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Abstract

The fabrication of a high-performance PTFE membrane remains challenging
and still under interest. Electrospinning is one of the possible fabrication
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methods for PTFE membranes. But, due to the high solvent resistance and the
high melt viscosity, PTFE emulsion should be blended with a carrier polymer
solution and then it can be electrospinned. In this study, PTFE membranes were
produced with four different ratios of PVA and PEO polymers as carrier and
then sintered at 380°C, to left only PTFE nanofibers behind. Produced hydro-
phobic PTFE membranes’ WCA values were between 120-132° for PEO/PTFE
nanofibers and 112-124° for PVA/PTFE nanofibers. SEM images revealed that
PEO/PTFE membranes preserved their fibrous structure better. After sintering,
diameter of 7PEO/PTFE, SPEO/PTFE, 9PEO/PTFE, and 10PEO/PTFE nanofi-
bers were 612, 818, 822, and 923 nm, respectively. Only 30PVA/PTFE nanofi-
bers showed some fiber structure after sintering with evenly distributed pores.
PEO/PTFE membranes were thicker than commercial syringe filter membranes
and PVA/PTFE membranes and was about 0.24 pm. Although mean pore size
measurements of both PEO/PTFE and PVA/PTFE membranes were 0.90 and
1.07 pm, respectively and higher than commercial membranes, bacterial
removal tests of PEO/PTFE membrane were promising and close to commercial
syringe filter results with 1.3 3log CFU/mL.
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1 | INTRODUCTION

Syringe filters are single-use filters that are attached
to the end of a syringe and are generally used for
effective and fast filtering, sterilization, and material
purification, the removal of particulate impurities or
contamination from liquid and gas samples before
analysis in many laboratories.”* Porous membranes are
the key component of these syringe filters. Ultra-fine

or nanoscale fibrous, porous polymeric membranes
have a thin layer of semi-permeable materials.>* They
are matched by composition, pore size, filter diameter
and the selection of these filters are made according to
the application.?

Polytetrafluoroethylene (PTFE) is one of the widely
used membrane in syringe filters due to its excellent
hydrophobicity, chemical stability, high heat resistance,
low protein binding, and high fracture toughness®” and
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can be used for various liquid and gas separation applica-
tion.>”"'% Its distinctive molecular structure gives desired
chemical, physical, electric, antifriction, and other prop-
erties'""'* that are unique for PTFE material.

However, porous PTFE membranes are challenging
to fabricate by common phase inversion or melt spinning
methods'® because PTFE has high melt viscosity, negligi-
ble solubility which makes it difficult to process using
conventional processing techniques.>®'* Due to its spe-
cific processing needs, stretching, sintering, wrapping,
electrospinning, and near field electrospinning methods
can be employed in the fabrication of PTFE mem-
branes.* But PTFE expansion and sintering processes
remain the main commercial techniques for the manu-
facture of porous PTFE membranes.">™'” The final prop-
erties are affected from sintering cycle profiles of time
and temperature.'® Expansion process involves extrusion,
followed by stretching to form microporous films. These
expanded PTFE membranes are called e-PTFE mem-
branes are usually prepared by uniaxial or biaxial stretch-
ing'>'*'? to achieve a higher specific surface area, which
provides high gas permeability and more contact area
between the particles and fibers, while providing suffi-
cient particle retention.” However, the stretching technol-
ogies generally suffered from wide pore size distribution,
low porosity at small thickness of membranes.”> More-
over, PTFE biaxial stretching porous membrane generally
needs a supporting layer such as a nonwoven layer
because if its strength and weaknesses."*

Therefore, the fabrication of a high-performance
PTFE membrane continues to be difficult and still under
interest. With the increasing utilization of electrospin-
ning and nanofibers, development of PTFE nanofibers by
electrospinning draws more attention and can be alterna-
tive production method for porous PTFE membranes.
Electrospinning is still novel method to produce various
porous membranes from polymer solutions, melts, and
emulsions. However, because of high solvent resistance
and the high melt viscosity, PTFE emulsion is blended
with a carrier polymer solution such as poly(vinyl alco-
hol) (PVA)>®'221"3 and polyethylene oxide (PEO) for
electrospinning.®**® Subsequently, a sintering step is per-
formed to fuse the PTFE particles into continuous PTFE
fibers by eliminating the carrier polymer.'*

Xiong et al. blended PVA and PTFE emulsion with
different mass concentrations and electrospun into com-
posite nanofibers and then sintered at 390°C. They
investigated the influence of the blend ratio of PVA to
PTFE and electrospinning parameters on the morphol-
ogy and diameter of the PTFE nanofibers and evaluated
their tensile strength. When the mass ratio of PVA to
PTFE was 30:70, smooth fibers were obtained. After sin-
tering, DSC analysis and ATR-FTIR spectra confirmed

the complete decomposition of PVA.® Zhou et al. inves-
tigated the effects of sintering temperature and time on
the morphology and properties of the PTFE/PVA mem-
branes. They achieved moniliform fiber network with a
water contact angle above 150°, porosity about 80% and
applicable strength. Produced membranes displayed a
stable salt rejection above 98.5% for 10h operation
when the feed NaCl concentration was 3.5%.>'

Kang et al. and Xu et al. prepared a mixture of PTFE,
PVA, boric acid (BA) for electrospinning.’>** Kang et al.
dried the PTFE/PVA/BA composite fiber membrane for
5-6 h at 70°C and then sintered at several temperatures
(320-420°C) for 20 min at a heating rate of 10°C/min in
air atmosphere to obtain the pure PTFE nanofiber mem-
brane, Xu et al. used nitrogen atmosphere. Kang et al.
obtained PTFE nanofibers with diameters of 200 nm to
1000 nm after calcinating. They showed by using the gel-
spinning solution of PTFE/PVA/BA, PTFE nanofiber
membranes could be electrospun.’® Xu et al. evaluated
these composite membranes in air filtration and obtained
98% filtration efficiency and 90 Pa of low pressure drop
and self-cleaning properties.”> Huang et al. used electro-
spun poly(acrylonitrile) (PAN) nanofibers to reinforce
the PTFE/PVA composite membranes to prevent the
shrinkage which occurs after sintering.’

Son et al. prepared PTFE-PEO electrospinning solu-
tions to determine the optimized condition. As the ratio
of the PEO increases, the fiber structure improves. For
oil/water separation, produced membrane had 143.6° of
water contact angle and 0° of oil contact angle.”® Huang
et al. also produced PTFE/multiwalled carbon nanotubes
(CNT) nanofiber membranes using PEO as carrier poly-
mer. Produced PTFE/CNT (5 wt%) membranes showed
the increased conductivity of 1.5 S/m.?” Lin et al. applied
thermal treatment at 350°C to remove the PEO compo-
nent from the electrospun PTFE-PEO nanofibers. Pro-
duced PTFE membranes showed good electret properties,
effective ability of converting mechanical energy into
electricity with a peak power of 56.25 pW and long-term
cycling stability, as a sensitive self-powered wearable.*
Su et al. prepared PTFE hollow fiber from PTFE/PEO
emulsion electrospinning and calculated the permeate
flux of the membranes as 4.6-8.8 times higher than the
commercial PTFE stretching membranes.*®

Another approach for production of PTFE membrane
is adding PTFE micro-powders to the spinning solution.
In order to improve the surface hydrophobicity of the
nanofiber membrane, Dong et al. added PTFE micro-
powders to the PVDF solutions. PTFE micro-powder
ratios of 0, 3, 6 and 12 wt.% were used. The addition of
PTFE reduced the surface energy of the membranes and
improved the surface roughness along with the surface
hydrophobicity.*
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Although several researchers have studied the electro-
spun PTFE membranes, comparison of the carrier polymer
and the evaluation of these membranes in syringe filters
for bacterial removal have not been studied as per author
knowledge. PTFE syringes consist of a housing with a
membrane which serves as a filter. Pressure is applied
across the membrane for this purpose. They are useful in
the removal of specific impurities, including bacterial con-
tamination from the fluid samples. In products that are
denatured when temperature is applied, syringe filters are
preferred to remove bacterial contamination. In this way,
proteins and other substances are not denatured. This
application is used in the preparation of serum, apheresis,
or a valuable antibiotic. In this study PTFE membranes
were produced using both PVA and PEO as carrier poly-
mer and then sintered. Prepared PTFE membranes were
characterized with scanning electron microscope (SEM),
thermogravimetric analysis (TGA) and Fourier transform
infrared (FTIR) analysis. For determination of hydropho-
bicity of the PTFE nanofiber membranes, the water con-
tact angels (WCA) of each membrane were measured.
Then selected PEO/PTFE and PVA/PTFE concentrations
were electrospinned to produce thicker PTFE nanofiber
membranes and were compared with commercial 0.2 and
0.45 pm syringe filters in means of pore size and bacteria
removal efficiency. For bacterial removal efficiency, these
PTFE membranes were placed in a 3D printed syringe fil-
ter housing and evaluated for the first time.

2 | EXPERIMENTAL

2.1 | Materials

PEO, Polyox WSR N750 is pharmaceutical grade, and a
trademark of Dow Chemical Company, with approximate
molecular weight of 300,000. It was provided Hifyber as a
gift. PVA, average molecular weight of ~125,000 g/mol
(CAS Number: 9002-89-5), 1 2 3 4-butanetetracarboxylic
acid (BTCA, CAS Number: 1703-58-8) and sodium hypo-
phosphite monohydrate (NaPO,H,.H,O, CAS Number:
10039-56-2) were purchased from Sigma Aldrich Chemical
Company. PTFE dispersion used in this study is Teflon™
PTFE DISP 33. 1t is a milky white aqueous PTFE dispersion

TABLE 1 Preparation of PEO/PTFE solutions.
Sample Total polymer PEO/PEO
coding ratio solution (g/g)
7PEO/PTFE 7/93 PEO/PTFE 0.7/7
8PEO/PTFE 8/92 PEO/PTFE 0.8/8
9/PEO/PTFE 9/91 PEO/PTFE 0.9/9
10PEO/PTFE 10/90 PEO/PTFE 1/10

stabilized with a non-ionic surfactant. Solids Content (%
PTFE by weight) is 61%. Melting point of the resin particles
is approximately at 337°C.*° Commercial 0.2 and 0.45 pm
syringe PTFE filters were purchased from Millex (Milipore)
and Isolab and coded with SF0.2 and SF0.45, respectively.

2.2 | Preparation of electrospinning
solutions

A 10% PEO stock solution was prepared by dissolving
PEO powder by vigorous stirring, PEO powder was sprin-
kled over the water and stirred about 600 rpm for 1 min,
then rpm was decreased to about 60. Stirring was contin-
ued for 30 min to 1 h until the solution appears homoge-
neous.’' For 10% PVA solution, PVA powder stirred for
at least 2 h at 80°C in distilled water at room tempera-
ture. BTCA was directly added into the spinning solution
with sodium hypophosphite monohydrate as a catalyst in
ratio of 2:1 (w/w) and stirred further 15 min. BTCA is
generally used for crosslinking purposes via esterifica-
tion>>** at about 150-180°C. It also enhances the conduc-
tivity of the PVA solution, thus improves the spinnability
of the polymer solution. Since in this study all nanofibers
are sintered, it is added just for enhancing the spinnabil-
ity. Total polymer ratios, the amount of PVA, PEO and
PTFE dispersion were given in Tables 1 and 2. Distilled
water was also added to achieve the 7/93, 8/92 and 9/91
PEO/PTFE solution concentration. Conductivity mea-
surement of the spinning solutions were carried out using
J.P. Selecta Conductivity meter, CD-2004.

2.3 | Electrospinning

Electrospinning of the polymer solutions was carried out
by a set-up consisting of a flat tip stainless steel needle
mounted on a syringe pump (Inovenso), grounded rotat-
ing metal drum collector and a high voltage supply
(Pulse Techtronic). PEO/PTFE and PVA/PTFE solutions
were electrospun at voltage of 13 and 15 kV, respectively.
Tip-to-collector distance of 15cm, feeding rate of
0.6 mL/h were used for all solutions. 40 mesh chromium
sieve wire was used as a deposition material because of

PTFE/PTFE Distilled Total
solution(g/g) water (g) solution(g)
9.3/15.5 2.5 25

9.2/15.33 1.67 25
9.1/15.17 0.83 25

9/15 — 25
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TABLE 2 Preparation of PVA/PTFE solutions.
Sample coding Total polymer ratio PVA/PVA solution (g/g) PTFE/PTFE solution (g/g) Total solution (g)
10PVA/PTFE 10/90 PVA/PTFE 1.5/15 13.5/22.5 37.5
20PVA/PTFE 20/80 PVA/PTFE 1.5/15 6/10 25
25PVA/PTFE 25/75 PVA/PTFE 1.5/15 4.5/7.5 22.5
30PVA/PTFE 30/70 PVA/PTFE 1.5/15 3.5/5.83 20.83

the sintering process. For the sintering process, the depo-
sition material must be resistant to high temperatures, so
some researchers have used glass tubes, but it is not pos-
sible to set the glass as desired in the deposition area. For
this reason, chromium sieve was preferred in this study.
The chromium sieve can be wrapped around the drum
collector and then maintain the given shape, it is also
conductive and can be grounded. After electrospinning
nanofibers can be directly sintered with chromium sieve.

All solutions were produced for 1h, and selected
PEO/PTFE and PVA/PTFE solutions (10PEO/PTFE and
30PVA/PTFE) were produced for 5h for thicker mem-
branes for bacterial removal evaluation.

2.4 | Sintering process

PTFE fiber membranes were dried for 6 h at 70°C to pre-
vent the shrinkage and then were sintered at 380°C. The
sintering process was carried out in a high-pure nitrogen
atmosphere with a gas flow rate of 200 pL/min. The fur-
nace was first heated to 380°C with a heating rate of 4°C/
min and held for 10 min for sintering. During the sinter-
ing process, a N, atmosphere was maintained.

2.5 | Thermal properties

The thermal behavior of electrospun PEO, PVA,
PEO/PTFE and PVA/PTFE nanofibers were investigated
by TGA (PERKIN ELMER TGA-4000) by heating sam-
ples from 25 to 600°C at a rate of 10°C/min under a con-
tinuous nitrogen purge at a rate of 20 mL/min. Selected
PEO/PTFE-5 h and PVA/PTFE-5 h nanofibers were also
investigated after sintering process.

2.6 | The WCA measurements

For determination of hydrophilicity of the PTFE nanofi-
ber membranes, the WCA were measured by using CAM
200 contact angle meter (KSV Instruments, Helsinki,
Finland). The contact angles with distilled water were
measured on the upper surface of the electrospun
nanofiber membranes which were separated from the

chromium sieve before measurements. The measure-
ments were conducted room temperature (25°C) and at a
relative humidity of 40-50%. A droplet of water with a
volume of 2 pL was deposited onto the membrane surface
from 5cm by vibrating the tip of a micro-syringe. A
real-time camera captured the image of the droplet. The
droplet was recorded on the membrane surface after 9 s.

2.7 | SEM analysis

The morphologies of the PEO, PVA, PEO/PTFE and
PVA/PTFE nanofibers were characterized using SEM (FEI
Quanta 250 FEG). Each sample was coated with a thin
film of gold using an Emitech K550X ion sputtering device
prior to SEM observation for 2 min. The mean diameter of
the resultant fibers was calculated from measurements of
SEM images by using the Image J program. Fiber diame-
ters were measured by drawing straight lines perpendicu-
lar to the fiber axis. Approximately thirty measurements
were carried out from different parts of each sample.

2.8 | FTIR measurements

Fourier transform infrared spectroscopy (FTIR) analysis is
carried out by using a Thermoscientific FTIR spectrome-
ter. After sintering of PEO/PTFE-5 h and PVA/PTFE-5 h
membranes, the elimination of the PEO and PVA compo-
nent from the nanofibers was analyzed. Scans were

obtained in a spectral range from 650 to 4000 cm ™.

2.9 | Thickness measurements

The thickness of the PEO/PTFE and PVA/PTFE nanofi-
ber membranes were measured by Mitutoyo digital
micrometer at 0.01 mm accuracy. Four measurements
were carried out from the different parts of each sample.

2.10 | Pore size measurements

The pore size and pore size distribution of the CA nanofiber
membranes were measured by capillary flow porometry
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(Porolux 1000- Germany). All samples were wetted by Gal-
pore 16 (a wetting liquid with a low surface tension of
16 dyne/cm) and then tested. The mean pore size was cal-
culated from wet, dry and half dry conditions for commer-
cial syringe filters SF0.2 and SF0.45, besides selected
PEO/PTFE-5 h and PVA/PTFE-5 h nanofiber membranes
for comparison. Mean flow pore size (MFP), first bubble
point (FBP), were measured by wet-up/dry-up method and
the analysis was done by using Automated Capillary Flow
Porometer system software.

211 |
housing

3D printing of syringe filter

Syringe filter housings were printed by 3D printer
(Wanhao Duplicator i3 Mini), Figure 1a. PLA filaments
were used, filling ratio was 100% and, wall thickness was
0.8 mm. The lower and upper housings (Figure 1b,c)
were separately printed and bonded with heat after the
membrane placement (Figure 1d). In fact, polypropylene
or high-density polyethylene is used as a housing mate-
rial in commercial syringe filters, but in our study only
bacteria filtration was the case, and heavy acidic, basic
conditions or high temperatures was not considered, PLA
polymer was used which was easy to work with in 3D
printers. Only 10PEO/PTFE and 30PVA/PTFE mem-
branes were selected and produced for 5h then were
placed inside the printed syringe filter housing.

2.12 | The removal of bacteria by PTFE
syringe filters

Escherichia coli American Type Culture Collection
(ATCC) 25,922, was used for bacteria removal studies. It

Applied Polymer wiLEy-L s

was prepared 8log colony-forming units per milliliter
(CFU/mL) and diluted to 4log CFU/mL. 10 mL, 4log
CFU/mL Escherichia coli solutions were filtered with
PEO/PTFE-5 h and PVA/PTFE-5 h syringe filters and 0.2
(SF0.2) and 0.45 (SF0.45) pm commercial syringe filters
for comparison. Pressure was applied by hand. After fil-
tration, microbiological cultivation is done in a nutrient
agar culture medium at 30°C and then the bacterial CFU
was counted and compared with the blind solution.

3 | RESULTS AND DISCUSSION

3.1 | Conductivity results of
electrospinning solutions

The conductivity of the electrospinning solution is
directly affecting the spinnability of the nanofibers.
Although both PEO and PVA polymers are easy to elec-
trospin, some researchers add salt to increase the conduc-
tivity. In this study pH of the PTFE dispersion was
10 and had conductivity. Thus, conductivity of the
PEO/PTFE solutions increased with the increased PTFE
content. On the other hand, a carboxylic acid, BTCA, was
added to PVA solutions to achieve crosslinking and
increase the spinnability which also affect the conductiv-
ity of the PVA/PTFE solutions. Therefore, with the
increasing PVA content, conductivity of the PVA/PTFE
solutions increased much more when compared to
PEO/PTFE solutions (Table 3).

3.2 | Thermal properties of nanofibers

Sintering removes the carrier polymer by thermal degra-
dation and high sintering temperature allows the PTFE

JHHH\H|HH|IIHWH\HH
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FIGURE 1 (a) 3D printer with PLA filament, (b) lower (c) upper housing part, (d) printed syringe filter with a membrane. [Color figure

can be viewed at wileyonlinelibrary.com]|
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particles to melt and fused together and enables the for-
mation of pure PTFE nanofibers. Figure 2a,b represent
the TGA curves of pure PEO and PEO/PTFE nanofibers,
PVA and PVA/PTFE nanofibers before sintering, respec-
tively. Derivative TG (DTG) curves were given in supple-
mentary file in Figure S1 and Figure S2. In Figure 2a, for
neat PEO nanofibers, the TGA thermogram curve
revealed that the single mass-loss step occurred in the
range of 344-440°C, with a main weight loss, onset tem-
perature of ~344°C, inflection point of 405°C (Figure S1)
and a residual weight of less than 1% at 600°C. For the
composite PEO/PTFE nanofibers, the thermograms
showed an expected two-step mass loss, corresponding to
the decomposition of PEO and PTFE phases. A weight
loss occurred between 170-220°C due to residual of sur-
factants.'>"® In the composite membrane, the peak
weight-loss temperature for the PEO component is

TABLE 3 Conductivity of PEO/PTFE and PVA/PTFE
solutions.
PEO/PTFE and PVA/PTFE Conductivity
solutions (uS/cm)
7PEO/PTFE 1010
8PEO/PTFE 983
9/PEO/PTFE 940
10PEO/PTFE 896
10PVA/PTFE 2460
20PVA/PTFE 2720
25PVA/PTFE 2840
30PVA/PTFE 2960
(a) - =-=--7PEO/PTFE
— — 8PEO/PTFE
— - =9PEO/PTFE
100 - o e 10PEO/PTFE
405°C 5100c  ——PEO

80

440°C %
60 380°C

)
i
40 ‘
i
i
v
\

20

T T T T T T
0 100 200 300 400 500 600

Temperature °C

slightly lower and about 380°C when compared to the
pure PEO, which can arise due to the interfacial effects
between the PTFE and PEO components. Corresponding
to the decomposition of PTFE, the second mass loss
started onset temperatures of about 510°C, which was
also observed by Zhao et al.** Looking at the TGA results,
the PEO part mainly decomposed about 380°C and the
PTFE component of the membrane steady up to ~450°C.
At temperatures higher than 510°C, thermal degradation
of PTFE began and that represents the highest sintering
temperature. Thus, 380°C seemed to be suitable for PEO
removal while the molten PTFE particles could have
fused together and can form a continuous nanofiber
structure.

In Figure 2b, the first weight losses occurred till to
the 100°C of TGA curves of neat PVA and PVA/PTFE
nanofibers were related to the water vaporization. The
decomposition of neat PVA nanofibers began around
270°C and lost half of its mass about 355°C, leaving
~10% residue at 600°C. Neat PVA nanofibers had two
degradation steps, the elimination reactions started at
around 270°C till 340°C and the breakdown of the poly-
mer backbone (mostly chain-scission reactions)*>***
started at around 400°C till maximum at 450°C as a sec-
ond stage which are consistent with literature and DTG
curves (Figure S2). 10PVA/PTFE, 20PVA/PTFE, 25PVA/
PTFE, and 30PVA/PTFE nanofibers showed weight loss
starting about 270°C (Figure S2) till 380-390°C related to
the removal of PVA part and PTFE decomposition started
at around 510°C. Zhou et al. investigated the sintering
temperature for PVA/PTFE nanofibers and indicated
370°C as a threshold temperature, above this tempera-
ture, the PVA content did not further obviously reduce in

(b) ......... IOPVA/PTFE

—---20PVA/PTFE

- 25PVA/PTFE

380°C ~ — 30PVA/PTFE
LSloe—PVA

100 H

80

LR Y
\\‘,2.
N

{:

60 — \H

40 -

Weight %

204

T T T T T T
0 100 200 300 400 500 600

Temperature °C

FIGURE 2 TGA curves of (a) pure PEO and PEO/PTFE nanofibers (b) pure and PVA/PTFE nanofibers. [Color figure can be viewed at

wileyonlinelibrary.com]
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= 7PEO/PTFE
132.30°

"~ 10PVA/PTFE
116.13°

W 3PEO/PTFE = 20PVA/PTFE
123.79° 112.04°
== OPEO/PTFE "~ 25PVA/PTFE
120.27° 119. 89°

"~ 30PVA/PTFE
122.56°

= 10PEO/PTFE
126.24°

FIGURE 3 Water contact angle (°) and droplet images of
PEO/PTFE and PVA/PTFE nanofibers.

the extent of 390°C.*! When we considered all TGA
results, we decided to carry out sintering at 380°C, and
by applying same sintering temperature to PEO/PTFE
and PVA/PTFE nanofibers, we were able to compare the
nanofiber membranes that were sintered at same
temperature.

3.3 | The WCA results of nanofibers

For determination of hydrophobicity of the PTFE nanofi-
bers, WCA values between water droplets and the PTFE
nanofibers were measured and images were taken after
9s which were also stable after this second. Water
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TABLE 4 Thickness measurements of PEO/PTFE, PVA/PTFE,
and commercial syringe filter membranes.

Samples Mean thickness + SD (um)
PEO/PTFE-5 h 0.24 + 0.031
PVA/PTFE-5 h 0.17 + 0.012
SFO0.2 0.17 £+ 0.009
SF0.45 0.13 + 0.005

contact angle (°) measurement and droplet images of all
concentrations were given in Figure 3. If the water con-
tact angle is lower than 90° the surface is said to be
hydrophilic and if the contact angle is higher than 90°
the surface is hydrophobic according to sessile drop
measurements,> so all PTFE nanofiber membranes were
hydrophobic, WCA values were between 120-132° for
PEO/PTFE nanofibers and 112-124° for PVA/PTFE nano-
fibers. Since neat PVA and PEO nanofibers were
completely hydrophilic, their WCA values were 0° and
not given in Table 4. PTFE amount introduced the hydro-
phobic effect. Since PEO part was totally removed from
all PEO/PTFE nanofibers, remaining PTFE part was
completely hydrophobic and small differences may the
result of surface roughness. In case of PVA/PTFE nanofi-
bers, after sintering remaining PTFE part was again
hydrophobic, all WCA measurements were higher than
90°, but when compared to PEO/PTFE nanofibers WCA
measurements were slightly lower, especially for 10PVA/
PTFE and 20PVA/PTFE nanofibers. As it was seen from
the SEM images (Figure 5) after sintering uneven struc-
ture of the membrane might be resulted less hydrophobic
PTFE membrane. According to SEM images of these
nanofibers it could be seen PTFE particles bonded but
smooth surface could not be achieved.

3.4 | The SEM results of nanofibers

The fiber morphology was analyzed through SEM images.
The SEM images of the fiber morphologies at different
weight ratios, 7/93, 8/92, 9/91, and 10/90 for PEO/PTFE
and 10/90, 20/80, 25/75, and 30:70 for PVA/PTFE, before
and after sintering were presented in Figure 4 and
Figure 5, respectively.

In Figure 4, when the PEO ratio was the lowest
(7PEO/PTFE), fibers were bead free, but PTFE particles
were all on the fiber surface and some discontinuity
could be seen. PTFE particles were about 140-230 nm
when measured with Image J. Scale-up images can be
found in supplementary file, PTFE particles along the
nanofibers can be seen easily (Figure S3. and Figure S4.)
At higher PEO ratios, fibers became thicker, so PTFE
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particles could be dispersed more evenly along the fiber.
Disregarding the PTFE particles on fiber morphology,
mean nanofiber diameters were measured as 450, 524,
634, and 807 nm for 7PEO/PTFE, 8PEO/PTFE, 9PEOQ/
PTFE, and 10PEO/PTFE, respectively. With the increas-
ing PEO content, as expected PEO/PTFE nanofiber
diameter became thicker. After sintering in all cases, con-
nected PTFE nanofibers were achieved. Detailed images
are given Again, when the PEO ratio was lowest, due to
the thinner nanofiber diameter, thinner PTFE nanofibers
were obtained (612 nm), when the PEO ratio was
increased, more PTFE particles could be dispersed along
the fiber and then they were connected after sintering
which resulted in thicker and more denser PTFE nanofi-
bers. After sintering, diameter of 7PEO/PTFE, S8PEO/
PTFE, 9PEO/PTFE and 10PEO/PTFE nanofibers were
612, 818, 822, and 923 nm, respectively.

In Figure 5, PVA/PTFE nanofibers were given
before and after sintering with their measured bead and
nanofiber diameter. Both from the 10PVA/PTFE and
20 PVA/PTFE SEM images, it was seen that when the
PVA ratio was 10 and 20%, mean nanofiber diameter
were about 139 and 144, respectively and these thin
nanofibers were not able to carry PTFE particles. PVA
beads were measured about 497 and 549 nm, and scale-
up images (Figure S4) also showed that PTFE particles
could not disturbed evenly, most probably they were
sprayed inside the PVA layers and after sintering they
connected as a membrane without a fiber structure.
When PVA ratio increased to 25%, nanofibers were able
to carry PTFE particles and resulted nanofiber diameter
was about 425 nm. PTFE particles were distributed
along the fibers but not as even as 30PVA/PTFE nanofi-
bers. Thus, resulted again membrane without a fiber
structure after sintering. Only 30PVA/PTFE nanofibers
showed some fiber structure after sintering with evenly
distributed pores. Although, there were a porous struc-
ture rather than fiber, the average thickness of these
fiber-like parts was 788 nm and average surface pore
size was 809 nm.

When SEM images of PEO/PTFE and PVA/PTFE
were compared, after sintering PEO/PTFE nanofibers
preserved their fibrous structure better. Especially,
10PEO/PTFE nanofibers electrospinnability was better
than other PEO/PTFE nanofibers because of higher PEO
content. In case of PVA/PTFE nanofibers best spinnabil-
ity belonged to 30PVA/PTFE nanofibers and preserved
their fibrous structure better than other PVA/PTFE nano-
fibers after sintering. Thus, among PEO/PTFE and
PVA/PTFE nanofibers, 10PEO/PTFE and 30PVA/PTFE
nanofibers were selected for syringe filter membrane and
produced for 5h to achieve thicker membranes
and coded with PEO/PTFE-5 h and PVA/PTFE-5 h.

3.5 | The FTIR and TGA results of
nanofibers after sintering

The elimination of the PEO and PVA component from the
nanofibers was showed with FTIR study after sintering for
PEO/PTFE-5h and PVA/PTFE-5h membranes. FTIR
spectra of these membranes were given in Figure 6a. Gen-
erally, the stretching of C—H and C—H, of PEO which
could be found around 2888 cm ™!, 1466 cm1,*® were
absent at PEO/PTFE spectra while the most prominent
peaks at 1146 and 1201 cm ' which were characteristic of
CF, symmetric and asymmetric stretching modes could be
seen. Besides, the peaks at 507, 554, and 639 cm™~! could
be assigned to the rocking, deformation, and wagging
modes of CF,, respectively.*>2*®

The two strong absorption bands at 1201 and
1145 cm ™" which were assigned for C—F stretching vibra-
tions were also seen in the spectra of PVA/PTFE nanofi-
bers after sintering, while the strong absorption at
3334 cm~ ' which is associated with the stretching of
O—H bonds for PVA was completely disappeared. How-
ever slight absorption at 2920 cm ' assigned to C—H
stretching and the absorption corresponding to the CH,
appears at about 1452 cm ™ ***! with very low peak which
was related to some residual of PVA.

This residual PVA also confirmed with TGA curves of
PVA/PTFE nanofibers which was carried out after sinter-
ing again for PEO/PTFE-5h and PVA/PTFE-5h mem-
branes (Figure 6b). While TGA curve of PEO/PTFE-5 h
showed any degradation till 500°C which confirms total
removal of PEO, TGA curve of PVA/PTFE-5 h showed
approximately 8% of degradation between 420-500°C.
But, as it was confirmed with WCA results, this residual
did not much affect the hydrophobicity of the resultant
PTFE membrane.

3.6 | The results of thickness

Thickness measurements were given in Table 4. SF0.45
membrane had a supporting thin nonwoven layer inside
the syringe filter housing but measured alone. Since
e-PTFE membranes are too delicate, if they need to have
smaller pore size and are used without a supporting, they
must be produced thicker as it is for SFO.2 membrane.
When PEO/PTFE-5h membrane compared with com-
mercial syringe filter membranes, it was thicker (0.24 pm).
PEO/PTFE-5h membrane was also thicker than PVA/
PTFE-5 h membrane because of higher PTFE content. After
sintering only PTFE part remained, so it was higher for
PEO/PTFE-5h membrane. Since PTFE particles laid
through the fiber structure and fused along and on the points
of fiber crossovers to form an interconnected fibrous
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FIGURE 4 SEM images of

(a) 7PEO/PTFE, (b) SPEO/PTFE,

(c) 9PEO/PTFE, and (d) 10PEO/PTFE
before and (¢) 7PEO/PTFE, (f) SPEO/
PTFE, (g) 9PEO/PTFE, and (h) 10PEO/
PTFE after sintering. [Color figure can
be viewed at wileyonlinelibrary.com]

10PEQ/PTEE
807 nm

network, obtained membrane was thicker than expanded
PTFE (ePTFE) membranes. Besides, both PEO/PTFE-5h
and PVA/PTFE-5 h membranes were easy to handle because
of tougher and thicker structure.

3.7 | SEM images of commercial syringe
filters and electrospun PTFE nanofibers
and pore size comparison

SEM images of PEO/PTFE-5 h and PVA/PTFE-5 h mem-
branes and two commercial syringe filter membranes,
SF0.2 and SF0.45, were given in Figure 7c,d. SF0.2 and

After sintering

o b e O

s (mode _ |—— 9 OunT—
£ SE 10ur

SF0.45 membranes were ePTFE membranes and show
their characteristic structure as “circumferentially
arranged nodes with interconnected longitudinal fibrils”.
As discussed above, PEO/PTFE-5 h preserved its fibrous
structure better than PVA/PTFE-5 h and had continuous
PTFE fibers with connections. Whereas PVA/PTFE-5 h
had intermittent PTFE parts. Mean fiber diameters of
PEO/PTFE-5 h and PVA/PTFE-5 h were measured again
and was 1109 pm for PEO/PTFE-5 h and mean fiber like
parts of PVA/PTFE-5 h was 968 pm, slightly higher than
1h produced samples. Since PTFE particles fused and
form fiber structure, these membranes had thicker fibers
than e-PTFE membranes.
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FIGURE 5 SEM images of (a) 10PVA/PTFE, (b) 20PVA/PTFE, (c) 25PVA/PTFE, and (d) 30PVA/PTFE before and () 10PVA/PTFE, (f)
20PVA/PTFE, (g) 25PVA/PTFE (h) 30PVA/PTFE after sintering. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 (a) FTIR spectra of PEO/PTFE and PVA/PTFE nanofibers after sintering (b) TGA curves of 5 h collected 10PEO/PTFE and
30PVA/PTFE after sintering. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 SEM images of (a) PEO/PTFE-5 h, (b) PVA/PTFE-5 h (c) SF0.2 (d) SF0.45 membrane with 5000 magnification. [Color figure
can be viewed at wileyonlinelibrary.com]
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TABLE 5 Pore size measurement, MFP, FBP, SBP of
PEO/PTFE-5 h, PVA/PTFE-5 h, SF0.2 and SF0.45.

Samples MFP (pm) FBP (um) SBP (um)
PEO/PTFE-5 h 0.90 0.90 0.85
PVAPTFE-5 h 1.07 1.09 0.97
SF0.2 0.25 0.25 0.22
SF0.45 0.28 0.50 0.22

The vertical capillary method was performed by
capillary flow porometry and pore size measurements
of PEO/PTFE-5h, PVA/PTFE-5h, SF0.2 and SF0.45
were given in Table 5. In syringe filters, 0.2 pm mem-
branes are typically used to remove or capture bacteria
and are considered sterilizing. 0.45 pm membranes are
used to remove larger bacteria or particles and are
often used in water quality control testing.>® Here we
measured MFP of SF0.2 as 0.25 pm and SF0.45 as
0.28 pm. Since expanded PTFE membranes include
nanofibrils their pore sizes are smaller and pore size
distribution is narrower when compared to electro-
spinned PTFE nanofiber membranes. Although SEM
images seemed to show larger pores for SF0.45, inter-
connected longitudinal fibrils caused such small MFP.
The pores of nanofiber membranes were caused by the
entanglement of the nanofibers, with the relation of
nanofiber diameter. For PEO/PTFE and PVA/PTFE
membranes, the PTFE fiber diameters were approxi-
mately 1100 nm and 1000 nm, respectively; this was
much higher than the nanofibrils of commercial
syringe filters, hence pore size of 0.90 and 1.07 pm and
higher than e-PTFE membranes.

3.8 | The results of bacterial removal

To compare the bacteria removal of PEO/PTFE and
PVA/PTFE membranes with SF0.2 and SF0.45, Escherichia
coli was prepared 8log CFU/mL and diluted to 4log
CFU/mL. After filtering 10 mL of 4log CFU/mL Escherichia
coli solutions with syringe filters, microbiological cultiva-
tion is done in a nutrient agar culture medium at 30°C and
then the bacterial CFU was counted and compared with
the unfiltered blank solution (Figure 8). Values are repre-
sented as log values. While blank solution that was not fil-
tered, was counted 4.8 8log CFU/mL, PEO/PTFE-5 h was
counted 1.3 3log which was very close to the 8.3 2log and
9.2 2log CFU/mL result of SF0.2 and SF0.45, respectively.
However, after filtering with PVA/PTFE-5h membrane,
bacterial CFU/mL was counted 4.1 4log which was very
high when compared with PEO/PTFE-5 h and commercial
syringe filters. It could be assumed that the applied pressure

10 Escherichia coli CFU/mL

Log CFU/mL
1

s X X X

T T T T T T T T T
Blank PEO/PTFE-5h PVA/PTFE-5h SF0.2 SF0.45

FIGURE 8 Escherichia coli CFU/mL after syringe filtration.
[Color figure can be viewed at wileyonlinelibrary.com]

causes a deformation of the PVA/PTFE-5h membrane,
maybe because of the residual PVA decrease the strength of
the membrane so that the pore size increases and the bacte-
ria leak through the membrane. Although all measured
pore sizes were smaller than Escherichia coli size, it was not
possible to filter all bacteria through the syringe filters.
Possible explanation relies on the microorganisms' physio-
logical behavior during filtration. It was reported that
microorganisms are deformable under mechanical stress
which leads to their internal volume reduction. It can be
supposed that similar modifications occur during syringe
filtration because of the applied pressure.’’ Nevertheless,
considerable amount of bacteria could be removed with
syringe filters and based on these initial bacterial removal
tests with syringe filters, PEO/PTFE nanofiber membranes
are promising and could be improved to be used in syringe
filters.

4 | CONCLUSION

In this study, the electrospun PTFE membranes were pro-
duced by electrospinning with two carrier polymers. TGA
curves of composite PEO/PTFE nanofibers showed two-
step mass loss, corresponding to the decomposition of PEO
and PTFE phases. The peak weight-loss temperature for
the PEO component is slightly lower and about 380 °C
when compared to the pure PEO and the thermal degrada-
tion of PTFE began about 510°C. After sintering, TGA
curve of PEO/PTFE-5 h did not show any degradation till
510°C which confirms total removal of PEO, TGA curve of
PVA/PTFE-5h showed approximately 8% of degradation
between 420-500°C due to some residual of PVA.
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Nevertheless, WCA were measured between 112-132° for
all PEO/PTFE, PVA/PTFE membranes. Since, there was
slight residual of PVA inside the PVA/PTFE membranes
and due to the uneven structure, WCA results were slightly
lower than PEO/PTFE membranes. FTIR results also con-
firmed the total removal of PEO part, only representative
picks at 1146, 1201, 507, 554, and 639 cm ™! which were
belong to PTFE could be seen clearly.

Mean fiber diameters of PEO/PTFE nanofibers were
between 450-807 nm and were thicker than PVA/PTFE
nanofibers because of higher PTFE content and preserved
their fibrous structure better. Before sintering, SEM
images of PVA/PTFE nanofibers showed insufficient car-
rying of PTFE particles which caused uneven distribution
and sticking of them after sintering. When the amount of
PVA was increased to 30%, better distribution was
observed through the fiber structure.

Two representative and best PTFE membranes were
selected and produced at higher period, then sintered and
placed inside 3D printed syringe filter housing. Produced
PEO/PTFE-5 h was thicker with 0.24 pm than SF0.2 and
SF0.45 commercial syringe filters. Both PEO/PTFE-5 h
and PVA/PTFE-5 h membranes resulted tougher struc-
ture when compared to commercial e-PTFE membranes.
MFPs were 0.90 and 1.07 pm for PEO/PTFE-5h and
PVA/PTFE-5 h, respectively and significantly higher than
e-PTFE membranes. On the other hand, bacterial removal
of PEO/PTFE-5 showed 1.3 3log CFU/mL Escherichia coli,
which was very close to commercial syringe filter
membranes. In case of PVA/PEO-5 h membrane it was
assumed that the applied pressure caused a deformation
and the bacteria leaked through the membrane. This ini-
tial bacterial removal tests showed electrospun PEO/
PTFE membranes were promising and further optimiza-
tion should be carried out.
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