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Formation and characterization of
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Polytetrafluoroethylene (PTFE) porous membranes are widely used for high-temperature filtration. The
polytetrafluoroethylene nanofiber membranes for fine particulate filtration were prepared by sintering

the precursor electrospun polytetrafluoroethylene/polyvinyl/boric acid alcohol composite membranes.
The effects of PTFE/PVA mass ratio and sintering temperature on the morphology and properties of the

prepared membranes were investigated to obtain the PTFE nanofibers with different diameters, and the
film has been characterized by SEM, TG, XRD, FT-IR, and EDS, and the mechanical and hydrophobic
properties of the membranes were also investigated. The PTFE nanofiber membranes after sintering had

nanofiber and nanowire structures. Moreover, the membranes were tested in air filtration. The filtration

efficiency and pressure drop were tested to evaluate the membrane permeability and separation
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300 nm sodium chloride aerosol particles at a 30 L min
membranes showed durable self-cleaning properties, which suggested that the PTFE nanofiber
membranes were a promising candidate for high temperature filtration applications.

DOI: 10.1039/c9ra01643k
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1. Introduction

Air pollution, as a primary environmental problem, has attrac-
ted increasing attention due to rapid urbanization and indus-
trialization. More than two million premature deaths each year
can be attributed to the effects of urban outdoor air pollution
and indoor air pollution, particularly in developing countries.”
Fine particles with an aerodynamic diameter less than 2.5 pm,
were considered to be a major cause of adverse health effects
ranging from the human respiratory tract to extrapulmonary
organs.>” Moreover, stricter emission limits for fine particle
emissions from industrial processes and automotive exhaust
have also contributed to the urgent need for high performance
filters with high filtration efficiency, low energy cost, and long
service life.*” The conventional filtration media, including melt-
blown fibers, glass filters, and spun-bonded fibers, are known to
exhibit relatively low filtration efficiency and high energy
consumption, as well as being unsuitable for the filtration of
fine particles due to the micro-sized fiber diameter and depth
loading characteristics.*® Template synthesis, phase separation,
melt-blown methods, and plasma treatment have been
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properties. The results showed a high filtration efficiency (98%) and a low pressure drop (90 Pa) for

~1 airflow velocity and the hydrophobic

developed to fabricate nanofiber-based membranes for separa-
tion of fine particles.’*™* But most of the filters still suffer from
low filtration efficiency and high energy consumption, as well as
being unsuitable for the filtration of fine particles. In the past
decade, electrospun nanofibers have widely been used as
fibrous filters for air filtration."** Electrospinning has emerged
as a promising technology in air filtration and water purifica-
tion devices because of the advantageous features of control-
lable fiber diameter, high porosity, remarkable specific surface
area, low packing density. Nevertheless, those membranes may
not be able to withstand high temperature for a long time.

Polytetrafluoroethylene (PTFE) is well known for its
outstanding thermal stability, chemical resistance, low surface
energy and good electrical insulation.**®* Porous PTFE
membranes®®*! and PTFE bag filters®*~** have been widely used
as high-temperature filters. Most of the filters for hot gas
filtration are made of nonwoven fabrics of PTFE,*® PPS,*¢ glass,*”
ceramic*® and metal fiber.** For PTFE nanofiber membrane, it
has potential as hot gas filter media and so far litter has been
reported about the application of PTFE nanofiber membranes
for hot gas filtration.

Due to the superior solvent resistance and the high melt
viscosity,'®** PTFE fiber is prepared by the methods of
membrane-splitting and paste-extrusion. In the preparation
process, a lot of lubricants are used which may be harmful to
the environment. In this paper, PTFE nanofiber membranes

were prepared by sintering PTFE/PVA/BA electrospun
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membranes (emulsion electrospinning). Emulsion electro-
spinning is considered as green and environmental method to
fabricate fibrous membranes from water based emulsions
together with small amount of water soluble polymer as
a matrix. This method not only could avoid using a large
amount of toxic organic solvents but also could be used to
process unspinnable polymer particles into fibers.*** We used
the complexing property of BA and PVA and prepared spinning
solution by adding a little amount of BA solution into the mixed
liquids with different mass concentrations of PVA and PTFE
emulsion. PVA (10 wt%) was chosen as assistant spinning due to
its water solubility, low cost, easy spinning property and low
decomposition temperature. The effect of PTFE/PVA ratio and
sintering temperature on the morphology and properties of
PTFE nanofiber membranes for air filtration are investigated.
PTFE nanofibrous membranes are designed for water resistant
and breathability application because of the high hydropho-
bicity, high fracture toughness and low surface friction. Further
studies show that the PTFE nanofiber membranes have high
porosity and complex pore geometries that give the membranes
high filtration efficiency with low pressure drop.

Thus far, Xiong et al.*® reported an inspiring work in which
fibrous PTFE membranes were fabricated through electro-
spinning and sintering and PTFE nanofiber membranes have
been widely exploring and adopted for versatile application,
such as dye degradation,” photocatalytic degradation,****
waterproof-breathable application,” vacuum membrane distil-
lation,*** the separator for lithium-ion batteries,* the high-
performance triboelectric nanogenerators,* the oil/water sepa-
ration.** However, research in air filtration has hardly been
carried out.

2. Experimental
2.1 Materials

All materials were purchased commercially and were used
without further purification. PTFE emulsion (TE3859) in water
(60%) was obtained from Dongguan Dongzhan plastic trade
Co., Ltd. The PTFE particles in the emulsion have an average
size of 80 nm. PVA1799 was provided by Sichuan Vinylon
Factory (China) and boric acid (BA) was purchased from Zhe-
jiang Transfar Technology Co., Ltd (China). The water used in
this work was distilled water.

2.2 PTFE nanofiber membranes preparation

2.2.1 Emulsion electrospinning. BA powder was dissolved
in distilled water in a vial by stirring for 2 h at room temperature
to prepare BA solution (4 wt%). PVA solution (10 wt%) was
prepared by dissolving PVA powder in distilled water at 90 °C
under constant stirring for 3 h. The PTFE emulsion and amount
of BA solution (100 pL/10 g PVA) were added to PVA solution
with different mass ratios and followed by continuous stirring
for at least 10 h to form spinning solution which concentration
was 26% at room temperature. The mass ratios of PTFE/PVA
were 3:1, 4:1, 5:1, 6:1 and 7:1, respectively. BA was
added to mixed solution and reacted complexing with PVA

13632 | RSC Adv., 2019, 9, 13631-13645
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which could increase the spinning solution viscosity to avoid
PTFE agglomeration. A direct current voltage of 15 kV was
applied at a distance of 15 cm between the needle and collector
screen which was made by an aluminum foil. The nanofiber
membranes were collected by a steel mesh for 8 h and the flow
rate was 0.5 mL h™", as depicted in Fig. 1.

2.2.2 PTFE membranes preparation. The -electrospun
PTFE/PVA/BA as-spun composite fiber membranes were dried
for 6 h at 70 °C and then were sintering at 340, 360, 380, 390 and
410 °C (Sgl-1200 Tupe Lab Furnace, Shanghai Daheng Optics
and Fine Mechanics Co., Ltd) for 20 min at a heating rate of
10 °C min~ ' to remove PVA and get the pure PTFE fibrous
membranes. During the sintering process nitrogen atmosphere
was maintained until the temperature was back to room
temperature. Fig. 2 showed the schematic preparation of PTFE
nanofiber membranes by emulsion electrospinning and sin-
tering and schematic the filtration process of the PTFE nano-
fiber membranes for particles.

2.3 Characterization and measurements

2.3.1 Morphology of PTFE nanofiber membranes. The
morphologies of PTFE nanofiber membranes were investigated
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Fig. 1 Schematic diagram illustrating the fabrication of PTFE/PVA
fiborous membranes and typical FE-SEM image of PTFE/PVA
membrane.
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Fig. 2 Schematic preparation of pure PTFE electrospun nanofibers by
emulsion electrospinning and sintering, and filtration process of the
PTFE nanofiber membranes for aerosol particles.
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with a FESEM equipped with an X-ray energy dispersive spec-
trometer (EDS) (EVO MA 25, ZEISS, Germany). The PTFE
nanofiber membranes were frozen in liquid nitrogen, fractured
to obtain fragments, and sputtered with platinum using
a HITACHI E-1010 Ion Sputtering device for FESEM observa-
tion. EDS detector was used to determine the existence of PVA.

2.3.2 Porosity and pore size distribution. The over porosity
was usually determined by the gravimetric method, deter-
mining the weight of liquid contained in the membrane pores.
The porosity ¢ of the PTFE nanofiber membrane was calculated
by the following equation:

Wi — wa/py (1)

= ——— -
wy — wa/pi + wa/p

Here, w, is the weight of the wet PTFE nanofiber membrane, w,
is the weight of the dry PTFE nanofiber membrane, p, is the
liquid density, which equals 0.816 g mL™", and p is the polymer
density, which the density of PTFE is 2.2 g mL~". The pore size
distribution of the PTFE nanofiber membranes was investigated
by using a Capillary Flow Porometer (Porometer 3GZH Quan-
tachrome Instruments, USA). The nanofiber membranes were
fully wetted with the Gq16, and then the measurements were
carried out following the procedure described in the literature.>®
The pore size distribution was determined with the aid of the
computer software coupled to the capillary flow porometer.

2.3.3 Contact angle. The contact angles of the membranes
were measured by a contact angle measuring system (SL200KB,
America).

2.3.4 Mechanical strength and thickness. The tensile
mechanical property was measured on a tensile tester (KEG-G1,
Kato-Tech Co., Ltd. Japan). Strip samples with a width of 5 mm
and a length of 40 mm were tested with a crosshead speed of 10
mm min~'. The thickness of the samples was measured by
a screw micrometer. All the samples were tested for 5 times to
give the average values.

2.3.5 IR and XRD examination. The Fourier transform
infrared (FTIR) spectra was recorded on a Nicolet 5700 spec-
trometer (Thermo Fisher Scientific, USA) to determine the
residual extent of PVA in each sample before or after sintering
treated. X-ray diffraction (XRD, Bruker D8, Germany) was used
to elucidate the crystal structure of samples.

2.3.6 DSC and TGA examination. The differential scanning
calorimeter (DSC, NETZSCH DSC 200PC) analysis of the PTFE
nanofiber membrane was performed to determine the melting
temperature. For the purpose of getting the initial softening
temperature, samples were heated up from 30 to 380 °C at
a heating rate of 10 °C min~'. Thermal stabilities were exam-
ined by thermogravimetric analyser (TGA, Seiko-6300, Japan) in
nitrogen atmosphere with a heating rate of 10 °C min™".

2.4 Applications of air filtration

A TSI Model 8130 Automated Filter Tester (TSI, Inc., MN, USA)
was used to measure the filtration efficiency and filter resistance
(Fig. 3). The device is attached to a particle generator which
generates charge neutralized micron monodisperse solid NaCl
particles of 0.3 pm in diameter. The neutralized NaCl aerosols

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Schematic diagram of the experimental setup for a particulate
generation, filtration, and measurement system.

were fed into a filter holder and down through the filter with 100
em? of effective area. Two, solid-state, laser photometers enable
these filter testers to measure aerosol concentration levels both
upstream and downstream of the filter under testing. The filter
resistance was measured with a combination of a flow meter
and two electronic pressure transducers that detected the
pressure drop through the filter media under testing. All NaCl
aerosol tests were conducted at room temperature. The air
before and after the membrane filters was sampled, and the
filtration efficiency of the membrane filter was determined
using

n=(Co— OIC 2)

where C, and C correspond to the particle number concentra-
tion before and after the membrane filters.

The quality factor (QF), which is usually taken as the crite-
rion for comparing filtration performance of different filters, is
expressed as:*’

In(1 — )

QF = AP 3)

where n and AP is the filtration efficiency and pressure drop,
respectively. The higher collection efficiency with lower possible
pressure drop result in a better filter media.

3. Result and discussion
3.1 Effects of solution parameters on fiber morphology

The SEM images of the membranes prepared by electrospinning
under certain condition and the mass ratios of PTFE/PVA were
3:1,4:1,5:1,6:1and 7 : 1, respectively were shown in Fig. 4.
In order to improve the mechanical and filtration performance
of PTFE nanofiber membrane, the fibers should be uniform
without a lot of beads. When the mass ratios of PTFE/PVA were
6:1 and 7:1, many beads and needle-like short fibers

RSC Adv., 2019, 9, 13631-13645 | 13633
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Fig.4 Morphologies of precursor electrospun PTFE/PVA composite membranes at different PTFE/PVA mass ratios ((al and a2), 3 : 1; (bl and b2),
4:1: (clandc?2),5:1;(dland d2), 6:1; (el and e2), 7 : 1; al-el, x2000 surface; a2—e2, x5000 surface).

appeared. This morphology (Fig. 4(d) and (e)) could be because beads decreased and the fibers became continuous by
the amount of PVA was too small to efficiently binder the PTFE  increasing the PVA amount (Fig. 4(a)—(c)). The precursor nano-
nanoparticles each other into a continuous fiber form. The fiber membrane was composed of a random array of nanofibers.
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A small part of the PTFE particles were attached to the fiber
surface, which most of them were wrapped inside the fiber. As
shown in Fig. 5, when the mass ratios of PTFE/PVA decreased
from 5 : 1 to 3 : 1, the structure of the film morphology change
constantly, and fiber diameter decreased from 591.63 nm to
219.10 nm because of the decrease of PTFE nanoparticles.

From the Fig. 6, changes could be seen between the as-spun
composite fiber membrane and the membrane after sintering.
The membrane after sintering was still composed of nanofibers,
and the fibers tended to melt and produced a crosslinked fiber
network. As the amount of PVA reducing gradually, the fibers of
calcinated membranes were more and more clearly. Meanwhile,
the fibers became thicker after heat treatment because of the
melting of PTFE. As the mass ratio of PTFE/PVA increased, the
membranes became PTFE resins rather than fibers. As shown in
Fig. 7, when the mass ratio of PTFE/PVA varied from 5:1 to
3:1, the structure of the membrane morphology changed
constantly, and sintered fiber diameter decreased from
1420.15 nm to 796.90 nm. Less PVA should be introduced in
spinning solution in order to obtain uniform PTFE fiber
membranes and the thinner fibers were good for air filtration.
Therefore, the electrospun PTFE/PVA composite fibers and their
membranes from the blend with the PTFE : PVA weight ratio of
4 : 1 were used for the following investigations.

3.2 The thermal properties of the as-spun composite
nanofiber membrane

The thermal properties were evaluated by TGA and DSC anal-
ysis. As shown in Fig. 8(a), the connection between the weight

View Article Online
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change of the precursor membrane (PTFE: PVA = 7: 3) was
verified by the TG curve. There were three weight-loss in the TG
curves. The first weight loss was around 250 °C because of the
vaporization of surfactant. The second weight loss occurred
between 300-350 °C, which was corresponding to the decom-
position of PVA. The last weight loss started at 500 °C, which
was attributed to the decomposition of PTFE. The result showed
that the PTFE was preserved well. The PVA completely decom-
posed between 330 and 430 °C and the pure PTFE was thermal
stable until 500 °C. DSC curve of PTFE nanofiber membrane was
shown in Fig. 8(b), it is observed that the nanofiber membrane
does not appear to melt until the temperature reached 327 °C. It
could be seen that the PTFE nanofiber membrane had excellent
thermal stability performance, which had a promising candi-
date for high temperature filtration applications.

3.3 Effect of sintering temperature on the fiber morphology

The SEM images of the PTFE nanofiber membranes after sin-
tering at different temperature were shown in Fig. 9.

In the sintering process, the PVA component decomposed
and the PTFE particles gradually fused. As shown in Fig. 9(a),
before sintering, the as-spun composite nanofiber membrane
was composed of a random array of nanofibers. A few of PTFE
particles were inlaid on the fiber surface and most of them were
wrapped inside the fibers. The membrane was still composed of
fibers and there are no obvious changes in fiber morphology
when the sintering temperature below 380 °C, though sintered
above the melting point of PTFE. When the temperatures were
340 °C (Fig. 9(b)) and 360 °C (Fig. 9(c)), though the PTFE
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Fig. 5 The diameter distribution of electrospun PTFE/PVA composite membranes at different mass ratios (@) 3:1; (b) 4:1; (c) 5: 1.

Fig. 6 Morphologies of precursor electrospun PTFE/PVA composite membranes at different PTFE/PVA mass ratios sintered at 380 °C, (a) 3: 1;

b)4:1;(c)5: 1
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particles began to melt and the fibers showed consecutively,
some PTFE particles still appeared on the surface of the fibers.
The morphology of the membrane treated at 380 and 390 °C
were shown in Fig. 9(d) and (e). The membranes were still
composed of a random array of nanofibers, but on the fiber
crosslinking points, the fibers tended to melt in the fibers
intersections resulting in bonding and formed a connected
fiber mesh structure. On the fiber surface, grooves arranged
transversely due to the PTFE melted and fluxed to fill the cavi-
ties caused by the PVA decomposition to keep the fiber shape.
The unique structures provided the multiple scale roughness,
which was not only important for forming hydrophobic surface,
but also important for improving the effective area for air
filtration. As shown in Fig. 9(f), further increasing the temper-
ature to 410 °C led to the shrinkage of fibers and junction-
formation between fibers. This mechanical performance of
the PTFE membrane sintering at 410 °C might be due to the
high temperature (410 °C) leading to partial degradation of
PTFE macromolecular chain.

3.4 The effect of sintering temperature on the composition
of the fibers

Further investigation by EDS was performed to prove the effect
of sintering temperature on the composition of the fibers. It was
shown in Fig. 10, the EDS patterns revealed that the as-spun

13636 | RSC Adv., 2019, 9, 13631-13645
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(@) TG curve of the as-spun composite membrane, PVA and PTFE nanofiber membrane; (b) DSC curve of PTFE nanofiber membrane.

nanofiber membranes surface contained C, O, and F, which
three characterized peaks were at 0.27, 0.52 and 0.68 keV. When
the sintering temperatures were 340 °C and 360 °C, the three
characterized peaks still appeared. It showed that there was still
a small amount of PVA in PTFE nanofiber membranes. After the
sintering temperature above 380 °C, the signal form oxygen
element was disappeared. The pure PTFE nanofiber membranes
could be got when the sintering temperature was above 380 °C.

The chemical structure and composition of before and after
sintering (380 °C) were confirmed by FT-IR as shown in Fig. 11.
The bands around 1210 and 1155 cm ™" were assigned for C-F
stretching vibrations, and the brands near 2937 and 3315 cm ™"
are characteristic for PVA. When the stretching temperature
increased at 380 °C, the characteristic bands for PVA dis-
appeared because of the decomposition of PVA. The result
showed that the PVA was completely removed, and PTFE
nanofiber membranes were successfully prepared.

3.5 The effect of sintering temperature on the crystallinity of
the PTFE nanofiber membranes

The X-ray diffraction pattern of pure PTFE nanofiber
membranes was shown in Fig. 12. There were peaks observed at
260 = 18.15°, 31.8°, 37.15° and 41.5°, which could be indexed to
(100), (110), (107) and (108) of PTFE, respectively. The peak at 26
= 18.15° was considered as the crystallinity phase of PTFE while

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Morphologies of precursor electrospun PTFE/PVA composite membranes sintered at different temperatures (PTFE/PVA mass ratio was

4:1)(a) 0°C; (b) 340 °C; (c) 360 °C; (d) 380 °C; (e) 390 °C; (f) 410 °C.

other two peaks were considered as the amorphous phase. The
degree of crystallinity could be calculated by dividing the inte-
grated area of the reflection peak at 26 = 18.15° from the sum of
the integrated areas of the whole three characterized peaks. The
as-spun PTFE nanofiber membrane had the highest degree of
crystallinity compared with the membranes after sintering. It
was because the PTFE particles experienced first melting and
then cooling down to room temperature to decrease the crys-
tallinity of the PTFE nanofiber membranes. The peak at 26 =
18.15° dropped down at first and then increased with the raised
of sintered temperature. When the temperature reached 410 °C,
the diffraction peak intensity did not appear to add up which
was due to that there was no improvement of the crystallinity.

3.6 The effect of sintering temperature on the mechanical
properties

The relationship between tensile strength and elongation at
break at different sintering temperatures were illustrated in

This journal is © The Royal Society of Chemistry 2019

Fig. 13. A comparatively high degree of crystallinity was benefit
to get the high mechanical performance. Although the as-spun
nanofiber membrane had a higher degree of crystallinity than
the membranes after sintering, the as-spun nanofiber
membrane showed poor mechanical performance. The as-spun
nanofiber membrane was flexible with a high elongation value.
It was because that the as-spun membranes were consisted of
random nanofibers without crosslinking. When the load was
applied, nanofibers could adjust their orientation enough.
When the temperature was below 390 °C, with the sintering
temperature increased the tensile strength enhanced. When the
membrane was sintering at 340 °C, the PTFE membrane showed
the smallest tensile strength of 2.5 MPa and elongation at break
of 35%, which due to the incomplete melting of PTFE particles
at the lower sintering temperature. After that, when the sinter-
ing temperatures were 380 °C and 390 °C, the tensile strength
improved obviously. Defects might partly be filled by PTFE melt
and the PTFE in nanofibers began to fuse and appeared the
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Fig. 10 EDS curves of PTFE/PVA precursor membranes before (a) and sintered different temperatures (b) 340 °C; (c) 360 °C; (d) 380 °C (PTFE/
PVA mass ratio was 4 : 1).

crosslinking point to form an interconnected fibrous network 3.7 The hydrophobicity of the pure nanofiber membrane
structure. The membranes could be stronger with the help of
the bonding between the fibers. The tensile strength of the
membranes treated at 410 °C was weaker than that of the

Hydrophobicity was an important property for air filtration,
which could make membranes have the property of durable
self-cleaning. The water contact angle of sintered membranes
treated at different temperatures and different mass ratios was
shown in Fig. 14, Tables 1 and 2. The water contact angle of the
as-spun nanofiber membrane was calculated to be about 28°
(Fig. 14(c)). It was due to that the as-spun nanofiber membranes
had a PVA concentration of about 20% and the huge specific
surface area because of the ultrafine fibrous structure. When

membranes treated at 380 °C and 390 °C. The mechanical
properties of nanofiber membranes decreased when curing at
higher temperatures although the temperatures were lower
than the decomposition temperature of PTFE. This mechanical
performance of the PTFE membrane sintering at 410 °C might
be due to the high temperature (410 °C) leading to partial
degradation of PTFE macromolecular chain.

J 0 °C PTFE/PV A membranes
o ..‘-:_'_’_»‘ . —\
p \ | 360 °C
CH2
-OH,~NH ml 380°C
h 390°C
A 410 °C
—— PTFE nanofiber membrane
—— Precursor membrane
4000 3500 3000 2500 2000 1500 1000 500 0 10 20 30 40 50
Wavenumber(cm) Degree (20)

Fig. 11 IR spectrums of PTFE nanofiber membrane and precursor  Fig. 12 XRD patterns of PTFE/PVA precursor membranes sintered
membrane. different temperatures.
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the mass ratios of the PTFE/PVA membranes increased from
3:1to5: 1, more and more PTFE particles were attached to the
fiber surface, which increased the roughness of the membranes

Stress (MPa)

6

(]
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and improved the water contact angle. After sintering at
different temperatures, the membranes became hydrophobic
and the water contact angle varies with increasing the sintering

(a) —— PTFE/PVA nanofiber membrane
—— PTFE nanofiber membrane
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Fig. 13 Stress—strain curves of the PTFE/PVA precursor membranes sintered different temperatures (PTFE/PVA mass ratio was 4 : 1).
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Fig. 14 The water contact angle of PTFE nanofiber membranes (a) different PTFE/PVA mass ratios, sintered at 380 °C; (b) different sintering
temperatures, the PTFE/PVA mass ratio was 4 : 1; (c) as-spun composite membrane.
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Table 1 The properties of PTFE nanofiber membranes at different PTFE/PVA mass ratios at a sintering temperature of 380 °C

Mean diameter of

Samples Thickness (um) Water contact angle (°) PTFE membranes (um) Porosity (%)
3:1 28 £+ 2.0 138.89 + 0.8 1.7 £ 0.03 86.3 + 2.5
4:1 25 + 2.0 140.09 + 0.7 1.82 £+ 0.08 84.4 £ 1.3
5:1 32+ 1.0 142.56 + 0.9 1.97 £+ 0.06 80.6 + 3.8

Table 2 The properties of PTFE nanofiber membranes prepared at different temperatures (the mass ratio of PTFE/PVA was 4 : 1)

Mean pore size of

Samples Thickness (um) Water contact angle (°) PTFE membranes (um) Porosity (%)
340 °C 25+ 1.0 135.98 + 0.6 1.9 £ 0.12 78.9 + 3.5
360 °C 24 + 2.0 137.97 + 0.8 1.85 £ 0.06 82.3 £ 2.8
380 °C 23 £+ 3.0 140.09 + 0.7 1.82 + 0.08 84.4 4+ 1.3
390 °C 23 + 2.0 142.91 + 0.9 1.76 £ 0.11 86.3 £ 3.4

temperature. When the sintering temperatures were 340 °C and
360 °C, the values of the water contact angle were lower than
that of 380 °C, 390 °C and 410 °C due to the existence of PVA.
There was no precise rule to describe the water contact angle
increasing tendency. The low surface and the roughness on
multiple scales were two important facts to form the hydro-
phobic surface.

3.8 The pore size and porosity of the pure nanofiber
membranes

The pore size distribution and pore size of the prepared PTFE
nanofiber membrane were measured and the results were pre-
sented in Fig. 15, Tables 1 and 2. The PTFE nanofiber
membranes had a suitable pore size and a uniform pore size
distribution, which was good for high-efficiency fine particulate
filtration. As the mass ratio of PTFE/PVA increased from 3 : 1 to
5: 1, a slight increase was seen in the pore size. The increase in
the pore size of relevant membranes could be owing to the
increase fiber diameter with increasing the PTFE particles. It
could be seen that when the mass ratio of PTFE/PVA reached
6 : 1, the nanofiber membranes were showed to be PTFE resins

rather than fibers. For this structure of the precursor
membranes, it was difficult for the PTFE particles to fuse
together which prevented the formation of an interconnected
fibrous network and made the mean pore size of the
membranes after sintering larger. Meanwhile, it could be seen
that the pore sizes of the PTFE nanofiber membranes decreased
with the increase of sintering temperature. The membrane was
still shown to fiber assembled, but on the fiber crossover points,
the fibers tend to fuse together and led to an interconnected
fibrous network. When the sintering temperature was 410 °C,
the high temperature might lead to the shrinkage of fibers and
junction-formation between fibers. That was why the smaller
pore size with higher sintering temperature.

The porosity of the membrane was an important parameter
affecting air filtration application. It was well known that the
membrane with higher porosity had higher permeate fluxes and
lower transmembrane pressure. The porosity of the PTFE
nanofiber membrane was shown in Tables 1 and 2. It could be
seen that the membrane porosity kept stable at about 83%.
With the increase of the sintering temperature, the porosity
increased slightly because of increasing space left by decom-
posing PVA component and a slight decrease in mean pore size.

25+ (a) —3:1 251 (b) % = 340°C
4 o—4-1 +—360°C
| by P N ’, +-380°C
z i@ z . P
215t ol 5 15t it w—=200°C
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& 05t g 05t
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Pore diameter (um)

Pore diameter (um)

Fig. 15 The pore size of PTFE nanofiber membranes with different (a) PTFE/PVA mass ratios, (sintering temperature: 380 °C); (b) sintering

temperature (PTFE/PVA mass ratio: 4 : 1).
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3.9 Air purification tests

3.9.1 Effect of PTFE/PVA mass ration on air filtration. For
air filtration materials or air filtration units, filtration efficiency
and pressure drop were two important indicators to study the
separation behavior of fibrous membranes towards particles,
which directly characterize the resistance of fibrous media with
different structures to particle mobility. The neutralized NaCl
aerosols were fed into a filter holder and down through the filter
with 100 cm? of effective area. The filtration performance of
PTFE nanofiber membranes after sintering at 380 °C with
different PTFE/PVA mass ration under the industrial standard
face velocity of 30 L min~' was demonstrated in Fig. 16.
Filtration efficiency of nanofibrous mats was dependent on
fiber structural properties, especially for fiber diameter and
pore size.

As shown in Fig. 16, the filtration efficiency of precursor
membranes with different mass ratios that were from 3 : 1 to
5:1 after sintering decreased from 98.6789% to 96.3871%,
which could be attributed to the increasing size of average fiber
diameter leading to the increased pore size of the membranes.
The increase in the pore size was revealed with the increase in
fiber diameter, and the maximum pore size value for pure PTFE
membranes was obtained from the precursor membranes with
the mass ration that was 5:1. In case of highly porous
membranes flow takes place through shorter and less tortuous
path resulting in a smaller air flow pressure drop with high
permeability. Interestingly, when the PTFE/PVA mass ratio was
5 : 1, the decrease of filtration efficiency was not obvious, which
was due to the increase of roughness and surface area. On the
one hand, the increased filtration efficiency of the rough
membranes compared with smooth membranes could be
contributed to increased projected frontal area constructed. On
the other hand, by imposing a pressure gradient across the
protrusions modified rough fibers during the filtration gener-
ates more streamlined fiber geometry with lower pressure drop
compared with smooth membranes, which could be due to the
increased stagnation region formed by boundary layers made
around the rough fiber. We could conclude that the roughness
structure creates higher filtration efficiency and facilitates the
penetration of air flow through the membranes, which was
important to improve the filtration properties. Meanwhile, the
pressure drop of PTFE membranes decreased with increasing
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the pore size and fiber diameter, which indicated the key role of
the mass ratio of PTFE and PVA for decreasing the pressure
drop. The QF values of 0.04384, 0.04404 and 0.04236 for the
PTFE membranes sintering from the precursor membranes
with different mass ratios from 3 :1 to 5:1, confirming the
crucial role the widely distributed 2D nanonets towards the
construction of fibrous medium for air filtration, especially for
practical applications in the energy saving society.

3.9.2 Effect of sintering temperature on air filtration. The
filtration performance of tested PTFE nanofiber membranes in
relation to sintering temperature was shown in Fig. 17. It could
be seen from Fig. 15 and Table 2 that the pore size decreased
with the rise of sintering temperature when the membranes had
same PTFE/PVA mass ratio. What was more, the pure nanofiber
membranes had similar porosity which kept stable at above
80% when the sintering temperatures were 340 °C, 360 °C,
380 °C, 390 °C. The filtration performance of PTFE nanofiber
membranes after sintering at different sintering temperatures
with the same PTFE/PVA mass ration under the industrial
standard face velocity of 30 L min~' was demonstrated in
Fig. 17. The filtration efficiency of PTFE nanofiber membranes
after sintering at different temperatures increased from
96.7826% to 98.0560%, which might arise from the fact that the
increased sintering temperature thus lead to the decreased pore
size of the relevant fibrous membranes. Moreover, the pressure
drop of PTFE nanofiber membranes increased from 80.3 Pa to
96.3 Pa on the basis of the decreased pore size, which indicated
the key role of pore structure in regulating the filtration
performance.

Interestingly, as shown in Fig. 18, on the membranes after
sintering, the abrasion produced many nanowires on the fiber
surface which could be owing to that the PTFE dispersing resin
produced nanowires under the action of shear force. PTFE
nanowire was reported in the study,* which was produced by
the abrasion on the fiber surface that benefited to improve the
hydrophobicity. It was known that PTFE molecules had a long,
straight carbon backbone to which the fluorine atoms were
bonded. The electron cloud of the fluorine atoms a uniform
helical sheath and such unbranched molecule lead to the high
crystallinity. The crystalline form of PTFE changes from
a triclinic to a hexagonal lattice at 19 °C. Such transition softens
the PTFE particles and then slip of PTFE molecular chain took
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Fig. 16 Filtration performance of PTFE nanofiber membranes with different PTFE/PVA mass ratios (sintered at 380 °C) (a) filtration efficiency and

pressure drop (b) quality factor values.
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Fig. 17 Filtration performance of PTFE nanofiber membranes with different sintering temperatures (PTFE/PVA mass ratio: 4 : 1) (a) filtration

efficiency and pressure drop (b) quality factor values.

Fig. 18 Morphologies of PTFE nanowire (a) x2000 surface; (b) x5000 surface; (c) x10 000 surface.

place under the action of external tension above 19 °C, which
results in the formation of fibrils. This structure was a benefit to
improve the filtration efficiency but not increase the pressure
drop. By considering the high filtration and low pressure drop,
when the sintering temperature was 380 °C, the PTFE nanofiber
membranes exhibited huge advantages in contrast to other
filtration media under the same filtration condition.

3.9.3 Effect of face velocity on air filtration. As could be
seen in Fig. 19, the filtration efficiency of these four kinds of
membranes sintered at different temperatures showed the
same variation behaviors with increasing the face velocity.

remained high filtration efficiency and had no obvious change.
The PTFE nanofiber membranes exhibited almost no
substantive change even at the face velocity of 90 L min*
which was due to the contribution of the nanonet on
improving the filtration efficiency based on physical sieving
manner, especially under a high face velocity. The curves of
pressure drop versus the face velocity were shown in Fig. 19.
The pressure drop increased with increasing the face velocity
and both of them showed a linear relationship, which was
related to that the air flow in the media was typically in low
Reynolds number regime, thus the stocks flow regime was

With an increase in the face velocity, the membranes considered to prevail in all PTFE membranes.
il (a) (b)
250 F o
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Fig. 19 (a) Pressure drop versus face velocity of the PTFE membranes with different temperatures; (b) filtration efficiency versus face velocity of

the PTFE membranes with different temperatures.
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3.9.4 Repetitive-use performance of filter media. For small
particles, the PTFE nanofiber membranes could collect the
small particles via direct impaction and Brownian motion and
the membranes could remove large particles by surface filtra-
tion. Most particles could be collected by surface filtration due
to the small pore size. The surface filtration theory was appli-
cable to the case where the particles size of the particles were
much larger than the pore size of the filter material, thereby
being hindered on the surface of the filter material, allowing
only gas to pass. The particles formed a filter cake on the surface
of the filter material and continued to exert the filtering effect.
The material suitable for the theory was easy to be cleaned, the
dust particles were not easy to enter the filter, and the service
life was relatively long. Fig. 20(a) and 2 simulated the process of
surface filtration.

PTFE had the smallest surface tension in solid materials and
did not adhere to any substance. Various cleaning strategies
were explored to regenerate the membrane performance after
fouling. Water-swilling was adopted to clean the polluted
membranes. Fig. 20(b) simulated the process of cleaning the
membranes that polluted by carbon particles which could be
removed by passing water. This phenomenon showed that the
PTFE nanofiber membranes after pollution remained a fine self-
cleaning property because of the hydrophobic surface that
could protect the structure and performance, showing great
potential for applying for high temperature filtration
applications.

4. Conclusions

In summary, PTFE nanofiber membranes used for air filtration
were fabricated by sintering PTFE/PVA/BA electrospun fibrous
membranes. The PTFE/PVA mass ratio and the sintering
temperature had effects on the morphologies and properties of
the membranes. For air filtration, the best performing PTFE
nanofiber membranes were made from a PTFE/PVA mass ratio
of 4 : 1 and sintered at 380 °C. After sintering, the PTFE nano-
fiber membranes had the structure of nanofiber and nanowire.
The presence of nanowire contributed to improving filtration
efficiency. Significantly, the result showed fascinating filtration
performances toward 300 nm sodium chloride aerosol particles
at a 30 L min~ " airflow velocity in terms of a high filtration

This journal is © The Royal Society of Chemistry 2019
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(a) Simulated the process of surface filtration; (b) simulated the self-cleaning process of the PTFE membranes after filtration.

efficiency (98%), relatively low pressure drop (90 Pa). The
nanofiber membranes had repetitive-use performances due to
the properties of non-sick and hydrophobicity. Because of the
high melting point of PTFE nanofiber membranes, this work
also provided a versatile strategy for further design and devel-
opment of functional fibrous membranes for high temperature
filtration application.
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