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Abstract

Particulate matter (PM) air pollution has been established as a significant threat to public health
and a destructive factor to the climate and eco-systems. In order to eliminate the effects of PM air
pollution, various air filtering strategies based on electrospun nanofibers have recently been
developed. However, to date, almost none of the existing nanofibers based air filters can meet the
requirements of high-performance air PM filtering, including high PM removal efficiency, low
resistance to airflow, and long service life, etc. For the first time, we report a fabrication process
using the electrospinning method for air filters based on thermoplastic polyurethane (TPU)
nanofibers. The average diameters of TPU nanofibers are tunable from 0.14 £+ 0.06 pm to
0.82 £ 0.22 um by changing the TPU concentrations in polymeric solutions. The optimized
TPU nanofibers based air filters demonstrate the attractive attributes of high PM, 5 removal
efficiency up to 98.92%, good optical transparency of ~60%, low pressure drop of ~10 Pa, high
quality factor of 0.45 Pa', and long service life under the flow rate of 200 ml min~", which is
ground-breaking compared with the existing nanofibers based air filters. These TPU nanofibers
based air filters, with the excellent filtration performance and light transmittance, will shed light
on the future research of nanofibers for various filtration applications and greatly benefit the
public health by reducing the effects of PM air pollution.

Supplementary material for this article is available online
Keywords: TPU nanofiber, particulate matter, air filter, removal efficiency, pressure drop

(Some figures may appear in colour only in the online journal)

1. Introduction

With the rapid economic growth and increased urbanization,
airborne particulate matter (PM) is causing more and more
3 Authors to whom any correspondence should be addressed. serious air pollution and threatening the public health [1]. On
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the basis of the particle size, PM is categorized as PM, 5 and
PM,, which refers to particles with an aerodynamic diameter
of less than or equal to 2.5 ym and 10 pm, respectively. In
particular, PM, 5 is more hazardous since it can directly be
inhaled into parts of the lung through human nose and
bronchi [2—4]. Long-term exposure to PM, s pollutants may
result in many diseases, including asthma, pulmonary fibrosis,
cancer, chronic obstructive pulmonary disease, type-2 dia-
betes and even cardiovascular diseases [5, 6]. These PM, ;5
pollutants are mainly produced by industrial coal use and
fossible fuel combustion. Over the past decade, PM, 5 air
pollution problems have become progressively worse, espe-
cially in the major developing countries, including India and
China [7]. To reduce the effects of PM, 5 air pollution, many
air filtering strategies based on electrospun nanofibers have
been adopted in window purification filters for indoor air-
quality protection or in mask filters for outdoor individual
protection [8—10]. However, up to now, the overall perfor-
mance of existing fibrous PM, s air filters, including the
PM, 5 removal efficiency, pressure drop, quality factor (QF),
and service life, can rarely meet the requirement of high-
performance air filters. The core part of these PM, s air filters
is the electrospun nanofibers. To improve the filtration per-
formance of current fibrous air filters, great efforts have been
made recently. A series of electrospun nanofibers, such as
polyvinyl alcohol [11], polyacrylonitrile [12, 13], poly-
ethylene terephthalate [14], polylactic acid [15], polyamide-
66 [16], and polyimide [17], are fabricated and tested as the
novel nanoscale building block used in the high-performance
PM, 5 air filters. These electrospun nanofibers exhibit ultra-
thin diameters, extensively interconnected pores, and adjus-
table porosity. Despite these advantages, these PM,s air
filters, based on existing electrospun nanofibers, still face the
challenge of low PM removal efficiency, high airflow resist-
ance, poor mechanical property and biocompatibility.

Compared with other electrospun nanofibers reported
before, thermoplastic polyurethane (TPU) is a widely used
class of polymer with high abrasion resistance, good optical
transparency, high elasticity, good stability and biocompat-
ibility [18]. In this work, air filters based on TPU nanofibers
with different average diameters are fabricated by the elec-
trospinning method and tested for the filtration performance
of PM, 5 and PM;, under different airflow rates. Compared
with other air filters reported before, TPU nanofibers air filters
demonstrate the attractive attributes of high removal effi-
ciency, good optical transparency, low resistance to airflow,
and relatively long service life. By controlling the average
diameters of TPU nanofibers precisely, we report the optimal
TPU air filters with 98.92% removal of PM, 5, ~10 Pa pres-
sure drop, 0.45Pa~' QF, ~60% transparency, and long ser-
vice life under a flow rate of 200 ml min~—'. We anticipate that
these TPU nanofibers based air filters, with the excellent fil-
tration performance and good biocompatibility, will greatly
benefit the public health in reducing the effects of PM, 5 air
pollution.

T
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Figure 1. Schematic diagram of the set-up of electrospinning
apparatus for the fabrication of TPU nanofibers by the electrospin-
ning process.

2. Experiment

TPU polymer (Elastollan, 1185A) was obtained from BASF
Co., Ltd. N, N-Dimethylfomamide (DMF) and acetone were
purchased from the Macklin Biochemical Co., Ltd. All che-
micals and solvents were used as received. Electrospinning
solutions were prepared by dissolving the different TPU
concentrations in the mixed solvent with DMF and acetone at
a volume ratio of 1:1. To ensure the homogeneous dispersion
and complete dissolving of TPU, the ultrasonic dispersion
method was employed for 10 min at room temperature. The
electrospinning process was performed by use of a home-
made spinning machine and the conceptual illustration of the
electrospinning process is displayed in figure 1. The polymer
solution was loaded in a syringe with a 22G needle tip, which
was connected to a voltage supply device (model DW-P503-
1ACFO). The electrospinning solution was pumped out of the
needle tip by use of a syringe pump (model LSPO1-1A). The
fiber glass wire mesh substrate was sputter-coated with
150 nm of copper on both sides and was grounded to collect
the electrospinning TPU nanofibers. The diameter of the fiber
glass wire was 3.35 mm and the mesh substrate was cut into
pieces with size of 90 mm x 90 mm for the PM filtration
performance measurements. During the electrospinning pro-
cess, the electrospun nanofibers lay across the mesh hole to
form the fibrous air filter membrane, similar to previous
reports [19, 20]. The applied potential between the needle tip
and the collector was fixed at 15 kV, the tip-to-collector dis-
tance was kept at 12 cm, and the TPU solution feeding rate
was kept at 0.9 mlh~' during the electrospinning process.
The TPU concentrations in solution were adjusted from
8wt% to 18 wt% to control the average diameter of the
nanofibers. The formation of TPU nanofibers with different
average diameters was confirmed by a scanning electron
microscope (SEM, model Hitachi S-400) with an acceleration
voltage of 5kV. The ambient temperature was 20 °C + 5 °C
and humidity was 48%-52% during the electrospinning
process.
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Figure 2. (a)—(c), (g)—(1) SEM images of the nanofiber membranes obtained from solutions with TPU concentrations of 8 wt%, 10 wt%,
12 wt%, 14 wt%, 16 wt%, 18 wt%, respectively. (d)—(f), (j)—(1) The TPU nanofibers diameter distributions corresponding to (a)—(c) and

(2)-(i), respectively.

3. Results and discussion

As shown in figures 2(a)—(c) and (g)—(i), the typical morphologies
of electrospun TPU nanofibers are presented under different TPU
concentrations of 8 wt%, 10wt%, 12 wt%, 14 wt%, 16 wt%,
18 wt%, respectively. When the TPU concentration is below
12 wt% in precursor, it is clear that many bead-like nanofibers as
well as connecting sites are formed randomly. It can be explained
as the viscoelasticity of polymer TPU molecular chains. During
the electrospinning process, the jet from precursors with low TPU
concentrations is hard to effectively resist the stretching from the
electric field force [21]. Then, the molecular chains will
agglomerate to form bead-like nanofibers because of the viscoe-
lasticity of polymer TPU molecular chains [22]. With the
increasing TPU concentrations in precursors, the number density
of bead-like nanofibers decreases and the connecting sites, such

as crossing and bonding sites, will totally disappear. Meanwhile,
the average diameter of TPU nanofibers increases quickly when
the TPU concentration is above 12 wt%. The diameter distribu-
tion analysis is performed by the Image] software. Digital high-
resolution SEM images are firstly converted to binary images and
then the average nanofiber diameter and the diameter distribution
are determined by counting pixels of each discrete TPU nano-
fiber. As shown in figures 2(d)—(f) and (j—(l), the average
nanofiber diameter is 0.14 + 0.06 um, 0.15 £ 0.04 pm, 0.40 +
0.15 pm, 041 £0.09 gm, 0.81 £0.17 yum, and 0.82 £
0.22 pm, corresponding to the TPU concentrations from 8 w% to
18 wt% in precursors, respectively.

The PM, ;5 filtration performance of TPU nanofibers based
air filters is evaluated in a text box containing two chambers at
room temperature. The PM pollutants are generated by the
burning of cigarettes in one chamber and the TPU nanofibers
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Figure 3. (a) PM, 5 removal efficiency, (b) pressure drop, and (c) quality factor of air filters fabricated from electrospinning solution with
TPU concentrations from 8 wt% to 18 wt% under the different airflow rates.

based air filters are used to block the PM dispersion into the
other chamber. The size of smoke PM used here mainly dis-
tributes less than 1 ym and the concentration of smoke PM in
the pollution area is maintained at a level of >350 pug - m .
The number concentrations of smoke PM at two areas are
measured by the standardized particle detectors. The removal
efficiency is calculated by comparing the number concentra-
tions before and after filtration. Figure 3(a) shows the PM, 5
removal efficiency of air filters under various airflow rates. It is
worth mentioning that the highest removal efficiency reaches
99.64% under the condition of no airflow. With the increasing
airflow rate, the PM, s removal efficiencies of all TPU nano-
fibers based air filters decrease slightly. At the same airflow
rate, the removal efficiency is improved with the increasing
TPU concentrations from 8 wt% to 10 wt%, which can be
ascribed to the fact that the nanofibers with larger diameters
resist PM particle spread more easily. On the other hand, with
TPU concentrations increasing from 10wt% to 18 wt%, the
disappearance of connecting sites and bead-like nanofibers, and
the increasing interspace between TPU nanofibers, make the
removal efficiency decrease obviously. Figure 3(b) compares
the pressure drops of air filters under different airflow rates.
The pressure drop exhibits an increased trend directly propor-
tional to the flow rate, which obeys the Darcy’s theory very
well. Meanwhile, it is found that the pressure drop first
increases, then keeps falling and finally increases slightly,
corresponding to air filters with the TPU concentration
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Figure 4. Performance summary of air filters fabricated from different
materials in recent literatures. PVDF stands for polyvinylidene fluoride.
SF stands for silk fibroin. PEO stands for plasma electrolytic oxidation.
PSU stands for polysulfide. PVP stands for polyvinyl pyrrolidone.
BTA-1 stands for 1, 3, 5-benzenetricaboxamide. CNT stands for carbon
nanotube.

increasing from 8 wt% to 10wt%, 10 wt% to 16 wt% and
16 wt% to 18 wt% at the same flow rate. According to previous
reports [23-25], we consider that there exist two factors
influencing the pressure drop, nanofiber diameter and the
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Figure 5. Photographs of TPU nanofibers based air filters fabricated from electrospinning on the fiber glass wire mesh with an electrospinning

time of (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, respectively.
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Figure 6. The long-term PM, 5 ;o and PM, s removal efficiencies of
the TPU air filter with 60% transmittance under a continuously
hazardous level of PM pollution with (a) no airflow, (b) airflow rate
of 200 ml min~". Error bar represents the standard deviation of three
replicate measurements.

nanofiber packing density. The nanofiber packing density is
defined as follows,

W

o= ,
Pl

ey

where « stands for the nanofiber packing density, W is the mass
of nanofibers per unit filter area, p; is the density of nanofibers,
and Z is the thickness of nanofibers. The initial increase in
pressure drop is mainly attributed to the increase of TPU nano-
fiber average diameters. With the increasing TPU concentrations
from 10wt% to 16 wt%, the decrease of nanofiber packing
density enlarges the interspace between nanofibers, which ben-
efits more effective air permeability, although the average
thickness of the nanofiber is further increased. When an air filter
fabricated from solutions with a TPU concentration of 18 wt%
nanofiber diameter plays a more significant role in air resistance
than the nanofiber, packing density and the related pressure drop
increases slightly. A trade-off parameter, named QF, is intro-
duced to evaluate filtration capacity of the air filters based on the
PM removal efficiency and related pressure drop. The values of
QF can be defined by the following formula [26, 27],

~In(1 — 1)
Ap
where 7 stands for the removal efficiency and Ap stands for the

pressure drop before and after filtration. Figure 3(c) shows the
QFs of air filters fabricated from electrospinning solution with

QOF = ©))
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different TPU concentrations from 8 wt% to 18 wt%. Obviously,
with the increasing flow rate from 100mlmin~' to
1000mlmin71, the values of QFs decrease because of the
rapidly increasing PM treatment capacity. When the TPU con-
centration is 16 wt%, the QF of the air filter reaches 0.45 Pa~!,
where the PM, 5 removal efficiency is 98.92% and the related
pressure drop is only 10 Pa at the flow rate of 200 ml min~'. In
comparison with the available literatures [28-35], as shown in
figure 4, our TPU air filter exhibits highly improved filtration
performance achieved by the largest QF value. Besides the TPU
concentrations in precursor, note that other processing para-
meters, such as the applied voltage and tip-to-collector distance,
can influence the average diameter and morphology of TPU
nanofibers during the electrospinning process [36, 37]. The PM, 5
removal efficiency, pressure drop, and the related quality factor
values of TPU nanofibers based air filters fabricated from the
different applied voltages and tip-to-collector distances are
demonstrated, as shown in figures S1 and S2, available online at
stacks.iop.org/NANO/30/015703 /mmedia (supporting infor-
mation 1).

Further, the visible light transmittance of the TPU air
filter is investigated by use of an optical transmittance meter.
Figures 5(a)-(d) show the photographs of a TPU nanofibers
based air filter with electrospinning times of 10 min, 20 min,
30min, and 40 min, corresponding to the visible light
transmittance of ~60%, ~40%, ~25%, ~10%, respectively.
Detailed measuring processes are depicted in supporting
information 2. For the optimal TPU air filters, with a trans-
mittance above 50%, the sufficient sunlight can penetrate
through TPU nanofibers. Therefore, the material use for the
TPU nanofibers based air filters can be reduced significantly
to a transparent level. Besides, this good optical transparence
can make the TPU nanofibers based air filters be applied to all
types of situations, including building windows for indoor air-
quality protection. We anticipate that there are no funda-
mental obstacles to extending these new TPU nanofibers to
PM filtrations, and these TPU nanofibers based air filters will
be a starting point for future high-efficiency and durable PM
filters, with good optical transparency and biocompatibility.

Besides, the long-term PM,s and PM, sy removal
efficiencies of a TPU air filter with 60% transmittance are
studied, as shown in figures 6(a) and (b). The PM, s and
PM, 5.1 removal efficiencies under no airflow are still kept at
>96% and >97% within a test time of 12 h, respectively. The
PM, 5.1o removal efficiency is always slightly higher than
PM, 5 under no airflow, indicating that the natural diffusion
ability of PM, 5.1¢ is even worse than PM, s. When airflow
rate is adjusted at 200 ml min—', both PM, 5 and PM, s o
removal efficiencies are >92% within the test time of 12 h.
Before and after filtration testing, the morphologies of TPU
nanofibers air filters are compared according to the SEM
images, as shown in figure S3 (supporting information 3). We
predict that both PM, 5 and PM,; 5_;( removal efficiencies will
become worse with a larger flow rate above 1000 ml min .
For the transparent TPU nanofibers based air filters, under the
larger flow rate condition, the longer term effective particles
capture is a question that needs careful consideration in the
future.

4. Conclusion

In summary, the electrospinning method for the fabrication of
air filters based on TPU nanofibers with different diameters is
reported for the first time. Under the airflow rate of
200 ml min_l, the optimal TPU nanofibers based air filters
show the high PM, 5 removal efficiency up to 98.92%, good
optical transparency of ~60%, low pressure drop of ~10 Pa,
high quality factor of 0.45Pa~', and long service life. The
breakthroughs of above performance improvements enable
the air PM filtering by the nanofibers based devices, paving
the way for the commercial application of these technologies.
With the excellent filtration performance, such TPU nanofi-
bers based air filters will not only lighten the future research
on various nanofibers based air filters, but also enable their
commercialization in filtering air PM and greatly benefit
public health.
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