2500 C atoms is set to provide the driving force (differential
pressure) required for water to pass through the pore. The LJ
potential parameters of the C atoms corresponding to the
surface with a contact angle of 0° and a contact angle of 134°
used in simulation 1 are used for the simulations of hydrophilic
and hydrophobic channels, respectively. The entire system first
uses the setting of the virtual wall to close the SWCNT pore,
then prerelaxes for 0.5 ns until the water layer is adsorbed to
the upper graphene surface, and reaches the periodic boundary
in the xy direction. After prerelaxation, the pore is opened to
let the water flow through.
2.6.3. MD Simulation 3. For the characteristics of a simple

structure and easy to adjust radius, the SWCNT is a good
model for studying different fiber diameters. Furthermore, we
have used the graphene model to explore the influence of
hydrophilicity and hydrophobicity in MD simulation 1;
therefore, it is not necessary to consider the surface affinity
when choosing a SWCNT to study the influence of fiber
diameters. In the simulations of droplet impact on fibers, to
compare the performances of fibers with different diameters
intuitively instead of caring about the material (in fact, the

material part has also been explored a little by the change of
surface hydrophilicity and hydrophobicity), (5, 5) SWCNT
(diameter 6.78 Å) and (20, 20) SWCNT (diameter 27.12 Å)
are used as fiber models with different diameters for
convenience. The LJ potential parameters of SWCNT are
the same as C atoms in the 134° surface in Table 1. The Z
direction of the simulation box is set as 300 Å to sufficiently
reproduce the droplet shape before and after impact; the
SWCNT length is 167.25 Å in the periodic direction, and the
last dimension is set as 160 Å to prevent the periodic
interaction of the droplet from affecting its morphology. The
initial droplets (include 1000 H2O molecules) are tethered at a
distance of 110 Å from the SWCNT and relaxed for 1 ns under
the regular ensemble of 300 K. Subsequently, the droplet is
given a velocity parallel to the Z direction, and a 0.1 ns impact
simulation is performed under a microregular ensemble.

3. RESULTS AND DISCUSSION

The mechanism of intercepting particulates in the middle melt-
blown layer is shown in Figure 1. The diffusion effect refers to

Figure 1. Filtration mechanism model of the melt-blown layer in respirators.

Figure 2. Filtration performance of melt-blown layers with different thicknesses and fiber fill rates at 30 L/min (a,c) and 85 L/min (b,d). The
preconditions of the data above are fiber diameter, 3 μm; imposed surface charge density of fibers, 67 μC/m2; filtering particles’ diameter, 100 nm.
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the influence of the thermal motion of air molecules on small
particulates, which is caused by Brownian motion and can
make them away from the streamline and hit the filter fiber.
The collision interception effect means that the distance
between the fiber and the streamline where the particle is
located is less than its radius particle diameter, causing it to
collide with the fiber, as the purple particles. The inertial effect
means that large particles sometimes move away from the
streamline because of inertia, causing them to eventually
collide with the fiber. In addition, large particles are also
vulnerable to gravity and deviate from the orbit, causing them
to be intercepted, which is the gravity effect. The electrostatic
effect means that the particulates in the airflow will be charged
with static electricity because of motion friction or polarized by
electric field induction, so that when it moves to the vicinity of
the charged fiber, it is easily adsorbed and intercepted by
electrostatic attraction.
In the production and use of respirators, the main factors

that affect the filtration performance are the thickness, the fiber
fill rate, the fiber diameter, the charge amount (electrostatic
potential) of the middle melt-blown layer, and the size of the
particles. The thickness of the melt-blown layer and the fill rate
together determine the areal density (gram weight). According
to the Chinese industrial standard YY 0469-2011 of medical
surgical masks, a gas flow rate of (30 ± 2) L·min−1 was
required for testing the PFE. According to the Chinese
national standard GB 2626-2019 for KN95-grade masks, the
gas flow rate should be (85 ± 2) L·min−1 during testing of PFE
for nonoily particles. Therefore, the gas fluxes of 30 and 85 L/
min and a cross-sectional area of 100 cm2 are determined for
simulations. As shown in Figure 2a,b, the effects of the melt-
blown layer thickness and fiber fill rate on its filtration
efficiency are investigated. As the fill rate and thickness
increase, the filtration efficiency of the filter layer increases, and
the changing trend of filtration efficiency is more obvious at a
low thickness (<200 μm) and low fill rate (<20%). In addition,
comparing the difference between electrostatic efficiency and
mechanical efficiency, it is found that static electricity improves
filtration efficiency more obviously at low mechanical
efficiency, which also means that in respirators with sufficiently
high mechanical efficiency, the electret process hardly
improves the performance of the melt-blown layer. Figure
2c,d shows that as the thickness and fill rate increase, the
filtration pressure drop continues to increase. It is generally
believed that at a flux of 85 L/min, if the pressure drop of the
respirator is higher than around 300 Pa and the total filtration
efficiency is less than 95%, then it will be unacceptable and
seriously affect the safety of users.
In addition, the influence of the surface charge density of

fibers, which is easy to control in the production process and
changes during use, on the filtration efficiency has been
investigated. In the three typical respirator cases, as the surface
charge density increases, the increase of the filtration efficiency
becomes more and more gentle. It seems like that a 65 μC/m2

surface charge density can achieve a good-enough enhance-
ment of filtration efficiency from Figure 3 and continuing to
increase the surface charge density may cost a lot. The two
melt-blown layers (400−0.20 and 600−0.16) have reached
more than 95% of the filtration efficiency in the absence of
static electricity and increasing the surface charge density can
only enhance its efficiency by around 2−4%.
The data plotted in Figures 4 and 5 are the filtration

performances as the fiber diameters and fill rates changing at

gas fluxes of 30 L/min and 85 L/min, respectively. When the
fiber diameter decreases, the filtration efficiency increases
rapidly at the same fill rate. In the data of thickness 400 μm, it
was found that reducing the fiber diameter from 3 to 2 μm can
reduce the fiber fill rate from 0.16 to 0.1 and keep the
efficiency above 90% at 85 L/min, which means that the areal
density of the melt-blown layer can be reduced from 57.6 to 36
g/m2. Similarly, if it is necessary to achieve a filtration
efficiency of more than 95%, then the diameter of the fiber in
the 400 μm thick melt-blown layer can be reduced from 3 μm
to 2 μm, and the fill rate can be reduced from 0.2 to 0.12 (areal
density from 72 to 43.2 g/m2). From the point of view of
filtration pressure drop, the above two cases can, respectively,
reduce the pressure drop from 158 to 151 Pa and from 261 to
207 Pa, which means that reducing the fiber diameter while
reducing the fill rate can reduce the pressure drop as much as
possible under the same filtration efficiency. It is not difficult to
find from Figures 4 and 5 that reducing the fiber diameter
could be an effective method to reduce the cost while ensuring
the quality of the melt-blown cloth.
Particles with different sizes for filtration are also an

important factor in evaluating the performance of the melt-
blown layer. In the data of Figure 6, there are two empirical
parameters, A and m, in the calculation of the capture
efficiency because of diffusion (ED) related to the particle size.
We performed an error evaluation based on the work of Wang
et al.,12 and detailed values of A and m are given in the Theory
and Model section. The filtration efficiency of both melt-blown
layers showed a trend of decrease first and then increased with
the increase of particle diameter. The mechanical efficiency
reaches the lowest value around the particle diameter of 0.2
μm, while the charged melt-blown layer has the worst filtering
effect on particles of around 0.1 μm. This is mainly because of
the fact that in Figure 6c,d, as the particle diameter increases,
ED decreases continuously and EI and ER increase. In other
words, with the increase of particle size, the proportion of
filtration efficiency caused by diffusion becomes smaller and
smaller, and the proportion of capture efficiency caused by
collision interception and inertia becomes larger and larger.
Comparing the changes in the capture efficiency at the gas
fluxes of 30 and 85 L/min, it was found that the increase in EI
at high gas velocity is faster than that at low gas velocity, which

Figure 3. Filtration efficiency of the melt-blown layer as a function of
the imposed surface charge density of fibers. The number of the first
column in the legend indicates the flux, the second column indicates
the thickness, and the third column indicates the fill rate. The
diameter of filtering particles is 100 nm. Here, three typical melt-
blown layers are selected.
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is consistent with the intuition that particles are more
susceptible to flow field inertia under high-velocity gas flow.
Also, we find that for melt-blown layers of different thicknesses,
the trend of capture efficiency with particle diameter is
basically the same, so here only 160 and 400 μm are taken as

examples. Besides, the particle size at the lowest point of
filtration efficiency will increase slightly as the thickness of the
melt-blown layer increases.
Furthermore, the influence of the hydrophilicity of the fibers

on the filtration performance is taken into consideration by

Figure 4. Filtration performances of melt-blown layers with different fiber diameters and fiber fill rates at 30 L/min. The preconditions of the data
above are: thicknesses, 160 μm (a,c) and 400 μm (b,d); imposed surface charge density of fibers, 67 μC/m2; filtering particles’ diameter, 100 nm.

Figure 5. Filtration performances of melt-blown layers with different fiber diameters and fiber fill rates at 85 L/min. The preconditions of the data
above are: thicknesses, 160 μm (a,c) and 400 μm (b,d); imposed surface charge density of fibers, 67 μC/m2; filtering particles’ diameter, 100 nm.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c06232
Ind. Eng. Chem. Res. 2021, 60, 1962−1971

1967

https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c06232?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c06232?ref=pdf


MD simulations. From the snapshots in Figure 7, the contact
angles of water droplets are 134° (hydrophobic), 91°
(neutral), and 0° (completely hydrophilic) on the fixed slab,
respectively. Then, the water droplets are pulled up in the Z
direction at a speed of 5 Å/ns over time. Comparing the three
surfaces, it can be found that the droplet becomes more and
more difficult to separate from the surface until the liquid
breaks up and a small droplet is separated under the condition
of full spreading as the hydrophilicity increases (the contact
angle decreases). Figure 7d shows the process of separating
droplets on five different affinity surfaces. By integrating the
force required to separate droplets, the potential of mean force
was used to describe the difficulty of separation. The
hydrophilic surface is more likely to adsorb water droplets
than the hydrophobic surface, preventing the desorption.
Therefore, a similar conclusion could be drawn that the oily
droplets on lipophilic surfaces are more difficult to desorb. In
the melt-blown layer, once the droplets are easily desorbed
from the fiber surface, the filtration efficiency will be reduced.
In addition to desorption performance of droplets on the

surface of hydrophilic and hydrophobic fibers, the water
blocking properties of nanopores among the melt-blown fiber
networks are studied by MD simulations. The nanopores are
modeled by a (40,40) SWCNT vertically embedded between
two layers of graphene, as Figure 8a shows. It can be found
from the snapshots in Figure 8b that the nanopores with
diameter ∼54.24 Å in the hydrophobic fiber network exhibit
excellent water blocking performance. In this simulation, the
application of a pressure difference of 20 MPa still cannot

make water flow through the pores with diameters of ∼5.4 nm,
which means that the hydrophobic melt-blown fibers have
better ability to intercept aqueous particles containing viruses.
On the contrary, the hydrophobic pore in Figure 8c can
transport water without differential pressure.
To further demonstrate the theoretical analysis, the water

contact angles and water blocking properties of two kinds of
fibers were tested. Hydrophobic films of typical polypropylene
melt-blown fibers obtained from commercially available masks
were described as group #1. By soaking the films in
cetrimonium bromide (CTAB) solution followed by drying
treatment, the films exhibited significant hydrophilic proper-
ties, and the samples were described as group #2. As the results
show in Figure 9a, the typical polypropylene melt-blown fibers
show a water contact angle of ∼138°. For the sample in group
#2, the contact angles changed from 94.2° to 54° within 5 min
and the water droplets are easily absorbed by the hydrophilic
films. As the experiments in Figure 9b illustrate, the typical
polypropylene melt-blown fibers exhibit excellent water
blocking performance, while the melt-blown fibers treated by
hydrophilic surfactants are easily penetrated by water.
Comparing the weights of two kinds of melt-blown fibers
before and after water penetration (in Figure 9b), it can be
found that the melt-blown fibers treated by CTAB obviously
have a stronger ability to absorb water. The experimental
results illustrate that the surface affinity has a great influence on
the performance of the melt-blown fibers. Generally, hydro-
philic fibers can adhere to viruses and the hydrophobic
network can block water-based particles in the airflow. A

Figure 6. Filtration efficiency of the melt-blown layer (a,b) and capture efficiency of single fiber (c,d) as a function of particle diameter. The
preconditions of the data are: thicknesses, 160 μm (a) and 400 μm (b,c,d); fill rate, 0.18 (a) and 0.2 (b,c,d); surface charge density of fibers, 67
μC/m2.
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hydrophilic−hydrophobic−hydrophilic sandwich structure of
the melt-blown intermediate layer would be beneficial for
maintaining the protective performance of the respirator.
Finally, the smaller the fiber diameter is, the easier it is to

improve the performance of melt-blown cloth, which is
discussed in more depth. Using SWCNT as a model, the
snapshots of water droplets with different speeds impacting
two fixed nanofibers of different diameters were revealed by
MD simulations. The force field parameters of fibers are
consistent with the surface with a contact angle of 134° based
on the results in Figure 7. According to the simulation results

shown in Figure 10, when the water droplet speed reaches 7 Å/
ps, it can be broken by the nanofiber with a diameter of 6.78 Å.
However, a minimum speed of 9 Å/ps is needed for droplets to
be cut by the nanofiber with a diameter of 27.12 Å. Because of
the limitation of calculation ability, it is hard to directly
simulate the micron and submicron systems. It is not difficult
to conclude that it is easier for fibers with smaller diameters to
break particulates (especially large particulates) into small
particulates. Although reducing the fiber diameter can improve
filtration efficiency while achieving small air resistance (as
Figure 5 shows), the effects of fibers on the coalescence and

Figure 7. Snapshots of the desorption process of water droplets on different affinity surfaces (a−c) and the curves of the potential of mean force of
the desorption process (d). The black balls (C atoms) in the bottom lines in (a−c) are the side views of the graphene slabs, and the red and white
balls (O and H atoms) form water droplets.

Figure 8. Model for simulating water blocking properties of pores in melt-blown fiber network (a). Snapshots of water entering the hydrophobic
pore by applying a pressure of 20 MPa above the pore (b). Snapshots of water entering the hydrophilic pore without differential pressure between
the two sides of the pore (c).
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fragmentation of particulates should also be taken into account
when designing melt-blown fibers for the filtering layer of a
mask.

4. CONCLUSIONS

In conclusion, we present a systematic study on the complexity
of respirator design through cross-scale simulations by
optimizing the models of filter media for the middle layer
filtration process. As the thickness and fill rate of the melt-
blown layer increase, the filtration efficiency increases, while
the filtration pressure drop also increases. Moreover, when the
thickness (<200 μm) and fill rate (<20%) are small, increasing
them has a remarkable effect on the filtration efficiency. As the
surface electrostatic potential increases (>65 μC/m2), the
improvement of filtration efficiency is tiny. The filtration
efficiencies of layers with different fill rates and different fiber
diameters were also investigated. It was found that reducing
the fiber diameter can reduce the areal density of the melt-
blown layer, which is beneficial for improving filtration, thus to
reduce the usage of polypropylene materials. As the particle
diameter increases, the filtration efficiency tends to decrease
first and then increase, and generally has the worst filtration
effect on particles with a diameter of 0.1−0.2 μm. MD
simulations were also involved to study the droplet adhesion
and water blocking performance of different affinity melt-
blown fibers. For the adsorption of different particulates
(aqueous, oily, etc.), the affinity of materials should be
considered to make the melt-blown layer achieve a good
performance. When designing melt-blown fibers for the

filtering layer of a mask, a hydrophilic−hydrophobic−hydro-
philic sandwich structural middle layer should be beneficial for
maintaining the protective performance of the respirator for
the prevention of water-based particles. The effects of fibers on
the coalescence and fragmentation of particulates should also
be taken into account. Current standards related to respirators
mainly focus on the initial performance of the products.
Despite the fact that some industry associations are paying
attention to release standards to ensure the quality and life of
masks for multiple reuses, conventional studies less-related the
reliability design of respirators under complicated working
conditions. We hope the findings in our work can stimulate
new ideas and inspire new products of respirators with
improving protection against the pandemic.
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