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Abstract: Highly efficient air filtration with low pressure drop is the key to air purification. In this
work, a self-powered electrospun nanofiber membrane with an electrostatic adsorption effect was
prepared to improve the filtration efficiency of micro/nano particles. The composite membrane was
comprised of polyvinyl chloride (PVC) nanofibers and polyamide-6 (PA6) nanofibers. The triboelectric
effect between the two adjacent nanofiber membranes generated electrostatic charges under the
action of air vibration, by which the electrostatic adsorption with the same pressure drop was
enhanced. The electrostatic voltage on the self-powered nanofiber membrane was 257.1 mV when
the flow velocity was 0.1 m/s. For sodium chloride (NaCl) aerosol particles with a diameter of
0.3 µm, the removal efficiency of the self-powered composite nanofiber membrane was 98.75% and
the pressure drop was 67.5 Pa, which showed a higher quality factor than the membrane without
electrostatic charges. This work provides an effective way to improve the filtration performance of air
filter membranes.

Keywords: self-powered membrane; electrospun nanofiber; air filtration; electrostatic adsorption;
triboelectric effect

1. Introduction

Air filtration has become the focus of global environmental protection [1–4]. The existence of
fine particulate matter (PM) has posed a great threat to public health [5,6]. It is required urgently to
realize the highly efficient filtration of ultrafine particles. The novel fabrication technology of filtration
membranes has, thus, become a research hotspot in the field of environmental pollution control [7,8].

Electrospinning is a versatile method used to prepare nanofibers [9–12]. Due to the advantages
of their ultrafine diameter, small characteristic size, large specific surface area and high porosity,
electrospun nanofiber membranes are promising candidate for particulate matter removal [13–16].
On the other hand, electrospun nanofibers can store charges to increase the electrostatic adsorption
capacity of particles with diameters less than or equal to 0.3 µm [17–20], which also enhance the
purification effect for bacteria and viruses. A high-performance nanofiber membrane with high
filtration efficiency and low pressure drop is desired for industrial applications [21,22].

At present, electrified filtration membranes have exhibited an excellent potential to increase their
electrostatic charges so as to improve filtration performance [23]. Adding an electret is a common way
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to improve the electrification effect to enhance electrostatic adsorption capacity [24]. Li et al. [25] added
hydrophobic silica (SiO2), boehmite, barium titanite (BaTiO3) and silicon nitride (Si3N4) nanoparticles
into a polyetherimide (PEI) solution to prepare electrospun nanofibers, which performed a stable
surface potential. The filtration efficiency was over 99.99% for 0.3 µm NaCl aerosol particles, and the
pressure drop was just 61 Pa. Wang et al. [26] used polytetrafluoroethylene (PTFE) nanoparticles as
an electret to maintain the charges on the surface of polyvinylidene fluoride (PVDF) nanofibers to
achieve a filtration efficiency of 99.972% and a pressure drop of 57 Pa for 0.3–0.5 µm aerosol particles.
As the charges on the surface of the nanofibers will disappear sometime after the electret treatment
and decrease the filtration efficiency, the electrified-charge stability of nanofiber membranes remains a
challenge for highly efficient filtration.

Self-powering is a new method to promote the durability of charged filtration nanofiber
membranes [27] which can generate charges to capture particulate matter during the filtration
process [28]. According to the generation principles of electrical charges, these methods can be
divided into various catalogues including piezoelectric [29], electromagnetic [30] and triboelectric [31].
The triboelectric nanofiber membrane is based on the principle of friction electricity generation.
Gu et al. [32] proposed an external triboelectric nanogenerator to charge the nanofiber membrane,
by which the average filtration efficiency of particles with a diameter of 53.3 nm reached 89.9%.
Liu et al. [21] developed a novel self-powered electrostatic adsorption face mask based on a PVDF
electrospun nanofiber membrane, which was driven by respiration. The filtration efficiency remained
up to 86.9% after being continually worn for 240 min and over a 30-day period. However, due to its
complex structure, it is difficult to expand the application fields of the triboelectric filtration mask.

In this paper, a novel method was developed to fabricate a self-powered electrospun composite
nanofiber membrane. Different electronegative materials were utilized to prepare the nanofibers,
on which charges can be generated on the membrane surface based on the triboelectric effect. The charge
generation capacity of the composited nanofiber membrane and the effects on the filtration performance
were discussed.

2. Experimental Details

2.1. Preparation of Self-Powered Nanofiber Membrane

Polyvinyl chloride (PVC) and polyamide-6 (PA6) of different electro polarities [33] were used to
prepare the composite nanofiber membrane. PA6 powder (Mw = 100,000 g/mol) was dissolved in 88%
formic acid with a mass concentration of 15 wt%. PVC powder (Mw = 80,000 g/mol) was dissolved in a
mixture solvent of N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) (v:v = 7:3) with a mass
concentration of 10 wt%. The PA6 powder and the PVC powder were purchased from Guangdong
TPL Chemical Co. Ltd, Guangdong, China. The formic acid (88%), DMF and THF were purchased
from Sinopharm Chemical Reagent Co. Ltd, Shanghai, China.

The PA6 nanofiber membrane was prepared at the distance between the spinneret (Wenzhou
Hongxing Medical Equipment Plant, Wenzhou, China) and the collector (Xiamen Nalai Technology
Co., Ltd, Xiamen, China), and the applied voltage and supply rate of the solution of 15 cm were 20 kV
and 0.1 mL/h, respectively. The PVC nanofiber membrane was prepared at the distance between the
spinneret and the collector, and the applied voltage and supply rate of the solution of 13 cm were 15 kV
and 0.5 mL/h, respectively. The inner diameter of the spinneret was 0.26 mm. The temperature and
relative humidity during the electrospinning process were controlled at 25 ◦C and 50%, respectively.
A grounded electrode covered with gauze was used as the collector for the PA6 and PVC electrospun
nanofibers. Both of the nanofiber membranes were hot-pressed at a temperature of 50 ◦C to evaporate
the excess solvent and to gain solid nanofibers.

Then, the self-powered membrane was prepared by directly combining the PA6 nanofiber
membrane and the PVC nanofiber membrane, while the non-charged membrane was fabricated by
combining the PA6 nanofiber membrane and the PVC nanofiber membrane with gauze between them.
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In the experiments, the electrospinning time was set to 15 min, 30 min, 45 min, 60 min and 75 min.
The corresponding average thickness of the PA6 membrane was 2.3 µm, 4.5 µm, 6.8 µm, 9.0 µm and
11.3 µm, respectively, and that of the PVC membrane was 1.5 µm, 3.1 µm, 4.5 µm, 5.9 µm and 7.5 µm,
respectively. The basis weights of the prepared composite membranes were 0.25 g/m2, 0.49 g/m2,
0.74 g/m2, 0.99 g/m2 and 1.2 g/m2, respectively.

2.2. Filtration Theory of Self-Powered Nanofiber Membrane

The schematic diagram of the self-powered nanofiber membrane for particle filtration is illustrated
in Figure 1. The PA6 nanofiber membrane and the PVC nanofiber membrane were combined directly
to generate charges through surface friction between the two nanofiber membranes. Attributed to
the vibration of the air flow, an equal amount of heterogeneous charges was generated on the contact
surfaces, by which the PVC membrane surface was negatively charged and the PA6 membrane was
positively charged. In this way, the charged nanofiber membrane could display a better electrostatic
adsorption performance for particle filtration than that without surface contact.
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Figure 1. Schematic diagram for the air filtration process of the self-powered composite membrane.

2.3. Testing of Self-Powered Nanofiber Membrane

The test schematic diagram of the self-powered nanofiber membrane is shown in Figure 2.
The sodium chloride (NaCl) aerosol particles with a diameter of 0.3 µm were generated with an aerosol
particle generator and passed through each membrane at a constant airflow velocity of 0.1 m/s and
0.15 m/s. The effective area of the nanofiber membrane was 10 cm2. The charges at the interface
between the PVC and PA6 membranes were measured with a hand-held electrostatic meter (FMX-003,
SIMCO-ION, Kobe, Japan). Then, two copper electrodes were attached to the non-contact sides of the
two different membranes to measure their respective voltages. The voltages were measured with an
oscilloscope (ZDS1104, Keysight Technology (China) Co., Ltd, Beijing, China).
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Figure 2. Test schematic diagram of the composite nanofiber membranes: (a) non-charged membrane
and (b) self-powered membrane.

The number of particles at the inlet and outlet was counted by two laser photometers. The pressure
drop (∆p) was measured by two laser photometers and a pressure transmitter. The filtration efficiency
(FE) was calculated by Equation (1) and the quality factor (QF) was used to evaluate the filtration
performance of the membrane, which can be obtained by Equation (2).
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where, the number of particles at the inlet and the outlet was Ni and No, respectively.

3. Results and Discussion

3.1. Electrospun Nanofibers

The scanning electron microscope (SEM) (SUPRA 55 SAPPHIRE, Carl Zeiss AG, Jena, Germany)
images of the electrospun PA6 nanofibers and PVC nanofibers are shown in Figure 3. The PA6
nanofibers (Figure 3a) and PVC nanofibers (Figure 3b) have a smooth surface, uniform diameter, and no
droplets, which enables full friction between them and enables a better mechanical filtration ability.
The diameter distribution of the nanofibers is shown in Figure 3c,d, where the average diameter of the
PA6 nanofibers was 350 nm, and that of the PVC nanofibers was 100 nm.

3.2. Measurement of Electrical Charge

The PVC nanofiber had a strong electronegativity, while the PA6 nanofiber had a weak
electronegativity. During the filtration process, the vibration can stimulate the triboelectric effect on
the interface of different nanofiber membranes to generate charges. The measurement result of the
electrical charges on the interface of the PA6 nanofiber membrane and the PVC nanofiber membrane
is shown in Figure 4. After ventilation for 3 min under an airflow velocity of 0.15 m/s, both of the
charges on the surface of the PA6 and PVC nanofiber membrane raised with the increase in the basis
weight. The surface of the PA6 nanofiber membrane was positively charged, while the surface of the
PVC nanofiber membrane was negatively charged, which was consistent with the electronegativity.
The maximum surface potential could reach about ±12 kV. In addition, the surface charge of the PA6
nanofiber membrane was basically the same as that of the PVC nanofiber membrane, which conformed
to the charge transfer principle of triboelectrification.
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Figure 4. The electrical potential of the nanofiber membrane under an airflow velocity of 0.15 m/s.

3.3. Measurement of Self-Powered Voltage

During the filtration process, the PVC and PA6 nanofiber membranes continuously combined and
separated when the airflow passed through the composite membrane, and a dynamic voltage was
generated by the friction of the air on the nanofibers and the triboelectric effect between the PVC and
PA6 nanofiber membranes. The voltages on the two sides of the composite membrane of different
combinations under an airflow velocity of 0.1 m/s and 0.15 m/s are shown in Figure 5. With the increase
in the basis weight of the composite membrane, the friction effect was enhanced, so the self-powered
voltage was increased. Compared with the non-charged membrane, the self-powered membrane
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had a larger voltage value, which indicated that the friction between the PVC and PA6 nanofiber
membranes had a considerable power generation effect. In addition, with the increase in the airflow
velocity, the vibration of the composite membrane was enhanced, and the separation distance between
the PA6 and PVC nanofiber membranes increased. According to the working principle of friction
nanogenerator [34], the increase in separation distance could improve the voltage between the PA6
and PVC nanofiber membranes.
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Figure 5. The measured voltage on the two sides of the composite membranes of different combinations
under different airflow velocities: (a) 0.1 m/s and (b) 0.15 m/s.

3.4. Filtration Performance

The results of testing the filtration efficiency and pressure drop under an airflow velocity of 0.1 m/s
and 0.15 m/s are shown in Figure 6. With the increase in the basis weight, the mechanical FE of both
of the composite membranes increased. The self-powered membrane showed a higher FE due to
its considerable triboelectricity, which increased its particle-capturing ability without increasing the
pressure drop. Due to the low mechanical filtration efficiency of the two composite membranes with a
low basis weight, the triboelectric effect on the improvement of filtration efficiency was more obvious.
The FE of the self-powered membrane was 2.2% higher than that of the non-charged membrane under
the condition of a low basis weight. Finally, it can be seen that the average filtration efficiency of
the self-powered membrane was 1.5% higher than that of the non-charged membrane; the FE of the
self-powered membrane with the basis weight of 1.2 g/m2 was 98.75% and the pressure drop was
only 67.5 Pa.

The results of the QF under an airflow velocity of 0.1 m/s and 0.15 m/s are shown in Figure 6e,f.
With its higher filtration efficiency and guaranteed pressure drop, the self-powered membrane exhibited
a better comprehensive filtration capacity. With the increase in the basis weight, the mechanical filtration
efficiency and the pressure drop of the two groups of composite membranes both increased. However,
as the improvement in FE was insufficient to make up the increase in pressure drop, the QF decreased.
When the basis weight of the composite membrane was less than 0.74 g/m2, the low density and
porosity of the nanofiber membrane made the filtration efficiency lower. When the basis weight
continued to increase, the porosity and density of the composite membrane also increased, and so
the filtration efficiency increased significantly, while the pressure drop increased linearly, leading to a
certain incline of QF at 0.74 g/m2.

In the case of the same airflow velocity and basis weight, the QF of the self-powered membrane was
higher than that of the non-charged membrane, which shows that the self-powered composite membrane
can effectively balance the FE and the pressure drop, so as to improve the filtration performance of the
composite membrane. The highest QF of the self-powered membrane was 0.0974 Pa−1, which was
8.46% higher than that of the non-charged membrane, which was only 0.0898 Pa−1.
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Figure 6. The filtration efficiency (FE) of the composite membranes under different airflow velocities:
(a) 0.1 m/s and (b) 0.15 m/s. The pressure drop in the composite membranes under different airflow
velocities: (c) 0.1 m/s and (d) 0.15 m/s. The quality factor (QF) of the composite membranes under
different airflow velocities: (e) 0.1 m/s and (f) 0.15 m/s.

4. Conclusions

Herein, PA6 and PVC nanofiber membranes were prepared by electrospinning and bonded to a
self-powered air filtration composite membrane. Under the action of airflow, the PA6 and PVC nanofiber
membranes with opposite electronegativity generated electricity by friction so as to electrostatically
adsorb the ultrafine particles in the air. Through the self-powered effect of the composite membrane,
the filtration efficiency was improved while the pressure drop was kept at a constant level. Furthermore,
the PA6 and PVC nanofiber membranes had a certain mechanical filtration ability. Under the double
effects of mechanical filtration and electrostatic adsorption, the air filtration performance was further
improved. With the self-powered composite nanofiber membrane, the FE could reach up to 98.75%
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and the highest QF was 0.0974 Pa−1. In summary, this work provides a way to balance the filtration
efficiency and pressure drop of air filtration based on the principle of self-powered.
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