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ABSTRACT: Porous polytetrafluoroethylene (PTFE) hollow fiber membranes were prepared from fine powder through a series of
mechanical operations including paste extrusion, heat treatment, stretching and sintering. In contrast to conventional process, the
heat treatment used in this study was performed at 200°C to 330°C (near the melting point) on the PTFE nascent hollow fiber (pre-
cursor of membrane). The results showed that the introduction of heat treatment step effectively improved the mechanical properties
of precursors, the ultimate stress and strain increased observably with heat treatment temperature, which was beneficial to subse-
quently stretching precursors to make them porous. Furthermore, the morphological changes and improvement of membrane proper-
ties caused by stretching operation were investigated for porous PTFE hollow fiber membrane having finer pore size and higher
porosity. The porous microstructure of nodes interconnected by fibrils varied depending on the stretching conditions, such as the

stretching temperature, rate, and ratio. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42696.
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INTRODUCTION

As is well known, Polytetrafluoroethylene (PTFE) porous mem-
brane has many favorable qualities, including outstanding
chemical stability, heat resistance, strong hydrophobicity, and
high fracture toughness. These properties make it ideally suited
for a variety of liquid and gas separation application, especially
for membrane distillation (MD), osmotic distillation (OD), and
gas-liquid absorption and stripping application in the strong
acid, alkali, high temperature, or corrosive condition.”™

On the other hand, these superior properties are indicative of
the difficulty of processing the PTEE resins. In other words, it is
impossible to fabricate porous PTFE membrane by common
phase inversion or melt spinning methods, particularly the
porous hollow fiber membrane.”™ Nowadays, the noteworthy
methods for fabricating PTFE hollow fiber membrane are emul-
sion spinning technology or paste extrusion and stretching
technology.

The process of emulsion spinning for making PTFE hollow fiber
membrane involves blending PTFE emulsion and fiber-forming
polymer to get spinning dope, then the dope is spun into hol-
low fiber by conventional dry-wet spinning method, finally
heat-treating and removing the fiber-forming polymer to form
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porous. Kawai’ in Japan provided the method and porous PTFE
hollow fiber membrane with pores of 0.3-2.0 um, porosity of
about 40%. Huang'®""* in China did much works on PTEE hol-
low fiber membrane (porosity 38.6%, water contact angle
134.68°) to reduce the addition of fiber-forming polymer and
obtain the porous microstructure of interfacial microvoid. As a
result of above studies about emulsion spinning, it is found that
the membrane product suffers from inferior porosity and per-
meability performance.

Commercially, series of porous PTFE membranes have been
investigated extensively via paste extrusion and stretching proc-
esses by a number of groups. Gore and Associates in USA has
done the outstanding works on PTFE flat-sheet membranes
used in many areas, such as filtration, fabric, and medical proc-
essing applications.””™® The Sumitomo in Japan has done
much works both on PTFE flat-sheet and hollow fiber mem-
branes.”*** Especially the hollow fiber membrane product
Poreflon® has been successfully used in membrane bio-reactor
for wastewater treatment.”>** Moreover, the product Poreflon®
is hydrophilic asymmetric membrane having unhomogeneous
porous microstructure, the PTFE flat-sheet tape is wrapped on
the surface to realize smaller pore size as well as higher poros-
ity.”” Recently, Markel in USA provides product ECLIPSE
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Table 1. Specifications of the PTFE Fine Powder Resin

Bulk
Particle density Reduction Extrusion
diameter (um) (g-cmd) ratio pressure (Mpa)
400-650 0.5 300-1500 RR=1500 55

Membranes® which relates to porous PTFE hollow fiber mem-
brane used for contacting and separation.”® The porosity is up
to 65%, pore size ranges from 0.005 to 20 microns. Except for
patents, there is few detail reports about the ECLIPSE Mem-
branes®. Guo et al.**' in China fabricated hydrophobic PTFE
hollow fiber membranes (porosity 63.4%, mean pore size 0.46
pum) for MD. In the article, the effect of stretching ratio on the
property of membrane was studied. The above results revealed
that increasing stretching ratio was positive for pore size
and porosity but negative for permeation and mechanical prop-
erty. However, few reports could be seen about the structural
control of porous morphology systematically via a mechanical
operation.

This article aims to provide a convenient and low-cost method
to produce porous PTFE hollow fiber membrane based on the
paste extrusion and stretching technology. The heat treatment
was introduced between extrusion and stretching step to improve
the mechanical properties of precursor. The porous microstruc-
ture consists of node-fibril network produced by longitudinal
stretching process. To obtain membrane having finer pore size
and higher porosity, several factors related to the porous micro-
structure were investigated in the course of the stretching opera-
tion, including stretching temperature, rate, and ratio.

EXPERIMENTAL

Materials

PTEE fine powder resin was Polyflon F-205 obtained from Dai-
kin Kogyo. The specifications of the fine powder were reported
by the manufacturer as listed in Table I. The lubricant used to
prepare the pastes was Solvesso® 100 provided by ExxonMobil,
with a distillation range of 165°C to 181°C, density of
0.878 g-cm ™ at 15.0°C, and kinematic viscosity of 0.98 mm>s~"
at 25°C. Both the materials were used as received without any
further purification.

Preparation of PTFE Nascent Hollow Fiber

The PTFE nascent hollow fiber (precursor of membrane) was
prepared as follows. First, the fine powder was mixed slowly
with the appropriate amount of the processing aid to produce a
paste of 20 wt % in lubricant. Consequently, the paste was con-
tinued to be mixed in a thoroughly sealed rotating jar mill at a
speed of 35 rpm for one hour. And the paste was aged for 24 h
at 50°C allowing uniform lubricant distribution within the paste
and better wetting of the powders. Then the paste was
preformed into an annular billet by first placing it into a barrel
of diameter equal to 30 mm at room temperature. The load cell
moved at a constant speed of 800 mm-min~" until the pressure
reached up to 1.35 MPa. The pressure was applied for 100 s to
remove the air voids and to produce an annular billet of good
dimensional stability. The outer diameter, the inner diameter,
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and the length of the PTFE annular billet were 30, 16, and
250 mm, respectively. Finally, The billet was placed into the ram
extruder and the extruder was run at a speed of 15 mm-min~ ',
the temperature of 80°C. Figure 1 is a schematic display of paste
extrusion. The reduction ratio was 1262. The PTFE nascent hol-
low fiber with outer diameter 1.0 mm and inner diameter
0.7 mm was obtained through the paste extrusion process. The
reduction ratio is defined as the following equation:**

&

P

Reduction ratio =

=1262 (1)

d, =16 mm; d, = 30 mm; d; = 0.7 mm; and dy = 1.0 mm

where d, is the inner diameter of the PTFE annular billet, d, is
the outer diameter of the PTFE annular billet, d5 is the inner
diameter of the PTFE nascent hollow fiber, and d, is the outer
diameter of the PTFE nascent hollow fiber.

Heat Treatment and Stretching Process

The lubricant was completely vaporized at 100°C. Then the
PTFE nascent hollow fibers were heat-treated in a thermostatic
oven (Carbolite® LHT6/120) at temperature from 200°C to
330°C for 2 h and then quenched at room temperature. In this
work, five kinds of precursors of hollow fiber membranes were
obtained and named as P-0, P-200, P-300, P-310, P-320, and P-
330, corresponding to five treatment temperature (unheat-
treated, 200°C, 300°C, 310°C, 320°C, and 330°C), respectively.

Then the precursors were stretched at temperature, T;, of 10°C
to 300°C to axial direction (the longitudinal direction) by a
fixed-length stretching apparatus. In the stretching and sintering
processes, the sample was held by clamps to prevent retraction.
The processes were both finished in the chamber. The chamber
used a forced-convection principle in which hot or cold air was
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Figure 1. Schematic display of PTFE paste extruder in a longitudinal

Cross-view.
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Figure 2. Schematic diagram of stretching system.

recirculated around the specimen. Heating was achieved by
passing air over an electrically heated element. Cooling
was achieved by integrated cooling device for air. The stretching
method is shown in Figure 2. The stretching rate, r, was
varied from 100 to 3000 mm-min~', and the stretching ratio,
R,, from 100% to 500%. The stretching ratio, R;, is defined as
equation (2).

L
Stretching ratio = (L—S - 1) 100% (2)
0

where Ly is the length of the stretched PTFE hollow fiber mem-
brane and Lo is the original length of the precursors before
stretched. The original length of precursors, Lo, was 200 mm.
After the stretching process, the stretched PTFE hollow fiber
membranes were sintered at 340°C for 60 seconds with main-
taining the stretched condition in the chamber to ensure mem-
branes strength and dimensional stability. After sintering, the
membranes rebound ratio was no more than 2%. The 60 m
precursors were stretched to prepare porous membranes for
each stretching process. The schematic representation of concept

g@ Heat treatment &

Y

Stretching

Node Fibril

Sintering 1

Micropore

O PTFE particle @ Lubricant IStretching direction

Figure 3. The schematic representation of concept of mechanical opera-
tion leading to formation of PTFE hollow fiber membrane. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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of mechanical operation leading to the formation of PTFE hol-
low fiber membrane in this study was shown in Figure 3.

Characterization

A differential scanning calorimeter (DSC-200F3 calorimeter,
Netzsch, Germany) was used to analyze the thermal behavior of
precursors, with the heating rate of 20°C-min~' from 0°C to
400°C. About 10 mg sample was used for each DSC measurement.

The mechanical properties of the precursors, the original length
of which was 100 mm, were investigated by measurements with
an Instron apparatus (Instron 5965 U1570-500N, Environmental
Chambers 3119-609, Instron Corporation, USA) at 25°C and
65% RH. For the breaking strength and elongation at break, the
sample was clamped at both ends and pulled in tension at a
constant elongation rate of 1000 mm-min ', five specimens
were tested for each sample. Meanwhile, radial compressive
resistance performance tests were accomplished also by Instron
apparatus with 50 mm compression platen. The testing setup is
shown in Figure 4. As discussed later, the tensile and compres-
sive properties of precursors provide useful insight into orienta-
tion dependence of crack behavior in stretching process.

The morphological property of the PTFE hollow fiber mem-
brane was studied in terms of field emission scanning electron
microscopy (FESEM) (54800, HITACHIE, Japan) on inner sur-
face. The hollow fiber membranes were sputtered with platinum
for 50 seconds using an ion sputtering device (EM ACE200,
Leica, Germany) for FESEM observation. The FESEM images
were taken at 5 kV.

The porosity and average pore diameter of membrane were
characterized by mercury intrusion method using Automatic
Mercury Porosimeter (AutoPore 1V9500, Micromeritics, USA).
For each sample, three specimens were run and taken the aver-
age. The pore diameter was carried out by the Washburn’s equa-
tion, which assumed that the pore or capillary was cylindrical
with a circular opening.

Compressing direction

v

Moving platen
+—

Precursor

= —

Fixed platen

— e

50 mm

¢ g

Figure 4. Schematic diagram of compressive failure tests for precursor.
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Figure 5. DSC thermogram for precursor P-0. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

The outer diameter and wall thickness of the PTFE hollow fiber
membrane was tested by the Leica DM2500M microscope.

RESULTS AND DISCUSSION

DSC Measurement for Determination of the Heat Treatment
Temperature

The heat treatment temperature was determined by the DSC
data. The thermogram for precursor obtained by DSC analyzer
was shown in Figure 5. It could be seen that there were two
endothermic peaks near 18°C and 345°C, respectively, in heating
process. The peak at 18°C corresponded to the crystalline struc-
ture transitions between triclinic crystal and hexagonal crystal.*®
In the transitions, helical conformation transformed from a
well-ordered triclinic structure with 13 atoms/180° to a partially
ordered hexagonal phase with 15 atoms/turn. The peak at
345°C corresponded to melting peak temperature. The onset
temperature was 329°C, which was melting point of PTFE. And,
mechanical relaxation of PTFE rigid amorphous fraction pro-
duced at temperature of 116°C.** Yang et al. have demonstrated
that the heat treatment could result in merger of neighboring
nascent particles along with diffusion of individual molecules,
the banded structures unchanged in ellipsoidal nascent particles
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with suitable time and temperature.”® However, it was necessary
to control the temperature in order to restrict the coarseness of
precursor. So in this study, the temperature of heat treatment
was chosen from 200°C to 330°C.

Effects of Heat Treatment on Precursor

Mechanical Properties of Precursor. Figure 6 showed the ten-
sile properties (a) and compressive properties (b) of the precur-
sors obtained from different heat treatment temperature. As for
P-0 precursor, the elongation at break was 302.58% in tension,
maximum load was 9.7 N in compression, which corresponded
to the following characters: the precursor was very brittle and
more easily broken by slight exterior force. When the heat treat-
ment proceeded on PTFE precursors, the stress and strain were
improved significantly except P-200. With heat treatment tem-
perature rising, the stress in tension and the load in compres-
sion increased obviously. Meanwhile, as for P-320 precursor, the
elongation at break was obviously higher. However, when the
temperature rose to 330°C, the elongation at break of precursor
decreased to 505.92% as shown in Figure 6(a). All of these ten-
dencies implied that the heat treatment improved the mechani-
cal properties of precursors effectively, which was beneficial to
subsequently stretching precursors to make them porous.

Furthermore, as shown in Figure 6(a), the elongated length
within the elastic region was around 20%, from 20% to 300-
800% extension undergo a plastic deformation processes. As
polypropylene and poly(vinylidene fluoride) porous membrane
fabricated by stretching processes, the porous microstructure of
PTFE hollow fiber membrane appeared in the plastic deforma-
tion process.”®*” So the heat treatment step was beneficial to
subsequently stretching precursors to make them porous
effectively.

Morphologies of Hollow Fiber Membranes. Figure 7 showed
the FESEM images of the stretched PTFE hollow fiber mem-
branes from six precursors at different heat treatment tempera-
ture. The stretching was performed at temperature 25°C, with
stretching rate, rs, 1000 mm-min~'
300%.

and stretching ratio, Rg,

100

0 20 40 60 80
Strain(%)

Figure 6. Stress—strain curves of the precursors. (a) tensile properties; (b) compressive properties. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 7. FESEM images of the PTFE hollow fiber membranes fabricated from different heat treated precursors. (a) P-0; (b) P-200; (c) P-300; (d) P-310;

(e) P-320; (f) P-330. Ts=25°C, r¢= 1000 mm-min_ ', Rs= 300%.

It could be seen that all the PTFE hollow fiber membranes have
the porous microstructures of nodes interconnected by fibrils.
Along with the emergence of microcrack, the shorter length of
fibrils formed as shown in Figure 7(b). Although the basic mor-
phology was the same, it could be concluded that the fibrils
were elongated and densely distributed parallel to the stretching
direction, the amount of nodes decreased as heat treatment
temperature increased. It meant that the pore sizes increased
with heat treatment temperature. Also it should be noticed that
the membranes from unheat-treated and P-200 precursors had
much more microcracks, but thin and tiny fibrils, which agreed
with their poor mechanical properties as shown in Figure 6. It
also meant the fibrils formed between cracks could prevent
membrane fracture.”® Because more fibrils and node linked with
one another enabled hollow fiber hardiness in the plastic
deformation process, more elongated ratio would be realized.
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In summary, the elongation at break and maximum stress/load
describing the basic mechanical properties of the precursor can
be controlled by varying the heat treatment temperature. Also,
the porous microstructure of membranes can be changed by
different heat treatment temperature. In the next section, the
effect of stretching process on PTFE hollow fiber membrane
will be studied from porous microstructure, pore size and
porosity.

Effect of Stretching Process on PTFE Hollow Fiber

Membrane

Effect of Stretching Temperature. Figure 8 showed the stress—
strain curves of precursors P-310 on different stretching temper-
ature. The testing was conducted with stretching rate, rs, 1000
mm-min~ "' by the Instron apparatus. Limited by Environmental
Chambers, the value of stretching ratio was determined to

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42696
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Figure 8. Stress—strain curves of the precursors P-310 on different stretch-
ing temperature. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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500%. As shown in Figure 8, the maximum tensile stress of pre-
cursors decreased obviously as stretching temperature increased,
and elongation at break first increased as temperature increased
and then decreased abruptly at higher temperatures (more than
100°C). When the temperature increased to 200°C, the elonga-
tion at break of precursors was very low (less than 30%).

For further study, Figure 9 presented the FESEM images of the
stretched PTFE hollow fiber membranes to compare the mor-
phological changes among varied stretching temperatures [(a)
Ts=10°C, (b) 20°C, (c¢) 30°C, (d) 50°C, (e) 100°C], with
stretching rate, rs, 1000 mm-min~' and stretching ratio, R,
100%.

Remarkable differences were observed on membranes morphol-
ogies among the different stretching temperature. The increase
in the stretching temperature led to the reduction of the num-
ber of cracks per panel image, and consequently, the increase

Figure 9. FESEM images of the PTFE hollow fiber membranes showing the effect of stretching temperature on morphology, Ts: (a) 10°C; (b) 20°C; (c)
30°C; (d) 50°C; and (e) 100°C. Precursors P-310, rs= 1000 mm-min_', Rg= 100%.
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Figure 10. SEM images of PTFE hollow fiber membrane with six different stretching rate, rg (a) 100 mm-min_ ', (b) 300 mm-min~ ', (c) 500
mm-min_ ', (d) 1000 mm-min_ ', (¢) 2000 mm-min ', (f) 3000 mm-min_'. Precursors P-310, T, = 25°C, R, = 200%.

length of fibrils and the width of nodes. In other words, pore
size of the PTFE hollow fiber membranes increased gradually as
stretching temperature increased. This effect suggested it was
positive for the formation of the micro-cracks at low Ts, but
negative for generation and growth of fibrils. Although higher
Ts facilitated growth of fibrils, the number of cracks was few
and the Rg of precursors was restricted as shown in Figure 8. So
it was difficult to obtain higher porosity at higher or lower Ts.
The optimum Ts was from 20°C to 50°C. In the following
study, 25°C was adopted as the stretching temperature.

Effect of Stretching Rate. Figure 10 showed the FESEM images
of the PTFE hollow fiber membrane obtained at varied stretch-
ing rate, r, (a) 100 mm-min_ ', (b) 300 mm-min~ ", (c) 500
mm-min_ ', (d) 1000 mm-min_ ', (e) 2000 mm-min_ ', (f) 3000
mm-min~ ', with T, 25°C R, 200%. All these FESEM images
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showed the similar porous microstructure of nodes intercon-
nected by fibrils. The length of fibrils first decreased abruptly
with the increase in the stretching rate and became almost con-
stant at a higher stretching rate (more than 300 mm-min~').
This tendency implied that the higher stretching rate facilitates
to decrease pore size.

Figure 11 showed the dependence of the porosity on the
stretching rate. As shown, membrane porosity increased as the
1y increased in the first, then held steady when r, increased
more than 500 mm-min~'. The value of membrane porosity
was 57.5%. The maximum value was 59.19%, which was
obtained with r, 1000 mm-min~". It revealed that higher poros-
ity obtained at the fast stretching rate. When the r, was more
than 500 mm-min_ !, the membrane had finer pore size (Figure
10), which was benefit for maintaining the stabilization of the
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membrane structure formed by the stretching operation and
could diminish the radial shrinkage of fibrils in the sintering
process.

Effect of Stretching Ratio. Figure 12 presented the changes of
morphological structure of PTFE hollow fiber membrane with
different R,. It can be learnt that the length of fibrils increased
with the R, increase. As a result, the pore size increased. The
effects of stretching ratio on average pore diameter and porosity
of PTFE hollow fiber membrane were shown in Table II. When
R; was 100%, the average pore diameter was 0.26 um, the
porosity was 47.24%. When R; increased to 500%, the average
pore diameter was 1.41 um, the porosity was 78.91%. Therefore,
the influence of stretching ratio on the pore size and porosity
was very significant to obtain the desired membranes.

Figure 12. SEM images of PTFE hollow fiber membrane with five different stretching ratio, Rg: (a) 100%, (b) 200%, (c) 300%, (d) 400%,(e) 500%. Pre-

cursors P-310, T, = 25°C, r,= 1000 mm-min_ .
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Membrane ID 0 1 2 3 4 5

Rs (%) 0 100 200 300 400 500
Outer diameter (mm) 1.09 0.88 0.81 0.80 0.81 0.80
Wall thickness (mm) 0.15 0.15 0.14 0.14 0.14 0.14
Average pore diameter (um) — 0.26 0.31 0.49 1.14 1.41
Porosity (%) = 47.24 59.19 65.12 70.31 78.91

Also the outer diameter and wall thickness were listed in Table
II. No significant differences in the wall thickness were observed
among the PTFE hollow fiber membranes with five stretching
ratios compared to precursor. This effect suggests that constant
wall thickness corresponded to the formation mechanism of
porous microstructure in the PTFE hollow fiber membrane.*
As polypropylene porous membrane fabricated by stretching
processes, the porous microstructure of PTFE hollow fiber
membrane appeared in the stretching process. One of the most
unique and remarkable developments in the stretching process
was the expansion of the precursors in longitudinal stretching
direction. The porous microstructure of nodes interconnected
by fibrils contributed to the elongation of hollow fiber with wall
thickness remained.

Moreover, compared with precursor, the outer diameter of
membranes with five stretching ratios decreased obviously, how-
ever, the outer diameter of membranes were almost the same
when R; was 200%, 300%, 400%, 500%. This result enabled us
to discuss the formation and stabilization of the membrane
porous microstructure with the help of sintering process. When
the stretched PTFE hollow fibers were sintered at the tempera-
ture above the melt point, fibrils pulled out from globular parti-
cle would become a fibrous mass, resulting in restraining a
fibril from returning to the particulate form. These results were
because of the partial melting of PTFE.*® Meanwhile, it brought
about the phenomenon that the PTFE hollow fiber membrane
shrink in axial direction (wall thickness). Because of the same
sintering temperature and time, the shrinkage degree of mem-
branes with five stretching ratios was almost the same. Also, the
shrinkage accounted to the other phenomenon that porosity did
not increase two to five fold as R, after stretching process.

CONCLUSIONS

Polymeric porous hollow fiber membranes were prepared from
PTEE fine powder by a series of mechanical operations of extru-
sion, heat treatment, stretching, and sintering. The PTFE hollow
fiber membranes had a highly ordered periodicity characterized
by nodes and fibril domains.

The introduction of heat treatment resulted in PTFE nascent
hollow fibers with increased mechanical properties, which could
prevent them from fracturing or breaking in stretching process.
Also, FESEM data showed the pore size of fabricated mem-
branes increased as heat treatment temperature increases. In
stretching process, the higher stretching rate resulted in a
decrease in pore size and an increase in porosity, the higher
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stretching ratio resulted in an increase in average pore diameter
and porosity.

The data from this study confirmed that this new approach of
heat treatment processing was very cost effective for production
of PTFE hollow fiber membranes with precisely controlled
porous microstructure morphology.
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