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Abstract: In this study, titanium dioxide (TiO2), a mineral with a potential and supercapacitor, is
used as the reinforcing material to improve the filtration efficacy of electret melt-blown fabrics. Next,
the electret melt-blown fabrics are evaluated in terms of surface voltage and filtration efficiency,
thereby examining the influences of the TiO2 ratio and electric field intensity. The test results indicate
that the filtration efficiency is proportional to the ratio of TiO2 and electric field intensity. In particular,
with a TiO2 ratio of 3 wt% and an electric field intensity of 2.5 kV/cm, the electret melt-blown fabrics
demonstrate a maximal filtration efficiency of 96.32%, a lowest pressure drop of 40 Pa, and an optimal
quality factor of 0.083 Pa−1.

Keywords: titanium dioxide (TiO2); filtration efficiency; surface voltage; surface potential;
quality factor

1. Introduction

The development of industry and the progress of traffic have brought with them many negative
influences, such as air, noise, and water pollution. In particular, air pollution causes damage
to human health, causing many people to suffer from allergy or respiratory diseases [1], which
promotes researchers’ interest in the filtering of air pollutants. The issue of polluted air is commonly
addressed using air filter materials that are divided into mechanical and nonmechanical types. As for
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nonmechanical types, polymer electret filter materials garner the most attention because of their high
efficiency and low pressure drop [2–6].

Polymer electret filter materials are extensively used in the air filtration field, and the
most effective polymer is poly(tetrafluoroethylene) (PTFE). However, PTFE has a high cost
and challenging production issues, which makes polypropylene (PP) a staple material for air
filtration products in the market. In addition, there are two approaches to strengthen the electret
efficacy. One approach is to add dielectric-constant reinforcing materials to the filters, thereby
storing much more space charges [7] and thus obtaining higher surface voltage. The reinforcing
materials are lithium niobate [8], silicon dioxide [9], nanoscale graphite platelets [10], and barium
titanate [7,11,12]. The other approach is to add a nucleating agent that increases the crystallinity
of polymers and to obtain greater crystalline and amorphous regions to house more space charges.
The nucleating agents are magnesium stearate [13], stearate [14], modified rosin [14], polycarbonate [15],
tourmaline [16], DMDBS (3:2, 4-bis(3,4-dimethyldibenzylidene) sorbitol) sorbitol) [17], and NA11
(sodium 2,2′-methylene-bis(4,6-di-tertbutylphenyl)-phosphate) [17].

Titanium dioxide (TiO2) is one of the materials commonly used in paints and cosmetics [18].
Because of its high dielectric constant, TiO2 is also used in semiconductors and solar cells. Tyagi et al.
found that TiO2 had excellent charge storage capacity and a great potential as a supercapacitor [19].
Prateek et al. used TiO2 as the core to be synthesized with titanium compounds, producing materials
that had a greater dielectric constant and specific energy when compared to poly(vinylidene fluoride)
(PVDF) [20]. Due to the aforementioned upsides of TiO2, Viraneva et al. added TiO2 to polypropylene
(PP) in the production of composite films. It was found that the surface potential was attenuated in a
shorter time when the TiO2 ratio was increased, which might be attributed to the fact that a higher
TiO2 ratio had a positive influence on the conductivity [21]. Similar findings were found in the study
by Zha et al., where TiO2 was incorporated with polyimide to form nanocomposite membranes. They
found that a TiO2 ratio exceeding 5 wt% resulted in a significant improvement in the conductivity [22].
Because one feature of photocatalysis is to purify air, TiO2 has been commonly investigated in previous
studies on air filter materials [23–27]. For example, Lee et al. strengthened the decomposition of
benzene and toluene by means of this particular feature of TiO2 [23]. Because the majority of studies
focused on the photocatalysis purifying feature of TiO2 where air filtration was concerned and the
electret materials were made in the form of membranes or composites, this study incorporates TiO2

with PP, thereby forming an air filter featuring a fiber morphology. Afterward, the fiber morphology,
surface potential, and static electricity filtration efficiency of electret melt-blown fabrics were evaluated,
examining the effects of the presence of TiO2.

2. Materials and Methods

2.1. Materials

PP powders (Metocene MF650Y, Polymirae Co., Ltd., Korea) were a homopolymer with a melt
flow rate of 1800 g/10 min (230, 2.16 kg). The TiO2 (R-103, E Chang Trading Co., Ltd., Taiwan) had a
purity of 98% and a particle diameter of 0.23 µm. Herein, the range of particle diameter was between
0.1 and 0.6 µm. NaCl (Shimakyu’s Pure Chemicals Co., Ltd., Japan) had a purity of 99.8%.

2.2. Preparation of Filtration

First, PP powders and TiO2 (1, 2, 3, or 4 wt%) were made into PP/TiO2 granules, then melt-blown
fabrics using a melt-blown machine ((Tianjin Shengruiyuan Machinery Technology, China), and finally
electret melt-blown fabrics using a corona charging device (Taiwan). Table 1 shows the properties of
different electret melt-blown fabrics. In addition, Figure 1 also indicates that the TiO2 content is not
correlated with fiber diameters. Because this study examines the influences of TiO2 on the electrostatic
filtration efficiency of electret melt-blown fabrics, the parameters were adjusted to obtain comparable
fiber diameters on purpose.
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Table 1. Intrinsic properties of samples made of different parameters.

TiO2 Ratio
(wt%)

Electric Field
Intensity
(kV/cm)

Basis Weight
(g/m2)

Thickness
(mm)

Fiber Diameter
(µm)

Air
Permeability
(cm3/s/cm2)

1
1.5 68.3 ± 4.8 0.63 ± 0.04 5.73 ± 2.97 64.43 ± 3.52
2 76.5 ± 6.4 0.65 ± 0.09 6.18 ± 3.13 60.81 ± 4.59

2.5 69.4 ± 3.4 0.64 ± 0.09 5.91 ± 3.67 63.64 ± 8.07

2
1.5 75.1 ± 4.5 0.65 ± 0.05 6.47 ± 3.25 61.67 ± 4.09
2 73.3 ± 6.8 0.64 ± 0.04 6.33 ± 1.98 67.16 ± 5.24

2.5 67.0 ± 8.9 0.62 ± 0.04 6.76 ± 3.91 66.87 ± 5.12

3
1.5 63.5 ± 11.3 0.68 ± 0.07 6.02 ± 3.28 61.06 ± 4.23
2 70.0 ± 8.6 0.61 ± 0.06 5.97 ± 3.77 64.50 ± 4.84

2.5 66.5 ± 8.2 0.65 ± 0.05 6.73 ± 4.12 67.31 ± 3.9

4
1.5 73.5 ± 5.8 0.64 ± 0.02 5.39 ± 2.49 62.00 ± 4.17
2 71.6 ± 4.4 0.62 ± 0.04 6.74 ± 3.74 59.3 ± 5.72

2.5 78.8 ± 7.1 0.68 ± 0.06 6.47 ± 3.81 68.65 ± 8.36

*All of the samples are charged for 1 min at a distance of 10 cm, an ambient temperature of 25 ◦C, and a humidity of
40%. As an electric field intensity of 3 kV/cm generates arc, the maximum electric field intensity used in this study is
2.5 kV/cm.
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Figure 1. SEM images of electret melt-blown fabrics as related to the TiO2 content of (a) 1, (b) 2, (c) 3, 
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2.3. Testing

2.3.1. Surface Voltages

A static meter (Model 5740, TAKK Industries Inc., US) is used to measure the surface voltage with
a distance being 10 cm. The test results are recorded.

2.3.2. Surface Resistivity

A resistivity meter (OHM-STAT RT-1000, Static Solutions Inc., US) with a test voltage of 100 V
was used for the surface resistivity measurement. The two test probes weighing 5 lb had a diameter of
2.5 in.

2.3.3. Filtration Efficiency and Pressure Drop

An electrical low pressure impactor (ELPITM, Dekati, Finland) was used for the measurement,
with a gas flow of 85 ± 4 L/min and the particulate concentration of 200 mg/m3 (NaCl). Next,
the particulate concentrations before and after the filtration process were obtained to compute the
filtration efficiency. Moreover, a micromanometer (Models PVM 610, Airflow Measurements Ltd., UK)
was used to measure the difference in the pressure at both ends of the filtering materials, using the
following equation:

FE =
C0 −Ci

C0
× 100 % (1)

where FE means the filtration efficiency, and C0 and Ci mean the particulate concentration before
and after the filtration process, respectively. Figure 2 illustrates the filtration efficiency and pressure
drop tests.
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Figure 2. Diagram of the filtration efficiency (FE) and pressure drop tests.

2.3.4. Differential Scanning Calorimeters

A differential scanning calorimeter (DSC, Q200, TA Instruments., USA) was used to measure the
apparent enthalpy of crystallization. The heating and cooling rates were 10 ◦C/min. The crystallinity is
computed using the equation as follows:

Xc(%) =
∆Hm

∆H0
m
× 100% (2)

where Xc is the crystallinity, ∆Hm is the apparent enthalpy of crystallization, and ∆H0
m is the enthalpy

of crystallization when PP has 100% crystallinity.



Appl. Sci. 2020, 10, 2686 5 of 11

3. Results and Discussion

3.1. Surface Voltage

The purpose of adding TiO2 is to strengthen the surface potential of electret melt-blown fabrics.
Figure 3 shows that the fabrics have comparable surface potentials when the electric field intensities
are 1.5 and 2.0 kV/cm because the electric field intensity fails to provide enough energy in one minute.
When the electric field intensity is 2.5 kV/cm, there is a significant rise in the surface voltage (Figure 3c).
Increasing the ratio of TiO2 improves the surface voltage, especially for the case of 3 wt% of TiO2,
which helps to reach the maximal surface voltage. Nonetheless, 4 wt% of TiO2 adversely affects the
surface voltage due to the agglomeration of TiO2.
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Table 2 indicates that the crystallinity increases when TiO2 increases from 1 to 3 wt%, but the
crystallinity descends with 4 wt% of TiO2 and is similar to that with 2 wt% of TiO2. The descending
crystallinity may be ascribed to the agglomeration of TiO2. Moreover, surface voltage is also dependent
on the crystallinity. The interface between crystallization and amorphous regions becomes a trap
against charge storage [14,28,29]. A lower crystallinity diminishes the region available to store charges,
which in turn reduces the surface voltage. In Figure 3c, the melt-blown fabrics made of 1 and 4 wt%
of TiO2 exhibit comparable surface voltages in terms of the trend and the value. The electret electric
charges of TiO2 are mainly stored over its particles [20], so 4 wt% of TiO2 does not acquire the surface
area as expected, which is attributed to the agglomeration. Moreover, the space charges from crystalline
and amorphous regions are also decreased. Both factors render the melt-blown fabrics made of 1 and
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4 wt% of TiO2 with similar surface voltages. The variation in the crystallinity changes the apparent
enthalpy of crystallization, which subsequently shifts the temperature of Tc and Tm. The stability of
electrostatic charges in melt-blown fabrics is pertinent to the surface potential, which can be computed
with the following equation:

Surface Potential =
V
V0

(3)

where V is the surface voltage that changes with time, and V0 is the initial surface voltage.

Table 2. Thermal properties of samples as related to the ratio of TiO2 being 1, 2, 3, and 4 wt%.

TiO2 Ratio (wt%) Tc (◦C) Tm (◦C) Crystallinity (%)

Pure PP 121.0 146.6 6.9
1 120.0 159.6 15.3
2 122.2 149.9 15.1
3 118.3 147.7 22.3
4 118.2 144.5 16.2

Based on Figure 4a–c, the initial surface voltage appears relatively lower at 1.5 and 2.0 kV/cm,
which in turn makes the surface potential higher than the surface potential of 2.5 kV/cm. In particular,
3 wt% of TiO2 provides the fabrics with an optimal surface potential, which corresponds to the surface
voltage. TiO2 is a material with a high dielectric constant and a low conductivity, and thus can
effectively strengthen the charge storage and stability [19]. At the same time, it also serves as an
initial point for heterogeneous nucleation, which facilitates the crystallinity of polymer and effectively
enlarges the contact area between crystalline and amorphous regions, which is a trap for charge storage.
Hence, the surface potential can be significantly improved [14,15,17].
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3.2. Surface Resistivity

In light of the study by Viraneva et al., the electrostatic charge of electret exhibits stability that
is dependent on the charge storage of particles, space charge of polymers, and the conductivity, the
latter of which may also affect the storage of electric charges [21]. The relationship between the TiO2

ratio and the surface resistivity is shown in Table 3. An increase in TiO2 adversely affects the surface
resistivity of melt-blown fabrics. Namely, a lower surface resistivity means equivalently a greater
electrical conductivity, which dissipates electric charges efficiently. Subsequently, with 4 wt% of TiO2,
the surface resistivity of melt-blown fabrics descends in a short time and eventually resembles that of
melt-blown fabrics consisting of 1 wt% of TiO2 as per Figure 3c. In addition, Zha et al. found that
significant variations were not presented until TiO2 exceeded 5 wt% [22]. By contrast, in this study,
1 wt% of TiO2 instantly causes a difference, which is ascribed to the difference in the membrane and
fiber structures. The electric charges of membranes are freely transmitted along any direction, whereas
the electric charges of a fibrous structure are only allowed to be transmitted along the fiber direction
(i.e., the direction that is perpendicular to the fiber diameter). Subsequently, melt-blown fabrics exhibit
a difference in the surface resistivity when the TiO2 ratio is low.

Table 3. Surface resistivity of melt-blown fabrics as related to the TiO2 ratio.

TiO2 Ratio (wt%) Surface Resistivity (Ω/SQ)

Pure PP 2.71 × 1011
± 4.96 × 1010

1 1.79 × 1011
± 7.12 × 109

2 1.63 × 1011
± 5.62 × 109

3 1.43 × 1011
± 1.50 × 1010

4 9.15 × 1010
± 1.24 × 1010

3.3. Filtration Efficiency

After being in storage for two days, the surface voltage of electret melt-blown fabrics was stabilized,
and then the samples were tested for filtration efficiency. In Figure 5 it can be seen that either a rise in
TiO2 or electric field intensity has a positive influence on the filtration efficiency. The filtration efficiency
and surface voltage demonstrate the same trend, which suggests that the presence of TiO2 can heighten
the filtration efficiency. Specifically, an electric field intensity of 2.5 kV/cm, rather than 1.5 or 2.0 kV/cm,
helps to retain a relatively higher surface voltage, which contributes to higher filtration efficiency.
In addition to mechanical filtration, electret also adsorbs particles with the help of electrostatic forces.
Figure 6 shows that non-electret pure PP melt-blown fabrics do not perform well when filtering particles
at sizes of 0.4–2.5 µm. The mechanical filtration is realized by means of inertial impaction, interception,
Brownian diffusion, and gravitational settling. As for particles at sizes exceeding 2.5 µm, they can
be effectively filtered simply by mechanical filtration. However, for particles that are smaller than
2.5 µm, especially smaller than 100 nm, the employment of mechanical filtration is not satisfactory [30].
Using static electricity to adsorb particles smaller than 2.5 µm has been proven effective. Particles are
polarized as a result of the electric fields caused by the charged fibers in the proximity. The polarized
particles are then adsorbed by the charged fibers, thereby acquiring the filtration efficiency of the static
electricity adsorption. The higher the surface voltage, the better the particle adsorption performance.
With an electric field intensity of 2.5 kV/cm, the melt-blown fibers exhibit good filtration efficiency of
particles of 0.03–2.5 µm regardless of the TiO2 ratio (Figure 6). In particular, the melt-blown fibers
composed of 3 wt% of TiO2 have filtration efficiency higher than 92% when the particle size is between
0.03 and 2.5 µm.
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Another important evaluation of filtration measurement is pressure drop performance. Figure 7
shows that the significant pressure drop is absent in all samples because they have to remain as a
consistent structure. As a result, the influence of surface voltage on filtration efficiency can be measured
accurately. Hence, the basis weight, thickness, fiber diameter, and air permeability of samples are
identical in Table 1. Quality factor is commonly used to compare the filtration efficiency between
different filters, and the equation is as follows:

Q f =
− ln(1− E)

∆P
(4)
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where Qf is the quality factor, E is the filter efficacy, and ∆P is the reduction voltage [31].
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Figure 7. Pressure drop of electret melt-blown fabrics as related to the ratio of TiO2 (1, 2, 3, and 4 wt%)
and electric field intensities of (a) 1.5, (b) 2.0, and (c) 2.5 kV/cm. The pressure drop of non-electret pure
PP melt-blown fabrics is 40 ± 0.5 Pa.

The quality factor is improved with a greater ratio of TiO2 or higher electric field intensity
(Figure 8). The pressure drop pertains to the structure of samples, and the parameters do not alter the
structure. Zhang et al. found that the quality factor of commercially available melt-blown fabrics was
0.033 Pa−1 [31]. In comparison, the proposed electret melt-blown fabrics outperform the commercially
available ones in terms of filtration efficiency. In particular, the quality factor reaches 0.083 Pa−1 when
TiO2 is 3 wt% and the electric field intensity is 2.5 kV/cm.
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and electric field intensities of (a) 1.5, (b) 2.0, and (c) 2.5 kV/cm. The quality factor of non-electret pure
PP melt-blown fabrics is 0.032.

4. Conclusions

This study proposes using a low-cost and high-dielectric-constant mineral of TiO2 to improve the
filtration efficiency of electret melt-blown fabrics. The results indicate that a greater ratio of TiO2 has a
positive influence on the surface voltage and filtration efficiency of the filters. In addition, TiO2 also
facilitates the rate of crystallinity of polymer to strengthen the filtration efficiency. Finally, the quality
factor of the proposed TiO2-reinforced electret melt-blown fabrics is 0.083 Pa−1, which is significantly
higher than that (0.033 Pa−1) of the commercially available melt-blown fabrics, thus making these
fabrics qualified candidates for masks and other staple filter fields.
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