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Abstract
Conventionally, charged melt-blown nonwoven fabrics had been applied as filter media in various protective masks and 
high-temperature gas filters in relevant fields, which are featured with high filtration efficiency (FE) and low pressure drop 
(ΔP). The charges, however, and hence the filtration efficiency tend to decay with extended time, elevated temperature and 
increased humidity. In the current study, three types of charged nanofibrous membrane-based filtration medias, i.e., charged 
polyvinylidene fluoride (PVDF), polytetrafluoroethylene-PVDF, and tourmaline-PVDF electrospun nanofibrous membranes 
(ENMs), were successfully prepared by electrospinning process, followed by electrification. The resultant samples showed 
excellent filtration performance, relatively durable charging effect, and stable air permeability. Moreover, the data of FE 
and ΔP of ENMs after exposure to the air for 12 h are still more than 98% and less than 100 Pa, respectively. The combined 
method of electrospinning technology and electrification was proposed to obtain novel filter medias having semi-durable 
FE and relatively low ΔP, i.e., the FE will still remain at a relatively high level even if all the charges escape away from the 
nanofiber-based filter media, which may find wide applications in gas filtration industry.

Keywords  Electrospun nanofibrous membrane · Electrification treatment · Filtration performance · Polyvinylidene 
fluoride · Polytetrafluoroethylene

1  Introduction

The term PM 2.5 is generally defined as the particulate 
matter with diameter equal to or less than 2.5 μm [1–3], 
which is mainly originated from industrial waste gas 
emissions, daily power generation, automobile exhaust, 
in the specific forms such as dust, sulfide, nitride, and 
organic hydrocarbon that diffuse into the air. It may raise 
the risk of diseases such as asthma, chronic bronchitis, 
and emphysema, even at a lower level of PM 2.5 [4, 5]. At 
present, a large number of base materials for industrial air 
filtration media are mainly glass fiber [6–8], as well as other 

high-performance-fiber nonwoven fabrics such as Kevlar, 
Nomex, due to its high-temperature resistance, dimensional 
stability, and high mechanical strength. But glass fiber is 
the extremely brittle inorganic material, which would break 
easily once bent. This can limit the application of glass fiber 
in flexible air filtration [9–11].

Another type of air filter is the fibrous filter, including 
melt-blown (MB) fibers and spunbonded fibers, which are 
attractive for particle filtration [12]. However, as for the 
size of particles are smaller than 500 nm, these filtration 
media cannot trap the particles in the air. In recent years, 
nanofibers have been used as part of filter media due to 
their high specific surface area and hence high filtration 
performance. Electrospinning technology is a special 
fibrous manufacturing process in which the droplet at 
the needle changes from a spherical shape to a conical 
shape and extends from the tip of the cone to obtain 
micro-nanofiber filaments under the strong electric field 
[13, 14]. Electrospun nanofibrous membranes (ENMs) 
have been investigated extensively for their potential 
applications in fields such as air filtration [15], battery 
separators [16], energy storage materials [17], biosensors 
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[18], tissue engineering scaffolds [19], due to their 
advantages of micro-nano fiber diameter, high specific 
surface area, supreme porosity and interconnected pores 
[20–22]. Moreover, it can reduce the basis weight of ENM 
and effectively decrease the filtration resistance, while 
ensuring the full equivalent filtration efficiency.

Electrification treatment is a typical and efficient 
method for charging fibers with electret under the strong 
electrostatic force, resulting in good property of air 
filtration [23–25]. The electret fibers with high electric 
potential on its surface after electrification treatment can 
be used widely, due to the improved filtration efficiency as 
air filtration media [26–28]. It is reported that the particles 
in the air will be easily adsorbed and captured by the 
electrified fibers owing to the strong electrostatic force 
of permanent charges when passing through the electret 
filter medias [29–31]. Although initially the charged MB 
nonwoven filter media can achieve high efficiency and low 
resistance when used to filter the pollutant particulates 
in the air, the charges of these melt-blown fibers cannot 
be kept durably and easily escape to the air, due to the 
coarse fibers and the large pores in the melt-blown fabrics, 
elevated atmospheric temperature, humidity, air velocity, 
etc., resulting in a significant decrease in filtration 
efficiency [32].

Polyvinylidene f luoride (PVDF) has been widely 
used as air filtration media, owing to its low price, 
high toughness, good impact strength and excellent 
hydrophobic performance, which is very suitable for 
preparation of ENM by electrospinning technology. 
PVDF, Polytetrafluoroethylene (PTFE) and tourmaline 
are common and typical electret, due to their high charge 
storage capacity [33]. To obtain a high FE and semi-
durable air filtration media, ENM with electrification 
treatment was deliberately designed in the current 
study. Herein, three types of ENMs, i.e., PVDF, PTFE-
PVDF, and tourmaline-polyvinylidene dif luoride 
(T-PVDF), were successfully prepared by combination of 
electrospinning technology and electrification treatment. 
The morphology, diameter, pore size, surface potential, 
filter performance and air permeability were subsequently 
studied. The resulting ENMs are expected to have high 
and semi-durable FE, low pressure drop (ΔP), compared 
to conventional MB nonwoven filter media. The semi-
durable filtration effect is based on the small pore size 
of ENM which may still capture the PM 2.5 particles at 
high FE and low ΔP even if the charges on the resulting 
filtration media are partially or totally gone. The charges 
on MB web tend to decay with extended time, elevated 
temperature and increased humidity, the surface charges 
with strong electrostatic force cannot adsorb and capture 
particles in the air when passing through the nonwoven 
filter media.

2 � Experimental

2.1 � Materials

PVDF (molecular weight of 1,000,000) was purchased 
from Suzhou Qin Shang Plastic Chemical Co., Ltd. PTFE 
(molecular weight of 100,000, 100 nm) was supplied by 
DuPont, USA. Tourmaline (10,000 mesh) was provided 
by Shanghai Yaoyue New Material Technology Co., Ltd. 
polypropylene (PP) nonwoven fabric was supplied by 
Wuhan Winner Medical Co., Ltd. N, N-dimethylformamide 
(DMF), and acetone were purchased from Shanghai Maclean 
Biochemical Technology Co., Ltd. All chemicals were used 
without further purification.

2.2 � Preparation of Spinning Solution

PVDF (12 wt%), N, N-Dimethylformamide (DMF, 30 mL), 
and acetone (10 mL) were added into a clean 100 mL flask 
with magnetic stirring at 50℃. After mixing for 30 min, 
PTFE (0.4 wt%) and tourmaline (0.4 wt% were slowly 
added into the mixed solution, respectively. The solution 
was kept for 4 h at 50 ℃ under agitation. After ultrasonic 
dispersion for 30 min, the PTFE-PVDF and tourmaline-
PVDF (T-PVDF) spinning solution were obtained.

2.3 � Preparation of ENM with Electrification 
Treatment

The preparation scheme of ENM with electrification 
treatment is shown in Fig. 1. The resulting ENMs were 
collected 20 cm apart from the needle tip on grounded 
metallic plate with a spunbonded PP nonwoven substrate 
(13 g/m2) under 30/32 kV voltage and a feed rate of 1 mL/h. 
The electrospun membrane was electrified for 7 min, under 
− 8 kV charging voltage and 16 cm charging distance after 
collection. The ambient temperature was 25 ± 3 ℃ and 
the relative humidity was 30 ± 3%, when the ENMs were 
prepared.

2.4 � Characterization

The surface morphologies of the ENMs were observed 
on a Nippon Electronics JSM6510 scanning electron 
microscope (SEM) which is a field emission scanning 
electron microscope (FESEM). The diameters of ENMs 
were measured by the software of Image Pro Plus on the 
recorded SEM photos. At least 50 nanofibers from each 
sample were randomly selected and analyzed. The pore 
sizes of the ENMs were recorded with a Gas–Liquid Pore 
Diameter Analyzer (model: CFP-1500A PMI), under the 
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pressure of 0–60 psi. The surface potential of the ENM after 
electrification treatment was tested using the Electrostatic 
Tester (model: FMX-004). The filter performance was 
recorded on an Automatic Filter Material Tester (model: 
TSI8130), using salt aerosol (size: 0.26 μm) as the test 
carrier at the flow rate of 85 L/min with an effective area 
of 100 cm2, according to the standard GBT13554-2008. 
Owing to the low strength of that, the ENM would be easily 
blown at the flow rate of 85 L/min. Therefore, two pieces of 
spunbonded PP nonwoven substrate with very low weight 
were used to cover both sides of the ENM before the test of 
the filtration performance [34, 35]. To evaluate the overall 
filtration performance of ENM, the filtration quality factor 
(QF) could be calculated by Eq. 1.

where FE and ΔP were the filtration efficiency and pressure 
drop of ENM, respectively. According to the standard ASTM 
D737-1996, the air permeability of the ENM was measured 
by Automatic Air Permeability Meter (model: YG461E-
III) from Ningbo Textile Instrument Factory, China. Each 
reported value was the average of five valid specimens.

3 � Results and Discussion

3.1 � Morphology of ENM

Morphologies of ENM before and after electrification 
treatment were examined with FESEM (Fig. 2). It was 
noticeable that the surface morphology of PVDF ENMs 
did not change significantly after electrifying treatment 
in Fig. 2a, b. Similarly, Fig. 2c–f also show that corona 

(1)QF =
−In(1 − FE)

ΔP

charging has no significant effect on the apparent 
morphology of PTFE-PVDF and T-PVDF ENMs. The 
distribution of fiber diameters of ENMs before and after 
electrification treatment are shown in Fig. 3a–c, and the 
corresponding data are summarized in Table 1. As shown 
in Fig. 3a–c, average diameters of PVDF, PTFE-PVDF 
and T-PVDF ENMs before electrification treatment were 
728 nm, 1125 nm and 555 nm, respectively, while average 
diameters of PVDF, PTFE-PVDF and T-PVDF ENMs after 
electrification treatment were 629 nm, 1086 nm, and 494 nm 
respectively. It was noteworthy that average diameters of the 
ENMs were almost smaller after electrification treatment. 
In fact, a large number of charged particles were attached to 
the traps on the surface of the ENM and the covalent bonds 
of the macro-molecules in the ENM, which were generated 
in the process of electrospinning. At the same time, charged 
particles in the ENM could be highly oriented in the 
electric field. When the sample was subjected to electret 
treatment, a large number of charges released by break of 
corona discharge, which would be continuously collected 
by samples. At the same time, the electric field would make 
the samples highly oriented with disordered and disordered 
dipoles. Therefore, under the function of electric field force, 
the nanofibers would be further drawn and thinned, resulting 
in the smaller fiber diameters.

The distribution of pore size of ENMs before and after 
electrification treatment were shown in Fig. 3d1–d3, and 
the corresponding data were summarized in Table 1. As 
shown in Fig. 3d1–d3, pore sizes of PVDF, PTFE-PVDF 
and T-PVDF ENM before electrification treatment were 
1592  nm, 1793  nm and 1475  nm. While pore sizes of 
PVDF, PTFE-PVDF and T-PVDF ENM after electrification 
treatment were 1511  nm, 1766  nm and 1410  nm. As 
expected, pore sizes of ENMs almost became smaller after 
electrification treatment, like as the average fiber diameters.

Fig. 1   Preparation scheme 
of ENM with electrification 
treatment
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3.2 � Surface Potential of ENM

Surface potential plays an important role for improving the 
filtration efficiency of ENM, owing to its permanent charges 
with strong electrostatic force to adsorb and capture particles 
in the air when passing through the electret filter media. 
Surface potential of three ENMs versus different charge 
voltages, with charging distance of 16 cm for 7 min at 25 ℃ 
and air relative humidity 30%, are shown in Fig. 4a–c. As 
shown from Fig. 4a, it was apparent that with the increase 
of charging voltage, the surface potential of three ENMs 
increased accordingly. When the charging voltage reached 
− 8 kV, the surface potential of ENMs tended to be stable. 
Herein, the surface voltage of PVDF, PTFE-PVDF, T-PVDF 
ENMs were about − 5 kV, − 3 kV, and − 6 kV. There are 
many small holes full of charge particles on the surface and 
interior of the ENM, and oriented electric dipoles inside the 
polymer at high voltages, resulting in creating the surface 
potential. Therefore, the higher the charging voltage, the 
stronger the electric field and the higher the potential on the 
surface. When the charging voltage is increased to a certain 
value, there is not any charge to be captured by ENM full 
of charge.

Surface potential of three ENMs against different charging 
distances, with charging voltage of − 8 kV for 7 min at 25 
℃ and air relative humidity 30%, are shown in Fig. 4b. As 
can be seen from Fig. 4b, when the distance was less than 
18 cm, the surface potential of the three ENMs remained 
unchanged. When the charge distance was 20 cm, the surface 
potential of PVDF, PTFE-PVDF and T-PVDF ENM were 
− 3.2 kV, − 2.6 kV, and − 5.2 kV, which decreased by about 
40.9%, 17.4%, and 16.8%, respectively. When the charging 
distance is short, the electric field is so strong that the corona 
charge device can generate enough charges to be captured 
by ENMs. However, when the charging distance continues 
to increase, the electric field strength will weaken, resulting 
in ENMs without enough charge.

Surface potential of three ENMs versus different charging 
time, with charging voltage of − 8 kV, charging distance of 
16 cm at 25 ℃ and air relative humidity 30%, are shown in 
Fig. 4c. It was apparent that with the increase of charging 
time, the surface potential of three ENMs increased 
accordingly. However, the surface potential of ENMs tended 
to be stable and no longer increased with charge time, when 
the charging time increased to 7 min. Herein, the surface 
potential of PVDF, PTFE-PVDF, and T-PVDF ENMs were 

Fig. 2   FESEM photos of 
ENMs. a PVDF ENM; b 
polarized PVDF ENM; c PTFE-
PVDF ENM; d polarized PTFE-
PVDF ENM; e T-PVDF ENM; 
f polarized T-PVDF ENM
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− 4.0 kV, − 6.1 kV, and − 6.4 kV. Due to the accumulation 
of charge and oriented dipole of ENMs with the increase 
of charge time, the surface potential of ENMs barely raised 
rapidly and slowly tended to be stable.

ENMs after electrification treatment were exposed to 
air at 25 ℃ and relative humidity of 30%, and observed for 
surface potential versus exposure time, as shown as Fig. 4c. 

As can be seen from Fig. 4c, the surface potential of ENMs 
decreases rapidly in the early stage, owing to escaping of 
unstable substantial charges on the surface of ENMs. After 
a period of time, the surface potential decreases slowly and 
tends to be stable, because of trapped charged particles on 
the surface of ENMs and the covalent bonds of the macro-
molecules in the nanofiber. The surface potential of T-PVDF 

Fig. 3   The distribution of fiber diameter (a–c) and pore size (d) of ENMs before and after electrification treatment

Table 1   Average diameter and pore size of ENM before and after electrification treatment

Sample Average diameter before 
electrification treatment (nm)

Average diameter after 
electrification treatment (nm)

Pore size before 
electrification treatment (nm)

Pore size after 
electrification 
treatment (nm)

PVDF 728 ± 133 629 ± 121 1592 ± 163 1511 ± 128
PTFE-PVDF 1125 ± 241 1086 ± 212 1793 ± 171 1766 ± 175
T-PVDF 555 ± 115 494 ± 85 1475 ± 140 1410 ± 103
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ENM was highest compared to those of the other samples. 
We speculated that a large number of electric dipoles in the 
tourmaline nanoparticle had not completely restored the 
disorder state, which were in the high orientation, resulting 
in the highest surface potential related to T-PVDF ENM. 
Even though the surface potential of T-PVDF ENM after 
exposure time of 12 h was just − 1 kV, it also could support 
strong electrostatic force to easily adsorb and quickly capture 
particles in the air when passing through the electret filter 
media, compared to ENM without electrification treatment.

The surface potential of the T-PVDF ENM is higher 
than that of the PVDF ENM after exposure 10 h, indicating 
that the high oriented electric dipoles in Tourmaline 
nanoparticles has not completely recovered to the disordered 
state. The surface potential of the PTFE-PVDF ENM is 
lower and decreases lowlier than that of PVDF ENM in 
2 h. It is supposed to the fact that oriented electric dipoles 
in PTFE were harder to escape than the surface charge of 
ENMs. It was found that the surface potential of the three 
ENMs had certain durability after exposure to air for a 
period of time.

3.3 � Filtration Performance of ENM

Figure 5 shows the filtration performance of three ENMs 
before and after electrification treatment. From Fig. 5a, b, 
it was noticeable that the filtration efficiency of unpolarized 
and polarized ENM increased with the increase of 

spinning time, and reached a stable value after a certain 
time. Compared with the filtration resistance broken line 
diagram of unpolarized and polarized ENM, it was found 
that the two broken lines almost coincide, indicating that 
the electrification treatment has no effect on the morphology 
of ENM. When the spinning time was 2.5 h, the filtration 
efficiency of the polarized PVDF ENM reached 98.97%, and 
the filtration resistance was 99 Pa. When the spinning time 
was 2.5 h, the filtration efficiency of the polarized PTFE-
PVDF ENM reached 99.23%, and the filtration resistance 
was 88 Pa. When the spinning time was 2.5 h, the filtration 
efficiency of the polarized T-PVDF ENM reached 99.20%, 
and the filtration resistance was 89 Pa.

Since electret materials tend to lose partial charges in 
the air, the filtration performance of ENM after exposure to 
air for 12 h was tested at 25 ℃ and relative humidity 30% 
(Fig. 5). After exposure to the air for 12 h, the filtration 
efficiency of the discharged ENM was still higher than 
that of the uncharged ENM, which indicated that a part of 
the charges and oriented dipoles could be retained inside 
the nanofibers when subsequently used as air filter media, 
although accompanied with the escape of charges from 
fiber surfaces. It was also found that when the spinning 
time was 2.5 h, the filtration efficiency of the PVDF ENM 
after exposure to air for 12 h could reach to 98.80%, and the 
filtration resistance was 100 Pa. When the spinning time 
was 2.5 h, the filtration efficiency of the PTFE-PVDF ENM 
exposed to air for 12 h reached to 99.03%, and the filtration 

Fig. 4   Surface potential versus 
charging voltage (a), charge 
distance (b) and charging 
time (c) curves of ENM with 
electrification treatment. 
Surface potential versus 
exposure time curves of ENM 
after electrification treatment 
(d)
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resistance was 88 Pa. When the spinning time was 2.5 h, 
the filtration efficiency of the T-PVDF ENM exposed to air 
for 12 h reached 99.19%, and the filtration resistance was 
88 Pa. The results showed that the three types of ENMs after 
electrification treatment still have high enough semi-durable 
air filtration performance, even if the charges were partially 
lost. To comprehensively assess the filtration performance 
of ENMs, the QF at the air flow of 85 L/min were explored 
carefully. From Fig. 5c, the QF of the T-PVDF ENM with 
electrification treatment after exposure to air for 12 h was the 
highest value of 0.0547 Pa−1, owing to the lower electrostatic 
force to trap particles, resulting the lower pressure drop.

So far, many different types of ENMs have been 
complexed and fabricated for improving its high air filtration 
properties. To evaluate the filtration performance of ENM, 
a comparison of FE, ΔP and QF of ENM as the air filtration 

media under air flow of 85 L/min in this work with those in 
previous studies was shown in Table 2. Compared to other 
ENM, electrification treatment in this work could enhance 
polarized T-PVDF ENM with the higher PE value, the lowest 

Fig. 5   The results of filtration efficiency, pressure drop and quality factor of PVDF (a1–c1), PTFE-PVDF (a2–c2) and T-PVDF (a3–c3) ENM 
before and after the electrification treatment

Table 2   Comparison of FE, ΔP and QF of ENM as the air filtration 
media under air flow of 85 L/min in the literature and this work

Sample FE (%) ΔP (Pa) QF (Pa−1) References

PEI/CuMOF ENM 99.09 138 0.0341 [34]
PS/FPU/GO–GH ENM 98.86 137 0.0323 [35]
PMIA/PAN/SiO2 ENM 99.71 164 0.0356 [36]
PSA/PAN-B ENM 97.01 119 0.0295 [37]
PAN ENM 96.60 172 0.0196 [38]
Polarized T-PVDF ENM 99.19 88 0.0547 This work
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ΔP value and the highest QF value, which indicated that 
the effectiveness of electrification treatment for improving 
filtration performance was excellent. It would play a vital 
role in effectively defending the particulate matters in the 
air, when it was used as the air filtration media.

3.4 � Air Permeability of ENM

Figure 6 shows the air permeability of ENMs before and 
after electrification treatment. In Fig. 6, the air permeability 
of PVDF, PTFE-PVDF and T-PVDF ENMs were 132 mm/s, 
140  mm/s and 120  mm/s. Furthermore, there was no 
obvious change in the air permeability of ENMs before 
and after the electrification treatment. In fact, the pore 
size of ENM plays an important role in determining the air 
permeability of air filtration products. In Fig. 3 and Table 1, 
pore sizes of PVDF, PTFE-PVDF and T-PVDF ENM 
before electrification treatment were 1592 nm, 1793 nm 
and 1475 nm. While pore sizes of PVDF, PTFE-PVDF 
and T-PVDF ENM after electrification treatment were 
1511 nm, 1766 nm and 1410 nm. As expected, pore sizes 
of ENMs almost unchanged after electrification treatment. 
A large number of charged particles were attached to the 
traps on the surface of the ENM and the covalent bonds of 
the macro-molecules in the ENM, which were generated in 
the process of electrospinning. At the same time, charged 
particles in the ENM could be highly oriented in the electric 
field, which had not a great impact on the pore sizes of 
ENM after electrification treatment, resulting in similar air 
permeability.

4 � Conclusion

In summary, PVDF, PTFE-PVDF, and T-PVDF ENMs 
were prepared by combination of electrospinning and 
electrification treatment. The filtration performance and 
durability of the sample before and after electrification 
treatment were studied. It is found that corona charge 

electret has little effect on the morphologies of ENMs. After 
electrification treatment, the filtration efficiencies of ENMs 
were obviously improved, while the filtration resistance 
was almost unchanged. Moreover, the filtration efficiencies 
and filtration resistances of ENMs after exposure to the air 
for 12 h were still greater than 98%, and less than 100 Pa, 
respectively. Based on the results above, we believe that 
ENM with electrification treatment can be use as highly 
efficient, low resistant, and semi-durable air filtration media.
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