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ARTICLE INFO ABSTRACT

Keywords: Ultrafine fibrous poly(tetrafluoroethylene) (PTFE) porous membranes (UFPPMs) were prepared by sintering
Poly(tetrafluoroethylene) (PTFE) electrospun PTFE/poly(vinylalcohol) (PVA) composite membranes. Meanwhile, poly(acrylonitrile) (PAN)
Electrospinning nanofibers were co-electrospun to reinforcing the material. The effects of changing the PTFE/PVA mass ratio,

Ultrafine fiber
Super-hydrophobicity
Membrane distillation (MD)

the sintering temperature and the heating rate on the structure and properties of the resulting membranes were
investigated. To observe the structure evolution of the ultrafine fibers during the sintering process, the prepared
UFPPMs were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM) and static
water contact angles (WCA). A unique interconnected fibrous network structure was formed. The spinning and
sintering conditions were optimized. Moreover, the UFPPMs exhibited a super-hydrophobicity and an excellent
lipophilicity. They also performed well in harsh water (saline feed solution 3.5 wt% NaCl and 10 wt% NaOH)
membrane distillation experiments. The permeate flux stabilized at 14.53 Lm™>h™! and the salt rejection

remained above 99.8% after operating for 35 h.

1. Introduction

Ultra-fine or nanoscale fibrous, porous membranes are useful
materials that have been used in applications such as filtration
engineering, drug delivery, electronics, optics, and wound healing [1].
The development of efficient filtration technologies is especially
important as water shortages have become a growing global problem
in recent years [2]. Membranes are an energy-efficient and environ-
mentally-friendly method to recycle waste water for reuse. However,
the fabrication of membranes can be challenging [3]. Electrospinning
has emerged as an attractive and simple method for the preparation of
nanometer or submicrometer fibrous materials [4,5]. Meanwhile,
electrospun nanofiber membranes (ENMs) have shown great potential
for use in membrane distillation (MD) because of their high porosity,
high flux rates, narrow pore size distribution, and interconnected open
structure [6].

Poly(tetrafluoroethylene) (PTFE) has many unique characteristics
that include outstanding thermal and chemical stability, high hydro-
phobicity, high fracture toughness, and low surface friction [7,8]. These
exceptional properties make PTFE an ideal membrane material for
MD, especially for harsh water that is acidic/alkaline, has high toxin
concentrations, or must be filtered at high temperatures. However,

PTFE nanofiber or ultrafine fibrous membranes are challenging to
fabricate because they are difficult to melt and are largely insoluble in
solution. Presently, the commercial preparation of PTFE porous flat-
sheet membranes or hollow fiber membranes includes multiple steps
such as a lubricated paste extrusion followed by stretching and/or
sintering. This process is not only tedious but also leads to materials
with poor performance stability owing to the creeping deformation of
PTFE [9].

There have been few reports that fabricate PTFE membranes by
electrospinning and even fewer reports that have studied the effects of
using PTFE on the resulting nanofiber membrane. For example, Guo
et al. [10] have fabricated ultrafine PTFE fibers by sintering previously
electrospun PTFE/poly(vinyl alcohol) (PVA) fiber. Xiong et al. [11]
have also prepared ultrafine PTFE fibrous membranes by sintering
previously electrospun PTFE/PVA nanofiber membranes with different
PTFE/PVA mass ratios. However, the application of these electrospun
ultrafine PTFE fibrous membranes has not been extensively studied.

The goal of this study was to fabricate a super-hydrophobic
nanofibrous membrane with high water flux for use in membrane
distillation. We explored the effects of the PTFE/PVA mass ratio and
the sintering temperature on the structure and properties of ultrafine
fibrous PTFE porous membranes (UFPPMs). The performance of the
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UFPPMs was then tested in vacuum membrane distillation (VMD) for
the separation of oil and water, and in a harsh water desalination using
an alkaline solution.

2. Experimental
2.1. Materials

An aqueous dispersion of PTFE (FR301B) was purchased from 3F
New Materials Co., Ltd. Shanghai. The specifications of the dispersion
are shown in Table 1. Poly(vinyl alcohol) (PVA, Typel788, degree of
polymerization 1700, and degree of alcoholysis 88%) was purchased
from Lanbo Industrial Co., Ltd., Hangzhou. Poly(acrylonitrile) (PAN,
degree of polymerization 50,000) was purchased from Qilu
Petrochemical Technology Co., Ltd. All the reagents were used as
received without further purification.

2.2. Membrane preparation

A 10 wt% aqueous solution of PVA was prepared by dissolving PVA
powder in distilled water under constant agitation at 80 °C for at least
6 h. The solution was then brought to room temperature and an
aqueous dispersion of PTFE was added to the PVA solution with
constant stirring for 3h to form the spinning solutions. PAN was
dissolved in N,N-dimethylformamide (DMF) to make a 10 wt% solu-
tion.

A schematic diagram of the electrospinning process is shown in
Fig. 1. The set-up consists of a syringe feeder system, a metallic ground
fiber collector, and a high-voltage power supply which were all housed
in a temperature-controlled room. As shown in the schematic (Fig. 1), a
three-needles electrospinning setup with linear arrangement was used.
The injection syringe containing PAN solution was placed in the middle
position, the other two injection syringes containing PVA/PTFE
solution were symmetrically distributed on both sides. The syringe
was fashioned with a 0.34 mm inner diameter needle by a Teflon tube.

Table 1
Characteristics of the aqueous dispersion of PTFE.

Solid Content 60 wt%
Nonionic Surfactant Content 5 wt%
Average Particle Size 0.19 pm
Viscosity 25x1072 Pa-s
Density 2.20 g/em®
pH 9
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Fig. 1. A schematic diagram of the electrospinning apparatus for manufacturing
UFPPMs.
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A high electric field was generated between the polymer drop from the
needle tip and the fiber collector. The relative humidity and tempera-
ture were measured by a hygrothermograph placed inside the electro-
spinning chamber. They were fixed at values of 70 + 5% and 25 + 3 °C,
respectively. All solutions (including PAN) were electrospun at an
applied voltage of 25 kV, a spinning distance of 10 cm and a fluid flow
rate of 0.008 ml/min. As each solvent drop evaporated, the solid
polymer fibers began collecting on the electrically-grounded target.

Co-electrospun PAN nanofibers were utilized as reinforcement for
the membranes. As for precursor composite PTFE/PVA nanofiber
membrane, the mechanical strength and support performance was
weak. So, the co-electrospun PAN nanofibers were introduced as
reinforcement of the precursor composite membrane because of their
good mechanical strength and support performance.

To ensure that all solvents were completely removed, the electro-
spun PTFE/PVA composite membranes were subsequently placed in a
vacuum oven at 60 °C overnight. The dry composite membranes were
then sintered in a muffle furnace at 340 °C, 360 °C, 380 °C, or 400 °C to
obtain the different membranes. These precursor membranes were
named M-p2, M-p4, M-p6, M-p8, and M-p10 according to the different
PTFE/PVA mass ratio used (i.e. 2:1, 4:1, 6:1, 8:1, 10:1 wt%: wt%,
respectively). After sintering, the sintered membranes were denoted as
M-s2, M-s4, M-s6, M-s8, and M-s10. The sintering process fully
removed PVA and fused the remaining PTFE resins to form UFPPMs.

2.3. Membrane characterization

2.3.1. Membrane morphologies

The morphologies of the membrane samples were investigated by
scanning electron microscopy (FESEM S4800, Hitachi, Japan; SEM
TM3030, Hitachi, Japan) after coating with gold and by atomic force
microscopy (AFM, CSPM 5500, Benyuan-nano, China). A Hitachi

S4800 scanning electron microscope equipped with an energy disper-
sive X-ray (EDX) spectrometer was used. The diameter distribution of
the ultrafine fibers was calculated form the SEM images using Image
Proplus software.

2.3.2. Thermogravimetric analysis(TGA)

The thermal degradation behavior of each membrane sample was
determined using a thermogravimetric analysis instrument (TA- SDT
Q600) under air and at a heating rate of 5°C/min from room
temperature to 800 °C. The membrane sample weights were between
6 and 10 mg.

2.3.3. Contact angle

Contact angle measurements were performed using an optical
contact angle meter (modelDSA100, KRUSS Co., Germany) by the
sessile drop method of water and oil drops. The measurements were
conducted room temperature (25 °C) and at a relative humidity of 40—
50%. A droplet of water or oil with a volume of 2 pul was deposited onto
the membrane surface from a distance of 5 cm by vibrating the tip of a
micro-syringe. The droplet was left on the membrane surface for 60 s
before recording. A lens and a source light were used to collect images
of the drop and the shape of the drop was analyzed to determine the
static contact angle. Five different spots were measured for each sample
and the average value of the static contact angles was reported.

2.3.4. Membrane porosity and pore size distribution

The porosity of each membrane was determined by the gravimetric
method [12], which is determined from the weight of liquid contained
in the membrane pores. Due to the hydrophobicity of PTFE, n-butyl
alcohol was used as a wetting liquid. The porosity (¢) of the membrane
was determined from Eq. (1)
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where w5 is the weight of the membrane wetted by n-butyl alcohol (g),
wy is the weight of the dry membrane (g), d is the average thickness of
the membrane (cm), p is the density of n-butyl alcohol (p=0.811 g/ml),
and A is the area of the PTFE polymer (cm?).

The pore size and its distribution of each membrane was deter-
mined by the gas permeation method using a capillary flow porometer
(CFP-1100-A, Porous Materials Inc., Ithaca, NY). To fully wet the
membranes, they were incubated with the wetting liquid for about
24 h. The pore size distribution was determined using computer
software coupled to the capillary flow porometer.

2.3.5. Mechanical strength

The tensile strengths of the membranes were determined at room
temperature using a JBDL-200N electronic tensile tester (Yangzhou,
China) at a tensile rate of 2 mm/min. The membranes were cut into
0.5x5 cm (widexlength) strips, and each specimen was tested five
times.

2.3.6. Liquid entry pressure (LEP)

The LEPs of the dried UFPPMs were determined using a laboratory
device at room temperature described in literature [13,14], as shown in
Fig. 2. The average value of three tests is reported.

2.3.7. Membrane distillation experiments

The performance of the membranes in harsh water desalination was
tested with vacuum membrane distillation (VMD), as shown in Fig. 3.
The experimental set-up used it described elsewhere [7,14]. The saline
feed solution (3.5 wt% NaCl, 10 wt% NaOH) was pre-heated before it
was circulated to one side of the membrane. Cell dimensions and the
effective membrane area surface were 75.43 cm® and 21.23 cm?,

Feed Pump
—_—
% l
Pressure gauges
Pressure Controller Membrane
— .
— ~ \
Conductivity N ?j
z ) -
S Meter — (]
—

Fig. 2. Testing device for determining the LEP of the UFPPMs.
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Fig. 3. A schematic diagram of the experimental VMD apparatus.
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respectively. Hot saline solution (80 °C feed temperature) was pumped
to the feed side of the membrane by a diaphragm pump at a constant
flow rate of 1.5 L/min. A vacuum was applied using a vacuum pump to
the other side of the membrane. The permeate vapor was condensed
and collected as the product. The conductivity of the feed solution and
the permeate water was measured by a conductivity meter (ST10C-B,
OHAUS), and the concentration was calculated by the linear relation-
ship between the conductivity and concentration, which was described
elsewhere [14]. The salt rejection R was calculated by Eq. (2):

=(-g)
1 - 22| x 100%
G )

where Cr and C, are the concentration of the feed solution and
permeate water, respectively.

3. Results and discussion
3.1. Structural analysis

The UFPPMs were produced by sintering the precursor electrospun
PTFE/PVA composite membranes in order to decompose the PVA
matrix and to bind the remaining PTFE together to form an integrated
fibrous network [15,16]. Magnification SEM surface images of
UFPPMs were shown in Fig. 4. It could be seen that during the
sintering process, PVA were melted and further decomposed; the left
PTFE particles gradually fused and further formed an integrated
fibrous network; PAN nanofibers formed a stable trapezoidal structure
due to the cyclization reaction, which left in the final UFPPMs.

The EDX and the TGA analyses of the UFPPMs, individual
components of the PVA, PTFE, and PAN fibers were shown in Fig. 5.
It can be seen that, the PVA began to decompose at about 242 °C, the
PTFE began to decompose at about 514 °C, and then the PAN fibers
began to decompose at about 607 °C. After sintering, the PAN fibers
remained in the membranes and continued to play a role in enhancing
mechanical strength.

3.2. Membrane morphologies

3.2.1. Effect of PTFE/PVA mass ratios

The surface morphologies of the precursor PTFE/PVA composite
membranes at different PTFE/PVA mass ratios are shown in Fig. 6. The
electrospinning solution with a PTFE/PVA mass ratio of 2:1 had good
spinability and produced electrospun PTFE/PVA fibers with good
fibrous structures with PTFE particles wrapped in ultrafine PVA fibers.
However, the precursor PTFE/PVA membrane was fragile after sinter-
ing (Fig. 6a). When the PTFE content was increased, the PTFE/PVA
fibers transformed from fibrous structures to bead-like structures [14].
With a PTFE/PVA mass ratio of 10:1, only bead-like structures were
produced. The electrospun PVA fibers could not fully encapsulate
whole PTFE particles which led to poor mechanical strength of this
PTFE/PVA composite membrane.

The surface morphologies of the UFPPMs (360 °C sintering tem-
perature) prepared from different PTFE/PVA mass ratios, and the
diameter distributions of the PTFE ultrafine fibers are shown in Fig. 7.
Membranes with a PTFE/PVA mass ratio lower than 6:1 had PTFE
ultrafine fiber diameters ranging from about 100500 nm (Fig. 7a-2-c-
2). As the mass ratio of PTFE/PVA increased, the membranes became
PTFE resins rather than fibers (Fig. 7c-2-d-2). The surface morphol-
ogies of the membranes were also evaluated by AFM. The 3D images
are shown in Fig. 7. When the mass ratios of the PTFE/PVA
membranes increased from 2:1 to 10:1, the mean roughness (R,)
increased from 123 nm to 317 nm. This explains why the PTFE fibers
transformed from a fibrous structure to a bead-like structure at higher
mass ratios. High surface roughness has traditionally accompanied a
membrane with high hydrophobicity and this was also observed in our
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Fig. 4. Morphologies of UFPPMs (M-s6; a:20000xsurface, b:40000xsurface).
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Fig. 5. EDX and TGA analysis of UFPPMs. (a) EDX analysis of M-s6 sintered at 380 °C, (b) TGA analysis of PVA, PTFE, PAN, and M-p6..

case. In this study, a PTFE/PVA mass ratio of 6:1 was chosen for
further investigation.

3.2.2. Effects of sintering temperature

In order to obtain UFPPMs with good performances, the sintering
treatment was properly optimized [11,17]. When the mass ratio of the
PTFE/PVA was 6:1, all of the UFPPMs prepared at different sintering
temperatures exhibited an interconnected fibrous network (Fig. 8).
Increasing the sintering temperature leads to further melting of the
PTFE particles so that the fibers fuse together and the membrane
becomes compact. This compacting induces smaller pore size and a
higher mechanical strength. When the sintering temperature was
raised to 400 °C, cracks were observed on the fiber surface which were
hypothesized to lower mechanical strength (Table 3).

3.2.3. Effects of heating rate

Digital photos of the UFPPMs which were sintered at different
heating rates are shown in Fig. 9. When the membranes were sintered
at 15 °C/min and 10 °C/min, the nascent fiber membranes severely
shrank. This is likely due to the PTFE melting. As the heating rate
decreasing, the melt PTFE could easily fill the cavities which were left
by the decomposition of PVA. During this process, the fiber shape and
the membrane shape maintained.

3.3. Membrane properties

3.3.1. Effect of PTFE/PVA mass ratios
The properties in terms of WCA, porosity, LEP, and mechanical
strength of the UFPPMs at different PTFE/PVA mass ratios are listed in
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Table 2. All of the UFPPMs exhibited excellent hydrophobicity. When
the mass ratio of PTFE/PVA increased from 2:1 to 10:1, the WCA
increased from 138.2 to 147.6°. This is mainly due to the increase in
membrane roughness [18]. As discussed above, the structure of
UFPPMs transform from fibrous structure to bead-like structure with
the increase of PTFE/PVA mass ratios. This resulted in an increase in
membrane roughness. These results agree well with the proposed
morphology evolution (Fig. 7a-d).

All of the prepared UFPPMs had high porosities higher than 76%.
As the mass ratio of PTFE/PVA increased, a slight decrease in porosity
of the resulting material was observed along with a slight increase in
mean pore size. This may be a result of the PTFE/PVA fibers becoming
more bead-like in nature. When the mass ratio of PTFE/PVA
reached 8:1, the obtained UFPPMs were showed to be PTFE resins
rather than fibers (Fig. 6d-e). During the sintering process (360 °C), the
bead-like structure of the precursor membranes made it more
difficult for the PTFE particles to fuse together at the fiber crossover
points which prevented the formation of an interconnected fibrous
network structure [19,20]. This results in a slightly larger mean pore
size.

3.3.2. Effect of sintering temperature

The WCA, OCA, porosity, LEP, and mechanical strength of the
UFPPMs prepared at different sintering temperatures are shown in
Table 3. When the sintering temperature increased from 340 °C to
380 °C, the PTFE particles began to fuse together at the fiber cross-over
points to form an interconnected fibrous network structure. This
decreased the mean pore size of the membrane and increased the
mechanical strength. Moreover, the pore size distribution of the
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Fig. 6. Morphologies of precursor electrospun PTFE/PVA composite membranes at different PTFE/PVA mass ratios ((a) M-p2, (b) M-p4, (c) M-p6, (d) M-p8, (e) M-p10). The top-right
shows digital photos of the UFPPMs..
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R,~123nm

Fig. 7. Morphologies of UFPPMs at different PTFE/PVA mass ratios sintered at 360 °C for (a) M-s2, (b) M-s4, (c¢) M-s6, (d) M-s8, (e) M-s10 (1:500x surface, 2:3000x surface, 3:8000x
surface, 3D AFM images). The top-right corner corresponds to photos of the WCA of each membrane and the diameter distribution of the PTFE ultrafine fibers.

UFPPMs became narrower as sintering temperature was increased
(Fig. 10). However, when the sintering temperature was raised to
400 °C, a decrease in mechanical strength was observed along with a
wider pore size distribution due to cracks on the PTFE fibers
(Fig. 8d-1).

The UFPPMs exhibited strong hydrophobicity and excellent lipo-
philicity. Changes in the WCA evolution are shown in Fig. 11(a), and
the lipophilicity of the UFPPMs are shown in Fig. 11(b). Their affinity
for oils and their loose and porous structure were demonstrated by
observing the absorption of kerosene. The UFPPMs completely ab-
sorbed a droplet of kerosene in 3724 ms, upon which the oil contact
angle went to 0°. This showed that the UFPPMs had very good
lipophilicity and would be useful for oil-water separations.

With the similar preparation condition of sintering temperature
and PTFE/PVA ratio, the mechanical strength of UFPPMs increased
from 0.72 MPa (Table 2) to 4.15 MPa (Table 3). The reason was the

322

increase of membrane's thickness from 29 ym to 126 um. The in-
creased membrane thickness brought about the increased content of
PAN nanofiber, which induced a much higher mechanical strength. The
reinforcing mechanism was on the basis of fiber reinforcement and
interpenetration between layers. As for fiber reinforcing, during the
sintering process, PAN nanofibers formed a stable trapezoidal structure
due to the cyclization reaction, which left in the final UFPPMs. The left
stable trapezoidal structure of PAN would reinforce the final UFPPMs.
As for the interpenetration between layers, the left stable trapezoidal
structure of PAN would interpenetrate between the nanofiber layers,
which would reinforce the final UFPPMs.

4. VMD test

The UFPPMs were tested for VMD to evaluate their performance
for water desalination and especially in harsh water with acid/alkali.
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,;g
cracks

Fig. 8. Morphologies of the UFPPMs sintered at (a) 340 °C, (b) 360 °C, (c) 380 °C, and (d) 400 °C. The top-right corner shows the corresponding photos of the membrane's WCA.
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Fig. 9. Digital photos of the UFPPMs prepared using different heating rates of (B) 15 °C/min, (C) 10 °C/min, (D) 5 °C/min, and (E) 1 °C/min. The sintering temperature was 380 °C
and the nascent membrane is shown in (A)..

Table 2

The properties of UFPPMs prepared at different PTFE/PVA mass ratios at a sintering temperature of 360 °C.

Samples  Thickness (um)  Mean diameter of ultrafine fibers ( nm ) Porosity ( % ) Mean pore size (um)  WCA (°) LEP ( MPa ) Mechanical strength (MPa)
M-s2 25+4.0 164.2 85.4+3.5 0.68+0.10 1382+23 — -
M-s4 21+£2.0 212.2 86.2+2.7 0.81+0.04 143.3+£1.8 0.06 +0.01 0.50 +0.08
M-s6 29+2.0 297.3 81.1+4.2 0.79 +0.06 143.6 +24  0.11+0.02 0.72 £ 0.20
M-s8 24+£2.0 - 79.5+4.4 0.97+0.12 145.2+3.2  0.10+0.01 0.69 +0.07
M-s10 32+4.0 - 76.3+5.0 1.16 £0.10 1476 £1.8  0.08 +0.02 0.53+0.12
Table 3

The properties of UFPPMs prepared at different sintering temperatures (PTFE/PVA mass ratio was 6:1).

Sintering Thickness Porosity Max pore  Mean pore WCA (°) Kerosene LEP ( MPa) Mechanical Elongation at  Young’s

temperature ( °C) (um) (%) size size (um) contact angle strength (MPa) break (%) modulus
(pum) ©) (MPa)

340 132+6 785+54  0.93 0.83+0.10 143.4+1.8 21.4+1.9 0.19 +0.02 3.25+0.12 7.8+1.8 41.67 £ 6.6

360 127+ 4 842+42 0.78 0.76 + 0.02 146.6 £+2.0 22.2+1.6 0.21+0.01 4.15+0.14 10.6 1.6 39.15+3.9

380 126 +2 86.3+3.4 0.86 0.75+0.11 156.6 +1.7 21.9+2.0 0.21+0.01 4.17 +0.08 10.5+0.8 39.71+2.1

400 118+2 86.0£3.9  0.69 0.65 + 0.04 159.3+1.7 16.8+1.8 0.16 +0.02 2.76 +0.10 7.50+1.9 36.80 + 6.4
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Fig. 11. Images of contact angle measurements, showing (a) the WCA and the (b) OCA drop evolution (a FTFE/PVA mass ratio of 6:1 and a sintering temperature of 380 °C).
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vacuum pressure).

The results of the permeate flux and the salt rejection are shown in
Fig. 12.

As shown in Fig. 12a, increasing the vacuum can effectively improve
the permeate flux. The salt rejections remained above 99.8% and the
permeate flux was as high as 14.59 L m >-h™! with a vacuum pressure
of 0.087 MPa.

The long term stability of the UFPPMs was also evaluated over a
MD operation with the mixed aqueous solution of 3.5 wt% NaCl and
10 wt% NaOH as the saline feed solution. As shown in Fig. 12b, after
operating for 35 h, the permeate conductivity and permeate flux were
stable without any obvious decrease, and the salt rejection remained
above 99.8%. Compared with other published MD processes [21-23],
the UFPPMs exhibit a great potential and feasibility for their use in MD
process for harsh water treatment.

5. Conclusions

ratio, the sintering temperature, and the heating rate. The best
performing UFPPM was made from a PTFE/PVA mass ratio of 6:1
and sintered at 380 °C. The UFPPMs produced from these conditions
demonstrated super-hydrophobicity and excellent lipophilicity, and
performed well in harsh water desalination. In VMD, the permeate
flux stabilized at 14.53 Lm™2h™!, and the salt rejections were main-
tained above 99.8% after operating for 35 h. The long-term operation
of the UFPPM in VMD indicates that they have excellent stability in
harsh water desalination experiments.
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Appendix A.
Symbol Definition
e porosity (%)
Wy weight of the wet membrane (g)
Wo the weight of the dry membrane(g)
p the density (g/ml)
d the average thickness of the membrane(mm)
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J oil permeation flux (L-m™2h™),
\% the volume of the permeated oil (L),
A membrane area (m?)
R rejection (%)
Cr concentration of the ink in the feed
Cp concentration of the permeate solution
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