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properties of PTFE hollow fiber
membranes for the removal of ultrafine particles in
PM2.5 with repetitive usage capability

Huan Xu,a Wangyong Jin,b Feng Wang,ac Chengcai Li,a Jieqi Wang,a Hailin Zhu*ac

and Yuhai Guo *a

This study reveals the first attempt to apply PTFE hollow fiber membranes for removing ultrafine particles in

PM2.5. The asymmetric polytetrafluoroethylene (PTFE) hydrophobic hollow fibermembranes were prepared

through a cold pressing method including paste extrusion, stretching and heating. The reduction ratio,

stretching ratio and heating temperature have influences on the morphology, structure, porosity,

shrinkage ratio, tensile strength and permeability of the PTFE hollow fiber membranes. The

morphological properties of the PTFE hollow fiber membrane were studied using field emission scanning

electron microscopy (FESEM). The increase of stretching ratio can improve the pore size and porosity of

the hollow membrane, but be negative for the mechanical properties. By changing the reduction ratio

we can obtain different inner diameter PTFE hollow fiber membranes. Finally, the PTFE hollow fiber

membranes were tested for their performances in the removal of ultrafine particles in PM2.5. The PTFE

hollow fiber membranes had the microstructure of nodes interconnected by fibrils, designed to possess

the synergistic advantages of porous filters and fibrous filters with a sieve-like outer surface and

a fibrous-like porous substrate. Under dead-end filtration, the filtration efficiency is related to the wall

thickness, pore size and porosity of the membranes. The air filtration achieved was higher than 99.99%

for PM2.5 and 90% for PM0.3, indicating that all the prepared PTFE hollow fiber membranes exhibited

satisfactory removal of ultrafine particles performances. Because of the hydrophobicity, PTFE hollow

fiber membranes have self-cleaning ability and a large dust-holding capacity of >120 g m�2, slowing

down membrane fouling. The fouled filter media after washing retained a high filtration efficiency

without obvious deterioration. The hydrophobic PTFE hollow fiber membranes developed in this work

exhibited potential applications in air filtration.
1. Introduction

Over the past decade, air pollution has become a global issue,
especially in developing countries. Fine particulate matter (PM)
is the most harmful matter and has a severe inuence on
human health, air quality, and climate.1–3 As we all know, PM is
a complex mixture of extremely small particles and moisture
that can penetrate the human lungs and enter into the body
circulation system. Exposure to PM pollution can lead to heart
disease, and lung disease, even cancer.4,5 People are paying
more attention to outdoor air quality but neglecting indoor air
quality. Sometimes, the indoor air quality has become of great
importance as indoor air contains two to ve times higher
concentrations of pollutants than outdoor air.6 It is necessary
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and urgent to ensure effective protection for the public from the
present hazy days.7,8 For individual outdoor protection, some
efforts have been made.9,10 Facial masks are used to prevent the
inhalation of PM2.5 during outdoor activities. But we should
care about indoor air quality, such as that in a modern
commercial building or our house.11–13 The PTFE hollow ber
membrane air cleaner is employed to improve the air-
conditioned indoor air.

To remove or lter PMs from polluted air, many techniques
have been developed, such as such as cyclones, electrostatic
precipitators and brous lters including high-efficiency
particulate air lters and nanober lters.14,15 The most well-
known air ltration mechanisms are direct interception,
Brownian diffusion, inertial impaction, and gravity settling.16–18

In the past decade, electrospun nanobers have been used as
brous lters for air ltration because of the extremely ne
diameters.10,19–26 However, most of these membranes still suffer
from lter' robustness, antiwear properties and low production,
which limit the practical application of electrospun nano-
bers.27,28 High-efficiency particulate air lter is constructed
RSC Adv., 2018, 8, 38245–38258 | 38245
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Fig. 1 Schematic of the paste extrusion system.
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from bers which arrange into random layers and stack onto
one another. This type of lter has a short service life because of
its symmetric structure. Aer depth air ltration, different sizes
of PMs are captured by lters and permeate inside the lters,
making cleaning and reuse more difficult.17,29,30

Comparing the conventional air lters, PTFE hollow ber
membrane is an attractive membrane material for air ltration
due to superior hydrophobicity, self-supported, high packing
density and module fabrication.31,32 Thus far, PTFE hollow ber
membranes have been widely exploring and adopted for versa-
tile application, such as water treatment, membrane distilla-
tion, membrane bioreactor, membrane aeration bioreactor.33–36

PTFE is widely used in the eld of air ltration, but the main
products are PTFE at membranes and PTFE bag lter. Ning
Mao37 discussed the inuencing factors on ltration perfor-
mances of PTFE membranes lters. Zhang Nan38 improved
ltration properties of hydroentangled PTFE/PPS fabric lters
caused by brillation. Byung Hyun Park39 studied the ltration
characteristics of Fine Particulate Matters in a PTFE/Glass
Composite Bag Filter. Baiwang Zhao40 used PTFE-PDMS at
membranes to build a haze particles removal and thermally
induced membrane dehumidication system.

Up to now, few reports could be seen about the fabrication of
PTFE hollow ber membranes and investigation of its applica-
tion in air ltration for removal of ultrane particles in PM2.5,
and few studies which aim to use hollow ber membranes in air
ltration.41–43 The special structure and performance of the
PTFE hollow ber membrane may make the lter reduce the
PMs penetration, clean easily, and extended service life.

The objective of the present research is to (1) fabricate PTFE
hollow ber membranes through a cold pressing method
including paste extrusion, stretching and heating. (2) Evaluate
the ltration performance of the fabricated PTFE hollow ber
membranes, and (3) develop cleaning strategies in its service
life for repetitive usage. The results obtained in this work may
provide useful insights to develop cleanable and reusable
hollow ber membranes for air ltration.

2. Experimental
2.1 PTFE hollow ber membrane fabrication

2.1.1 Preforming and paste extrusion process. PTFE
powders supplied by Fluon (CD145E, made in Japan) were
mixed with 20 wt% lubricant (Isoparl G), and the PTFE pastes
were aged at least 24 h at 30 �C allowing uniform lubricant
distribution within the pastes and better wetting of the
powders.

The low temperature mixing procedure ensured that the
resin particles were not prematurely brillated. Before being
processed in a ram extruder, the PTFE powders were formed
into a cylindrical billet at 2 MPa pressure. The outer diameter,
the inner diameter and the length of the PTFE cylindrical billet
were 43.6 mm, 6.0 mm and 30 cm, respectively.

The applied pressure was to remove air voids in the mixture
to obtain uniform and mechanically acceptable products. The
paste extrusion setup is shown in Fig. 1. The pressure sensor
(measuring range up to 80 MPa) was mounted on the extrusion
38246 | RSC Adv., 2018, 8, 38245–38258
piston. The reduction ratio and the speed of extrusion were 350
and 1.0 mm s�1, respectively. The extrusion was carried out at
30 �C. The PTFE hollow ber membranes with different inner
diameters were obtained through the paste extrusion process.

The reduction ratio is dened as:

Reduction ratio ¼
�
d2
1 � d2

2

�
�
d2
3 � d2

4

� (1)

The different inner diameters of the PTFE hollow tube are
listed in Table 1.

Here, d1 is the outer diameter of the PTFE cylindrical billet,
d2 is the inner diameter of the PTFE cylindrical billet, d3 is the
outer diameter of the PTFE hollow tube, and d4 is the inner
diameter of the PTFE hollow tube.

2.1.2 Stretching process and heating process. The lubri-
cant was completely vaporized at 80 �C. The PTFE hollow tubes
were longitudinally stretched by rollers in an oven at 310 �C. The
stretching ratio was varied from 170% to 650%. The stretching
ratio is dened as:

Stretching ratio ¼
�
Ls

Lo

� 1

�
� 100% (2)

Here, Ls is the length of the stretched PTFE hollow ber
membrane and Lo is the original length of the PTFE hollow tube
before stretching. The stretching setup is shown in Fig. 2. Aer
the stretching process, the stretched PTFE hollow ber
membrane was sintered by heating system to ensure its strength
and dimensional stability. The heating temperatures were
300 �C, 340 �C, 360 �C, 380 �C, 410 �C, respectively. The heating
duration was 60 s.

The stretching ratios and heating temperatures for the PTFE
hollow ber membranes preparation are listed in Table 2.
This journal is © The Royal Society of Chemistry 2018
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Table 1 The characteristics of the PTFE hollow fiber membranes

Membrane
code

Outer
diameter (mm)

Inner diameter
(mm)

Wall thickness
(mm) Porosity (%) Contact angle (�)

Bubble
points (kPa)

P-1 3 2 0.5 35.8 130.4 � 2.8 50
P-2 3 2 0.5 67.3 28.6 � 3.2 37
P-3 3 2 0.5 71.5 30.5 � 3.0 28
P-4 3 2 0.5 76.8 26.7 � 2.3 15
P-5 3 2 0.5 83.2 27.8 � 1.8 10
P-6 3 2 0.5 54.3 128.9 � 2.7 22
P-7 3 2 0.5 59.7 129.3 � 2.5 20
P-8 3 2 0.5 68.9 126.7 � 3.7 18
P-9 3 2 0.5 67.3 132.3 � 2.5 12
P-10 4 1 1.5 75.4 128.6 � 3.1 17
P-11 4 1.5 1.25 78.8 126.5 � 3.5 15
P-12 4 2 1 80.3 128.4 � 2.3 16
P-13 4 2.5 0.75 76.7 130.4 � 1.5 15
P-14 4 3 0.5 77.5 130.5 � 2.2 18

Fig. 2 Schematic of the stretching system.
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2.2 Morphology of PTFE hollow ber membrane

The morphologies of PTFE hollow ber membranes were
investigated with a FESEM equipped with an X-ray energy
dispersive spectrometer (EDS) (EVO MA 25, ZEISS, Germany).
The hollow ber membranes were frozen in liquid nitrogen,
fractured to obtain fragments, and sputtered with platinum
using a HITACHI E-1010 Ion Sputtering device for FESEM
observation.
2.3 Porosity and pore size distribution

The overall porosity was usually determined by the gravimetric
method, determining the weight of liquid contained in the
Table 2 Stretching ratios and heating temperature for the PTFE hollow

Membrane code Stretching ratio (%) Stretching temper

P-1 170 200
P-2 260 200
P-3 330 200
P-4 450 200
P-5 650 200
P-6 450 200
P-7 450 200
P-8 450 200
P-9 450 200
P-10 450 200
P-11 450 200
P-12 450 200
P-13 450 200
P-14 450 200

This journal is © The Royal Society of Chemistry 2018
membrane pores. The porosity 3 of the PTFE hollow ber
membrane was calculated by the following equation:44

3 ¼ m1 �m2 �m3

rLpðr21 � r22Þl
(3)

Here, m1 is the weight of the wet PTFE hollow ber
membrane, m2 is the weight of the dry PTFE hollow ber
membrane, m3 is the weight of liquid in the lumen of hollow
ber, rL is the liquid density, l is the hollow ber length, r1 and
r2 are the outer radius and the inner radius of the hollow ber,
respectively. The weight of the liquid in the lumen was calcu-
lated by the following equation:

m3 ¼ rL � V ¼ rL � p � r2
2 � l (4)

Here, rL is the liquid density, r2 is the inner radius of the
hollow ber, l means the hollow ber length, respectively. The
liquid (GQ-16) used for porosity measurement was the aqueous
peruoro octane sulfopropyl betaine solution (1 wt%). It was
supplied by GaoQFunc. Mater. Tech. Co. Ltd. (China) and its
fiber membranes preparation

ature (�C) Heating temperature (�C) Heating time (s)

380 60
380 60
380 60
380 60
380 60
300 60
340 60
360 60
410 60
380 60
380 60
380 60
380 60
380 60

RSC Adv., 2018, 8, 38245–38258 | 38247
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Fig. 3 PTFE hollow fiber membrane module for air filtration.
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surface tension and density were 16 dyn cm�1 and 1.87 g ml�1,
respectively. The pore size distribution of the PTFE hollow ber
membranes was investigated by using a Capillary Flow Poro-
meter (Porometer 3GZH QantachromeInstruments, USA). The
hollow ber membranes were fully wetted with the Gq16, and
then the measurements were carried out following the proce-
dure described in the literature.45 The bubble point and pore
size distribution were determined with the aid of the computer
soware coupled to the capillary ow porometer.
2.4 Contact angle

The contact angle measurements were performed using
a tensiometer (DCAT21 Dataphysics, Germany) to determine the
hydrophobic properties of the PTFE hollow bers.46 Five speci-
mens were tested for each hollow ber membrane sample.
2.5 Mechanical properties test

Mechanical properties of the fabricated PTFE hollow ber
membranes were investigated bymeasurements with an Instron
tensiometer (Instron 5565-51cN, Instron Corporation, USA) at
Fig. 4 Schematic diagram of the experimental setup for a particulate ge

38248 | RSC Adv., 2018, 8, 38245–38258
25 �C and 65% RH. The sample was clamped at both ends and
pulled in tension at a constant elongation rate of 200 mmmin�1

with an initial length of 10 cm; ve specimens were tested for
each hollow ber sample.
2.6 Filtration performance of PTFE hollow ber membranes

PTFE hollow ber modules were prepared to evaluate the
ltration performance of PTFE hollow ber membranes. Both
ends of hollow bers were put on one module using epoxy and
cured at room temperature. All hollow bers present a U-shaped
arrangement as shown in Fig. 3. The effective length of hollow
bers was 30 cm.

The air ltration performance of PTFE hollow bers was
evaluated in a glass chamber as shown in Fig. 4, including an
aerosol generation system, a hollow ber module, and a particle
detection system. The nano aerosol particles were formed by
burning incense sticks. The ltration was conducted at an
outside-in mode with a dead-end conguration.

For air ltration materials or air ltration units, ltration
efficiency and pressure drop are two important indicators. The
air ltration is the ability of a lter unit to remove particles from
an air stream and the pressure drop describes the energy
requirements.

The air before and aer the hollow ber membranes was
sampled, and the ltration efficiency of themembrane lter was
determined using a TSI SMPS 3080 electrostatic classier
connect to a CPC 3775 particle counter with a scanning time of
45 s and a retrace time of 15 s.

h ¼ (C0 � C)/C0 (5)

where C0 and C correspond to the particle number concentra-
tions before and aer the membrane lters.18

The downstream side of the hollow ber membranes was
provided with a ventilator and a differential pressure sensor.
Adjusting the speed of the ventilator can obtain different dead-
end pressure drops. The pipeline was provided with a velocity
probe to measure the ow rate and calculate the ow of fresh
air.
neration, filtration, and measurement system.

This journal is © The Royal Society of Chemistry 2018
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Q ¼ S � V (6)

where Q is the ow of the fresh air, S is the sectional area of the
pipeline; V is the ow rate of fresh.

The ow of unit membrane area was used to evaluate the
permeability of the membrane, and it was dened as follows:

Q1 ¼ Q

S1

(7)

where Q1 is the ow of unit membrane, S1 is the area of the
membrane.

We copied the method of testing the air permeability in the
textile eld to judge the resistance of the membranes by
Fig. 5 FESEM images of the PTFE hollow fiber membranes at different
stretching ratios ((A1–A2), P-1; (B1–B2), P-2; (C1–C2), P-3; (D1–D2), P-
4; (E1–E2), P-5; A1, B1, C1, D1, E1,� 1000 inner surface; A2, B2, C2, D2,
E2, � 1000 outer surface).

This journal is © The Royal Society of Chemistry 2018
comparing the volume of the fresh air under the same dead-end
pressure drop.
2.7 Regeneration strategies for fouled membrane

Aer the PTFE hollow ber membranes were applied for air
ltration, several physical methods were used to clean the
fouled membranes, including air back purge, water backwash,
and water rinsing. To examine the efficacy of these physical
methods, the ow of fresh air was compared with that produced
by the new module at the same dead-end pressure.

h1 ¼
Q2

Q3

(8)

where Q2 corresponds to the ow of fresh air produced by the
regenerate and Q3 corresponds to the new PTFE hollow ber
membrane module.
3. Result and discussion
3.1 Membrane morphology

The FESEM images of the PTFE hollow ber membranes with
different stretching ratios were shown in Fig. 5. It could be seen
that all the PTFE hollow ber membranes had microstructures
of nodes interconnected by brils. In the uniaxially stretched
PTFE hollow ber membranes, the brils and nodes appeared
in turn regularly in spaces along the stretching direction. With
the increase of stretching ratio, the areas of nodes reduced and
the brils were elongated and densely distributed in the direc-
tion parallel to stretching direction. A higher stretching ratio
tended to result in larger pore size.

The microstructure of the PTFE porous membranes was
made of two domains. One was the node and the other was the
bril. Node was the solid agglomerates of particles and brils
bridged the two adjoining notes. The length of bril increased
with the increase of stretching ratio and stretching operation
brought about the steady formation of brils and large pore
size.

It was noticed that the pore sizes in the inner surface were
larger than in the outer surface for all the PTFE hollow ber
membranes, which might be due to the reduction ratio. In the
preforming process, the outer diameter and the inner diameter
of the obtained PTFE cylindrical billet were 43.6 mm and 6.0
mm. Aer the paste extrusion, the outer diameter and inner
diameter of the obtained PTFE hollow tube were 3 mm and 2
mm, respectively. A high reduction ratio resulted in a higher
extrusion pressure on the outer surface than that on the inner
surface of the PTFE hollow tube. The outer surface of the PTFE
hollow tube became denser than the inner surface. Therefore,
the outer surface was more difficultly stretched during the
stretching process.
3.2 Pore size distribution, bubble point and porosity

The mean pore size distribution of the PTFE hollow ber
membrane was presented in Fig. 6.

It could be found that the pore sizes of the PTFE hollow ber
membranes became larger with the increase of stretching ratio,
RSC Adv., 2018, 8, 38245–38258 | 38249
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Fig. 6 The mean pore size of the PTFE hollow fiber membrane with different (A) stretching ratios, (B) different heating temperature and (C) the
pore size distribution of the hollow fiber membranes.

Table 3 Mean pore size andmechanical properties of the PTFE hollow
fiber membranes with different inner diameter

Membrane
code

Mean pore
size (mm)

Breaking
strength (MPa)

Elongation-
at-break (%)

P-10 4.67 18.54 � 0.27 68 � 2
P-11 4.75 17.73 � 0.73 62 � 3
P-12 4.71 16.36 � 0.58 58 � 1
P-13 4.68 14.67 � 1.67 56 � 3
P-14 4.72 14.32 � 0.32 52 � 2
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which was in agreement with the results of FESEM. The pore
size distribution of the hollow ber membrane was presented in
Fig. 6C. In can be found that the pore sizes of the PTFE hollow
bermembranes increased with the increase of stretching ratio,
which was in agreement with the analysis of membrane
morphology. When the stretching ratio was 170%, the pore size
distribution of the PTFE hollow ber membrane was narrow.
Larger pore size and broader pore size distribution could be
acquired with a higher stretching ratio. The porosities and the
bubble point of the PTFE hollow ber membranes were pre-
sented in Table 1. The increasing stretching ratio was positive
for porosity but negative for the bubble point pressure. This
might be due to the fact that the pore sizes of the PTFE hollow
ber membranes became larger as the stretching ratio in the
uniaxially stretching process.

It could be found that with the rise of the heating tempera-
ture, the pore size and porosity increased and the bubble point
decreased. Some brils in the membrane break at a higher
heating temperature in the heating process, which resulted in
the above phenomenon.

The membranes with different inner diameters had similar
mean pore size are shown in Table 3. This proved that the
stretching ratio played a decisive role in the pore size of the
membrane.
3.3 Contact angle

The results of contact angles in Table 1 conrmed that the PTFE
hollow ber membranes possessed the excellent hydrophobic
38250 | RSC Adv., 2018, 8, 38245–38258
properties. It could be seen that heating temperature and
stretching ratio have little inuence on the contact angle. Due to
the hydrophobic properties, it was possible to clean the fouled
membranes.
3.4 Mechanical properties

The effect of stretching ratio and heating temperature on tensile
strength was shown in Fig. 7. The stress–strain curves were
shown in Fig. 7A. It could be seen that the breaking strength
and elongation-at-break of the PTFE hollow bers membranes
decreased with the increase of stretching ratio. The results were
mainly due to that with the increase of stretching ratio, the
brils in the microstructure became longer in the PTFE hollow
ber membranes and easily broken in the stretching process.
The tensile strength increases with the rise in heat treatment
temperature. The result shown in Fig. 7B suggested that at
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Stress–strain curves of the PTFE hollow fiber membranes with different stretching ratios (A) andmechanical properties of the PTFE hollow
fiber membrane with different heating temperature (B).

Fig. 8 Filtration performance of PTFE hollow fiber membranes with different stretching ratios under the dead-end mode after 2 h filtration: (A)
the volume of fresh air and (B) the filtration efficiency of PM2.5 and PM0.3.
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a higher temperature some changes in the membrane structure
which brought about the increase in tensile strength. It also
could be seen from Table 3 that with the increase of the wall
thickness of the hollow ber membrane, the tensile strength
and elongation-at-break increased.
3.5 Air purication tests

3.5.1 Effect of stretching ratio on air ltration. For air
ltration materials or air ltration units, ltration efficiency
and pressure drop were two important indicators. The ltration
area of the hollow ber membrane modules was about 0.35 m2

depending on the ber diameter. The ltration tests of PTFE
hollow ber membranes with different stretching ratios were
performed under dead-end and outside-in modes at the same
dead-end pressure drop (300 Pa). The principle of the fresh air
ventilator was displayed in Fig. 4 and we evaluated the perfor-
mance of the PTFE hollow ber membrane module with fresh
air volume and ltration efficiency at a certain dead-end pres-
sure. The ltration performance of the hollow ber membrane
with different stretching ratios under the dead-end mode aer
two hours of ltration was shown in Fig. 8. The fresh air volume
increased with the increase of stretching ratio, whichmay result
from the pore size and the porosity. The pore sizes and porosity
of the PTFE hollow ber membranes became larger as the
stretching ratio in the uniaxially stretching process. The outer
This journal is © The Royal Society of Chemistry 2018
diameter, inner diameter, wall thickness were listed in Table 1.
It was observed that the wall thicknesses among the PTFE
hollow ber membranes with ve stretching ratios had no
signicant differences. When the stretching ratio varied from
170% to 450%, the wall thicknesses of the membrane were still
0.5 mm. This also might be due to the formation mechanism of
the porous structure in the PTFE porous membrane. The length
of brils increased with the increase in the stretching ratio and
the width of nodes remained constant. Therefore, in this set of
experiments, the inuence of stretching ratio on the fresh air
ventilator was very signicant and wall thickness had little
effect on the fresh air ventilator.

The ltration efficiency as a function of different stretching
ratios of the PTFE hollow ber membranes was shown in Fig. 8.
Clearly, the PTFE hollow ber membrane with different
stretching ratios had achieved an ultrahigh particle removal
efficiency of over 99.99% for particles larger than 2.5 mm and
over 90% for particles larger than 0.3 mm. The ltration effi-
ciency of the P-4 was higher than other hollow bers. The
ltration efficiency and the ow rate across the membrane
increased when the stretching ratio rose from 1.7 times to 4.5
times. Interestingly, this trend was opposite to those ndings
using at symmetric porous lters where a smaller pore size
lead to higher ltration efficiency and using at symmetric
brous lters where a higher ow rate lead to lower ltration
efficiency. The PTFE hollow ber membranes possessed the
RSC Adv., 2018, 8, 38245–38258 | 38251
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synergistic advantages of porous lters and brous lters with
a sieve-like outer surface and a brous-like porous substrate.
The cross-section of the PTFE hollow ber membranes had an
asymmetric structure. Due to the asymmetric structure, the
high ow rate could increase the possibility of particles depo-
sition via direct impaction and Brownian motion. For the
ltration efficiency of asymmetric hollow ber membranes, the
ow rate was more important than the pore size and porosity.
The ltration efficiency of P-5 reduces slightly because the
larger pore size and porosity could increase the penetration of
the particles.

3.5.2 Effect of heating temperature on air ltration. It
could be seen from Fig. 6B and Table 1 that the pore size and
porosity increased with the rise of heating temperature. Because
in the heating process, some brils in the membrane break at
higher heating temperature, which increased pore size and
porosity. To study the effects of heating temperature on ltra-
tion performance, the heating temperature varied from 300 �C,
340 �C, 360 �C, 380 �C to 410 �C.

The FESEM images of the non-heated membrane (A) and the
heated membranes obtained at different temperatures: 300 �C
Fig. 9 FESEM images of the PTFE hollow fiber membrane: (A) nonheate

38252 | RSC Adv., 2018, 8, 38245–38258
(B), 340 �C (C), 360 �C (D), 380 �C (E), 410 �C (F). These FESEM
images showed the boundary region between the bril domain
and the node. As can be seen in Fig. 9A, some PTFE particulates
starting materials adhere in the node. The FESEM images of the
membranes heat treated at 300 �C (B) and 340 �C (C) were
similar to that of the non-heated membrane. However, the
microstructure hardly changed and the PTFE particles were
almost completely lost when the heat treatment temperature
was up to 360 �C (D). These results suggest that the change in
the microstructure observed at 360 �C was due to the melting of
PTFE particles, and furthermore, it was suggested that the
increase in tensile strength of the PTFE hollow ber membrane
caused at 360 �C was related to this melting of PTFE.

The ltration performance of the hollow ber membrane
with different heating temperature under the dead-end mode at
the same dead-up pressure (300 Pa) aer two hours of ltration
was shown in Fig. 10. The fresh air volume increased with the
increase of heating temperature, which might result from the
pore size and the porosity. It could be seen from Fig. 6B and
Table 1 that the pore size and porosity increased with the rise of
heating temperature. Because in the heating process, some
d; (B) 300 �C; (C) 340 �C; (D) 360 �C; (E) 380 �C; (F) 410 �C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Filtration performance of PTFE hollow fibermembranes with different heating temperature under the dead-endmode after 2 h filtration:
(A) the volume of fresh air and (B) the filtration efficiency of PM2.5 and PM0.3.

Fig. 11 Filtration performance of PTFE hollow fiber membranes with different dead-end pressures under the dead-endmode after 2 h filtration:
(A) the volume of fresh air and (B) the filtration efficiency of PM2.5 and PM0.3.
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brils in the membrane break at higher heating temperature,
which resulted in the increase of pore size and porosity.

We also compared the ltration efficiencies of the PTFE
hollow ber membranes with different heating temperature. It
was shown that the removal efficiencies of both PM2.5 and
PM0.3 were better with the heating temperature at 380 �C. The
ltration efficiency crossed the membrane increase when the
heating temperature raised from 300 �C to 410 �C because of
the larger ow rate. The ltration efficiency of P-9 reduced
slightly because the larger pore size and porosity could
increase the penetration of the particles. This phenomenon
was consistent with the effect of stretching ratio.
Fig. 12 Filtration performance of PTFE hollow fiber membranes with diff
the volume of fresh air and (B) the filtration efficiency of PM2.5 and PM0

This journal is © The Royal Society of Chemistry 2018
3.5.3 Effect of dead-end pressure drop on air ltration. The
ltration performance of tested hollow ber membranes in
relation to dead-end pressure drop was shown in Fig. 11. We
found that for one kind of PTFE hollow ber membrane, the
fresh air volume increased with increasing the dead-end pres-
sure drop and both of them showed a linear relationship. We
also found that for one kind of PTFE hollow ber membrane,
the ltration efficiency of PM2.5 and PM0.3 increased with
increasing the dead-end pressure drop. But when the dead-end
pressure drop below 400 Pa, the ltration efficiency of PM2.5

increased faster than that of PM0.3 and this trend was opposite
to that the dead-end pressure dropped from 400 Pa to 600 Pa. As
erent wall thicknesses under the dead-end mode after 2 h filtration: (A)

.3.

RSC Adv., 2018, 8, 38245–38258 | 38253
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Fig. 13 PTFE hollow fiber membranemodule after air filtration and the
new module.

Fig. 14 FESEM images of the PTFE hollow fiber membranes after air filtra
H1–H5, after swilling–drying treatment before the third test cycle; F1, G1
� 2000 outer surface; G4, H4, � 1000 inner surface; G5, H5, � 5000 in

38254 | RSC Adv., 2018, 8, 38245–38258
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the tested hollow ber membranes were asymmetric, the
mechanisms of particle collection were direct impaction and
Brownian motion. When the dead-end pressure drop below 400
Pa, the ow rate was lower and the large particles were collected
via direct impaction. The dead-end pressure dropped above 400
Pa; the small particles were collected via Brownian motion at
a higher ow rate. The smaller the particles had more chance of
hitting obstacles and had better ltration efficiency.

3.5.4 Effect of the wall thickness on air ltration. The
tested hollow ber membranes at different wall thicknesses
were compared in Fig. 12. The ltration tests of PTFE hollow
ber membranes with different wall thickness were performed
under dead-end and outside-in modes at the same dead-end
tion (F1–F3, after 4 months filtration; G1–G5, after 8 months filtration;
, H1, � 500 outer surface; F2, G2, H2, � 1000 outer surface; F3, G3, H3,
ner surface).

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 The dust-holding capacity of the PTFE fiber membrane
module at different stages of one year.
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pressure drop (300 Pa). The highest fresh air volume (above 19
m3 h�1 at 1 m2 membranes) was observed at the lowest wall
thickness of 0.5 mm. The fresh air volume increased from 5.39
m3 h�1 to 19.54 m3 h�1 when the wall thickness decreased from
1.5 mm to 0.5 mm. It was similar to the symmetric brous
ltration that a lower fresh air volume was obtained at larger
thickness. That was because the wind may encounter more
obstacles at the thicker wall.

Regarding ltration performance, the ltration efficiency
decreased when the wall thickness decreased from 1.5 mm to
1 mm and opposite from 1 mm to 0.5 mm. We could see an
expected trend for the tested hollow ber membranes when the
wall thickness decreased from 1.5 mm to 1 mm. For thicker
walls, the particles could get a higher residence time to be
collected by diffusion deposition. It was consistent with
symmetrical brous ltration. As mentioned above, for the
asymmetric hollow ber membranes, the ltration efficiency
should be improved with the increase of ow rate. When the
wall thickness within this interval, wall thickness had more
inuence on ltration performance than the ow rate at the
lower ow rate.

When the wall thickness was less than 1 mm, the ltration
efficiency increased as the wall thickness decreased. The hollow
ber membranes with thinner walls had a high rate of pene-
tration. For PTFE hollow ber membrane, its asymmetric
structure in the cross-section might enhance the possibility of
particles deposition via direct impaction and Brownian motion.
When the wall thickness was thinner, the high ow rate might
be more conducive to ltration efficiency. Hence, the wall
thickness and ow rate were the two important factors that
affect the ltration efficiency.

3.5.5 Repetitive-use performance of lter media. The PTFE
hollow ber membranes aer air ltration for six months and
the new module were shown in Fig. 13. The membrane module
aer ltration was black in appearance, indicating that the
outer surface had aggregated particles.

The outer surface of hollow ber membranes aer ltration
was shown in Fig. 14 (F1, G1, F2, G2, F3 and G3). PTFE had the
smallest surface tension in solid materials and did not adhere
to any substances. The PTFE hollow ber membranes had the
microstructure of nodes interconnected by brils. On the
surface of the membranes, some particles were captured by the
pores made of brils. Other particles could merge to form
a layer due to the air humidity. In the south of China, the
humidity was high; it might increase adhesion forces among
the particles and form agglomerates. Interestingly, there were
few or even no particles on the surface of brils and notes
because of the lower surface tension of the PTFE hollow ber
membranes. PTFE was oen referred to as a self-cleaning
material and it was a benet to improve the repetitive-use
performance of lter media.

It was clear that the larger particles might mainly intercept
by the surface ltration and the smaller particles would be
captured inside the hollow ber membrane wall via the diffu-
sion inherently. PTFE hollow ber membranes aer ltration
could be cleaned by water due to the excellent hydrophobic
properties.
This journal is © The Royal Society of Chemistry 2018
The inner surface of the hollow ber membrane aer ltra-
tion was shown in Fig. 14 (G4 and G5). Interestingly, there were
few or even no particles on the inner surface and it was not
polluted. This proved that the outer surface and the wall of
hollow ber membranes played a key role in air ltration.

As shown in Fig. 14 (H1–H5), the outer and inner surface of
the membrane aer the swilling–drying process. This process
could remove most of the particles of the outer surface and had
a litter effect on the surface structure of the membrane.

The dust-holding capacity of the PTFE ber membrane
module (the area is 5 m2) in different periods of one year was
shown in Fig. 15. We could divide the whole process into two
stages, in the rst stage, the dust holding capacity increased
rapidly from the beginning to the sixth month. In this stage,
dust would accumulate on the surface of the membrane like
a tree branch, and the membrane had a sufficient area to hold
them. But, from the sixth month to the end, the dust holding
capacity increased slowly due to the limited membrane area.
Dust layer had gradually appeared on the surface of the
membrane and dust accumulated on the dust layer and
produced a thicker dust layer in the later stage of the test. The
ability of the membrane to hold dust was gradually decreasing.

As shown in Fig. 16, the result evaluated as a function of time
was described. Multicycle air ltration tests were conducted to
investigate the long-term performance of the membrane lter
within the area was 5 m2. Water-swilling was adopted in the
ltration-clean cycles, aer which the membranes were dried
for repetitive use. The regenerated lter media were then
utilized again in the next cycles and the test was taken for totally
4 cycles with 3 months for each cycle. We evaluated the
performance of the PTFE hollow ber membrane module with
fresh air volume and ltration efficiency at a certain dead-end
pressure (300 Pa). In each cycle, rst, the fresh air volume
decreased gradually because of the decrease of the pore size of
the membranes caused by the particle deposition on the
surface. Aer testing for one month in each cycle, the volume of
fresh air decreased rapidly due to the quick pore blocking. To
porous type lter, in addition to the above two phases, there
RSC Adv., 2018, 8, 38245–38258 | 38255
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Fig. 16 (A) Fresh air, (B) filtration efficiency of the PTFE hollow fiber membranes with 5 m2 as the function of test time.
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should be a period of stability. In this period, the volume of
fresh air reduced slowly result from the formation of the cake
layer. This phenomenon did not occur in the PTFE hollow ber
membranes test because the lter had a capacity of dust
holding and a larger area. The test time was too short to form
the dense particulate layer. The end value of volume in each
cycle test showed a decrease compared to the previous cycle.
Perhaps, some particles were clogged on the walls of the
membranes aer cleaning. In contrast, the volume of fresh air
exhibited a whole decrease trend with the test repeated.

In each cycle, the ltration efficiency offered a rapid increase
and remains well above 99.99% for PM2.5 and 92% for PM0.3. At
the very beginning of the next cycle, the ltration efficiency
dived to a low level and it was slightly higher than that at the
same time in the current cycle. That was because the pore size of
the membranes decreased due to the particle deposition on the
surface and merge to form a layer. For HEPA in the market,
three swilling and drying cycles might have a serious impact on
its structure and ltration efficiency. So, for PTFE hollow ber
membrane, it had great potential as a lter in air ltration.
3.6 Comparison to other hollow ber membranes

This study reveals as the rst attempt to apply PTFE hollow ber
membranes for removing the ultrane particles and few studies
which aim to use hollow ber membranes in air ltration. PTFE
is a uorocarbon polymer with unique characteristics. The
chemical resistance, thermal stability and mechanical proper-
ties of PVDF-PEG hollow ber membranes,43 PES hollow ber
membranes42 and PP hollow ber membranes41 are lower than
the PTFE hollow ber membranes in this study. Due to the
hydrophobicity, PTFE hollow ber membranes have the self-
cleaning ability and large dust-holding capacity of >120 g m�2

(larger than other hollow ber membranes), slowing down
membrane fouling. The fouled lter media aer washing
remained high ltration efficiency without obvious deteriora-
tion. There are three companies with HFM air lter products in
their portfolio: KITZ Microlter Corp. (Japan), Pisco Inc. (USA)
and SMC Pneumatics Pvt. Ltd. (India). These lters are mainly
used in compressed air/nitrogen and special applications such
as microelectronics, print boards, precision machinery and
medical equipment. Compared to PTFE hollow ber
38256 | RSC Adv., 2018, 8, 38245–38258
membranes, these lters have a smaller ltration area of 80–
1000 cm2, pore size of 0.01 mm and operate under low ow rates
of 70–500 L min�1.
4. Conclusion

The PTFE hydrophobic hollow ber membranes were prepared
for air ltration through a cold pressing method including
paste extrusion, stretching and sintering. The PTFE hollow
ber membranes have the micro-structures of nodes inter-
connected by brils. The pore size and porosity are increased
with an increase of stretching ratio and heating temperature.
An enhancement in heating temperature and inner diameter
increase the tensile strength of the membrane. The air ltra-
tion performance of PTFE hollow ber membranes was
investigated. Due to their high efficiency of PM2.5 and hydro-
phobic, the PTFE hollow ber membrane may be used for air
ltration. The PTFE hollow ber membranes with different
pore size, porosity and inner diameter have achieved an
ultrahigh particle removal efficiency of over 99.99% for PM2.5

and over 90% for PM0.3. The thick wall thickness and the high
ow rate are benecial to improve the ltration for PTFE
hollow ber membranes. The PTFE hollow ber membrane
has a long service life and maintains good permeability aer
prolonged use. The membranes maintain high ltration
performance aer multiple swilling–drying processes.
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