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ABSTRACT

This investigation aimed to enhance the hydrophobicity of a polytetrafluoroethylene (PTFE)
hollow fiber membrane, transforming it into an omniphobic surface. This was achieved by
coating the membrane with a mixture of zinc oxide nanoparticles (ZnO-NPs) and
polyvinylidene fluoride-cohexafluoropropylene (PVDF-HFP) using the universal spray
technique. The membrane's morphology and performance were evaluated based on the number
of spray cycles, which influenced the coating thickness on the membrane surface. The spraying
process was varied up to 4 cycles to determine the membrane with the most effective deposition
of ZnO NPs in terms of water contact angle and liquid entry pressure (LEPw). Results indicated
that the membrane spray-coated up to 4 cycles, denoted as PTFE-4, exhibited a rough
hierarchical re-entrant morphology, imparting omniphobic characteristics. The optimized
membrane demonstrated a high water contact angle of 170° and a liquid entry pressure of 2.6
bar. Fourier-transform infrared (FTIR) and energy dispersive analysis of X-rays (EDX)
confirmed the successful chemical integration of ZnO NPs onto the commercial membrane.
This research holds significance for the future of membrane distillation in treating wastewater
containing low surface tension pollutants.

Keywords: Hydrophobic membrane, hollow fiber, nanoparticles, omniphobicity, polymeric
membrane

1.0 INTRODUCTION water is available for human use, while

the remaining 97% is stored as seawater

Every living thing needs clean and safe
water to survive, yet as the world's
population grows, industrialization
progresses, and long-term droughts
occur, the demand for safe, clean, and
drinkable water grows [1]. Water
shortage is a serious problem that
affects people all around the world. By
2050, over 6 billion people are
anticipated to be affected by water
scarcity [2]. Only 3% of the world's

that is unfit for human consumption or
agricultural uses [1]. The majority of
accessible water is polluted by
industrial and agricultural effluents and
cannot be drunk without first being
treated [3]. Desalination refers to the
removal of salt from seawater to
produce fresh water suitable for our
daily use. Membrane distillation (MD)
is athermally driven separation process,
which only allows vapor molecules to
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pass through a porous hydrophobic
membrane and all non-volatile are
retained on the retentate side [4]. Vapor
pressure differences that exist between
the porous hydrophobic membrane
surfaces are the driving force for this
separation process [5]. The temperature
difference across the membrane induces
a vapor pressure difference that drives
water molecules from the feed to the
permeate in the form of vapor[5].
Generally, MD uses an ultrafiltration
membrane. The application of MD has
many attractive features. For example,
a lower operating temperature than
multi-stage flash distillation (MSF) and
multiple-effect  distillation (MED)
results, mainly in water not necessarily
to heat up to its boiling point for the
separation to occur [6]. In addition,
reverse osmosis (RO) which is a
pressure-driven membrane  process
experiences a higher hydrostatic
pressure than MD with more than 99%
salt rejection [5]. MD also has the
capability to utilize alternative energy
sources such as solar energy and waste
energy [7, 8].

Conventional hydrophobic
membranes are confined to the
treatment of reasonably clean water
sources with few surface-active
chemicals [9]. Due to the low surface
tension pollutants found in wastewater
streams, the commercial MD is
susceptible to the wetting of the
membrane pores. Wetted membrane
pores reduce the  membrane's
effectiveness as a barrier for forming a
liquid-vapor interface for fluid streams,
limiting MD uses [10]. In a wide range
of technical fields, robust omniphobic
surfaces that reject both water
(hydrophobic) and oil (oleophobic)
have gotten a lot of interest [11]. In
omniphobic design, re-entrant
geometries and specific compositions
are needed to achieve excellent wetting
resistance to liquids with low surface
tension. The desired morphology can be

achieved by the deposition of
fluorinated nanoparticles (NPs) such as
silicon dioxide (SiO), titanium dioxide
(TiO2), and zinc oxide (ZnO) on a
membrane [12, 13, 11].

For example, an amphiphobic PVDF
composite membrane was successfully
prepared by dynamically
functionalizing perfluorooctyl
trichlorosilane (PFTS) and coating the
modified SiO2 nanoparticles onto the
membrane surface [12]. The resultant
membrane showed anti-fouling and
anti-wetting properties against kerosene
and humic acid. The liquid entry
pressure (LEP) increases significantly
from 160 to 250 kPa without
compromising the pore size and
porosity. The membrane exhibits better
permeation stability and anti-fouling
towards low surface tension liquid with
salt rejection of 99.8% [12]. Next, a
microporous PVDF membrane with a
hierarchical structure with multilevel
surface roughness was created via
depositing TiO2 nanoparticles. The
TiOz-coated membranes were then
fluorosilanized using a low surface
energy material H, 1H, 2H, 2H-
perfluorododecyltrichlorosilane.  The
resultant membrane showed anti-
fouling and anti-wetting properties
against glycerol with a surface contact
angle increase from 99° to 166° [13].
The total surface roughness of the 1H,
1H, 2H, and 2H-perfluorododecyl-
trichlorosilane (FTCS) layer was
enhanced as a result of the hierarchical
structure in templated coatings, which
improved the hydrophobicity [14].
After chemical cleaning of the FTCS—
TiO>-PVDF membrane, a substantial
improvement in flux recovery was
found, indicating that the membranes'
antifouling properties had improved
[13]. Interestingly, spherical SiO2
nanoparticles  coating on  glass
cylindrical fiber manage to give a
secondary re-entrant structure resulting
in enhanced surface omniphobicity,
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thus increasing the wetting resistance to
low surface tension with a 100 ° contact
angle [15]. Another nanoparticle that
has been reported by literature that can
produce a high surface roughness is
ZnO. Due to its outstanding optical,
electrical, mechanical, and chemical
characteristics, ZnO is one of the most
significant multifunctional
semiconductor materials, especially for
use in photocatalysis and antibacterial
compounds. The lower cost of ZnO and
the higher surface-to-volume ratio
produced when ZnO is employed as
nanoparticles make this option a viable
method for meeting the demand for a
more efficient and low-cost device [16].
In addition, toxicity plays a vital role in
nanoparticle application. The use of
ZnO does not produce an increase in
toxicity due to the size distribution and
surface are not related to toxicity.
Furthermore, ZnO particles also can
produce a wide range of morphologies,
including  nanowires,  nanotubes,
nanobelts, nanocombs, and
nanospheres using ZnO  powder
sublimation and deposition [17]. When
compared to other nanoparticles such as
Ag, Al>O3, and TiO2, ZnO-NPs are also
thought to be more cost-effective [18]
making them more desirable than any
other nanoparticles.

Polymers such as polypropylene
(PP), polytetrafluoroethylene (PTFE),
polyethylene (PE), and polyvinylidene
fluoride (PVDF) are the most common
hydrophobic membranes used in MD.
PP membrane offers high
hydrophobicity and potential higher
wetting resistance but due to the low
thermal stability the study for this
polymer has reduced in the past year
[19, 20]. PVDF instead possesses a
reasonable wetting resistance, thermal
stability, chemical resistance, and
mechanical strength but the membrane
needs to be modified to suit MD
requirements. On the other hand PTFE
membrane  offers  the  highest

hydrophobicity  making it  less
susceptible to wetting in MD [19]. It
also possesses outstanding thermal
stability and chemical resistance
making it a preferred choice for
commercial modules over any other
membrane [21], [19]. Plate-and-frame,
tubular, spiral-wrapped, and hollow
fiber are the four primary types of
modules for MD. Due to the high
packing density and low energy
consumption hollow fiber configuration
is more favored than any other
configuration for desalination [5]. For
surface modification, a variety of
methods have been used, including
layer-by-layer (LBL), chemical vapor
deposition (CVD), and solution
blending. However, all these processes
need either a long fabrication time or
strict operational conditions [22]. Spray
coating is another method for surface
modification. This compact and
environmentally friendly fabrication
technique significantly reduces
manufacturing time and raw material
consumption, resulting in a long-term,
scalable, and cost-effective membrane
preparation process [16]. Despite these
attractive properties, the application of
ZnO NPs in fabricating omniphobic
polymer hollow fiber membranes using
simple and versatile spray coating has
not been reported in the literature.

The main objective of this study is to
develop omniphobic characteristics on
a commercial PTFE hollow fiber
membrane by coating the surface of the
membrane with Zn NPs using the
universal spray coating technique. The
Zn NPs will increase the surface
roughness of the membrane by
developing micro/nanospheres on the
membrane  which  creates  the
hierarchical re-entrant structure that is
responsible for repelling low surface
tension liquids. In this study, the
commercial PTFE membranes were
coated with 4 different cycle numbers in
order to find the most -effective
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deposition of Zn NPs on the surface of
the membrane The membranes later
were characterized by scanning electron
microscopy (SEM), energy dispersive
analysis of X-rays (EDX), Fourier-
transform infrared (FTIR), contact
angle and liquid entry pressure.

2.0 METHODS
2.1 Materials

The hydrophobic membrane used as
support was purchased from a
commercial microfiltration
polytetrafluoroethylene (PTFE) hollow
fiber membrane. The average pore size
provided by the manufacturer is 0.3um.
Meanwhile, for omniphobic layer
coating, zinc oxide nanoparticles (ZnO-
NPS) (ZnO, Sigma-Aldrich, U.S.A), N,
N-Dimethylformamide (DMF,

ACROS, Belgium) as solvent,
polyvinylidene fluoride-
cohexafluoropropylene  (PVDF-HFP,
Sigma-Aldrich, U.S.A) and 1H, 1H,
2H, (FAS, Aldrich, U.S.A)

2.2 Preparation of Coating Solution

The coating solution was prepared by
adding 1.8 g of ZnO-NPS into a total of
200 ml of DMF solvent. To ensure the
homogenous dispersion of ZnO, the
solution was subjected to a 5 min in an
ultrasonic sonicator at the frequency
and power of 20 kHz and 80W,
respectively. Then, 6 g of PVDF-HFP
was added to the homogenous ZnO-
DMF solution and vigorously mixed at
65 °C for 12 h on a magnetic stirrer
Lastly, 2 ml of FAS was added and
mixed for 30 minutes as shown in
Figure 1.

5 minutes of
sonification

ZnO NPs mixed
with DMF

Mix with PVDP- Add FAS and
HFP at 65 °C for mixed for 30
12 hours minutes

Figure 1 Preparation procedure for the coating solution

2.3 Coating of the Omniphobic
Layer onto Polymer Hollow Fiber
Membrane

A spray gun (Model: TT-2018) was
filled with the omniphobic coating
(ZnO/DMF/PVDF-HFP/FAS dope
solution). A fixed flow rate of 1.5 mL/h
was applied for spray coating. For better
coverage of the coating, the hollow
fiber membrane was rotated and
recorded as a cycle. The PTFE hollow

fiber membrane was sprayed for 1
second and dried in the oven (60 °C) for
2 h to complete a cycle as shown in
Figure 2 [23]. In this study, 4
membranes namely PTFE-1, PTFE-2,
PTFE-3, and PTFE-4 were used where
the number at the end of the name
represents the number of cycles of each
membrane was coated. A pristine
membrane with no coating was used as
control.
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Spray Gun Sprayfor 1 secondon
the surface of
—momamnme o

Rotate the membrane
for total coverage

Dried at 60 °C for 2
hours Membrane ‘ }

Figure 2 Spray coating procedure onto the commercialized PTFE hollow fiber membrane

2.4 Membrane Characterization

The structural morphology of the
membrane's inner and outer were
examined qualitatively by scanning
electron microscopy (SEM, Model: TM
3000, Hitachi, Japan) and energy
dispersion of  x-ray (Model:
SU8020, Hitachi, Japan). Fourier-
transform infrared (FTIR) was used to
identify the chemical properties of the
modified polymeric membrane. All
FTIR spectra were recorded by the
attenuated total reflection (ATR)
technique using the FTIR spectrometer
(Thermoelectron Corporation, Nicolet
5700, U.S.A) at a resolution between
4000 cm™ to 500 cm™. Contact angle
measurements on the membranes were
conducted wusing a contact angle
goniometer (Model: OCA 15EC,
Dataphysics, Germany) using deionized
water. 0.5 uL of water droplets was
slowly placed on the membrane
surfaces. An average and standard
deviation of at least 5 independent
measurements  were obtained at
different spots for each sample. Finally,
liquid entry pressure (LEP) was used to
determine the wetting resistance of the
membranes. The lumen on one side of
the membrane was blocked by epoxy
resin. Then, the adapter holding the
membrane was inserted into the
module. Compressed carbon dioxide
was used to push the water to penetrate
the membrane. The pressure was
increased by 0.1 bar for 10 seconds until

the first drop of water was seen dripping
from the membrane.

3.0 RESULTS AND DISCUSSION
3.1 Morphology

Figure 3 presents the SEM images
illustrating the different surface
morphologies due to the different cycles
of the omniphobic coating. The SEM
images of the uncoated commercial
PTFE hollow fiber pristine membrane
used as the control are presented in
Figure 3A (1-2). The pore sizes of the
coated membranes have reduced as the
number of cycles increased due to the
presence of Zn NPS. Even though the
PTFE-1 was sprayed with the same type
of coating solution, they did not exhibit
the desired morphology for omniphobic
as there was no formation of a spherical
microsphere on the surface of the
membrane as illustrated in Figure 3 B
(2-2). This is due to the lack of
dispersion of Zn NPs on the surface of
the membrane. By increasing the
number of spray coating cycles, the
spherical microspheres comprised of
ZnO had created the hierarchical
micro/nano re-entrant surface
morphology as portrayed in Figure 3C
up to Figure 3E. It was visible from
SEM images of all three samples that
the formation of web-like structures
increased the number of microspheres
on the surface of membranes. Hence,
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the surface morphology of the PTFE-3
and PTFE-4 matched the hillock valley
style of re-entrant structures which are

) W W f0um  PTEL Wo03 B S0um  FTEL

2, (D) PTFE-3, (E) PTFE-4 membranes

3.2 Element Distribution

Energy dispersive analysis of X-rays
(EDX) was performed to detect the
presence of Zn NPs on the surface of the
membranes. Based on Figure 4, by
using the spray method, Zn NPs were
effectively deposited on the surface of
the membrane. The blue dot in the
figure represents the Zn distribution on
the membrane. The distribution of Zn

I T Toum  FEes & PTFE4 Wit %

responsible for the repellence of low

surface tension liquids [11].

Figure 3 SEM images at 5k and 15k magnifications of the (A) Pristine, (B) PTFE-1, (C) PTFE-

NPs on the surface of PTFE-1 to PTFE-
3 membranes was not uniform. This
results in a gap for low surface tension
liguid to seep into the membrane
making it more susceptible to
membrane wetting. However, PTFE-4
portrayed the most uniform distribution
and the highest concentration of Zn NPs
on its surface making it the most
efficient out of other coated
membranes.

Figure 4 EDX images of the (A) Pristine, (B) PTFE-1, (C) PTFE-2, (D) PTFE-3 and (E) PTFE-
4 surfaces



Omniphobic PTFE based Hollow Fiber Membrane with ZnO Nanoparticles 7

S
XRKKA] 2

a

"'
R

A ¢

S5
S

&5
SR
SO0
SRR

2
9,

5
e

&

XX
HRX

&5
S

O,

SRRRKK

S
SRS
.V
XX

’v
&

%

452

[ Pristine
V7 PTFE-1

PTFE-2
PTFE-3
PTFE-4

58 38
18 23 RR]"‘ 15 15 16 |—|'
I ! 1

Zn 0]

Element

Figure 5 Elemental composition of membranes

3.3 Functional Groups

Figure 6 depicts the FTIR spectra of all
membranes. The infrared absorption
spectra of the coated membrane show
several new absorption peaks compared
to the pristine membrane. The new
peaks 1(533.81 cm™) to 2(638.06 cm™)
indicated the presence of the ZnO NPs
on the membrane surface which
corresponded to a previous study by

&30 pristine
1,

-

HPTFE-1
-
| PTFE-2

2

% Transmittance

PTFE-3

| PTFE-4

Suresh et al., 2018 [24]. Peaks 6 and 7
represent the characteristic peaks for
C—Fi.e., 1200.94 cm™! (symmetric C—F
stretch), 1147.45 cm™! (asymmetric
C-F stretch) [25]. The p-phase,
amorphous phase, and a-phase of the
PVDF-HFP can be seen at peaks 3-5
with bands at 837.43 cm?, 876.0 cm™
and 1070.43 cm™ respectively [25,26].
Lastly, peaks 8 (1401.47 cm™) are
assigned to -CHz bending.

pe—s . . .y —— . N . ——e. e e e e e 6 e e e e S § g0

Figure 6 FTIR spectra of the membranes
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3.4 Contact Angle

The water contact angle of the coated
PTFE hollow fiber membranes has
increased proportionally to the number
of spray cycles ranging from (123.0 +
3.2°) to 170° as shown in Figure 7. This
is due to the dispersion of the ZnO
nanoparticles on the surface of the
membranes has increased the surface
roughness of the membrane. This

180.0
160.0
140.0

Contact Angle (o)

Pristine PTFE-1

desired result is portrayed by the PTFE-
4 membrane as shown in Figure 3 which
exhibits the highest water contact angle
of 170°. Similar observations were
made by Deka et al., 2019 as their
fabricated membrane with omniphobic
characteristics showed an increase of
water contact angle from (125.8 + 3.0°)
to (152.2 £ 3.1°) by coating them with
the same coating solution [11].

170.0

143.2
118.7 123.0 1283

120.0
100.0
80.0
60.0
40.0
20.0
0.0

PTFE-2 PTFE-3 PTFE-4

Figure 7 Water contact angle of membranes at average 5 samples per membrane

3.5 Liquid Entry Pressure (LEP)

The LEP values of the membranes were
measured to determine the wetting
resistance of the membranes. The
coated membrane showed an increase in
LEP value from the pristine membrane.
The data obtained was in agreement
with previous work by Lu et al., 2016
[12] where the increase in LEP values
from 1.6 to 2.5 bar for the membrane
coated with NPs. When a coating layer
is added to a membrane, it can increase
the roughness of the membrane surface
as portrayed in SEM images (Figure 3).
This increase in roughness can lead to
the formation of air gaps within the
membrane structure, affecting its
wetting  properties and  overall
performance. The relationship between
membrane roughness and the creation
of an air gap, as explained by the

Cassie-Baxter model, is a critical aspect
of understanding the behavior of coated
membranes. Based on Figure 8, the LEP
value of the membrane increased
proportionally to the number of cycles
due to the increased concentration of Zn
NPs on the surface of the membranes.
However, only the LEP value of PTFE-
4 was above the recommended
minimum value for MD membrane
which is 2.5 bar making it the most
suitable for MD [26]. Metya et al. [29]
observed a linear relation between
roughness and interfacial tension in
Cassie-Baxter and Wenzel states,
suggesting increased roughness alters
wetting behavior and liquid entry
pressure. Therefore, the high LEP value
is due to the high hydrophobicity
exhibited by the membrane resulting
from the rough surface of the
membrane.
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Figure 8 Water contact angle of membranes at average 5 samples per membrane

4.0 CONCLUSION

This study illustrated the successful
deposition of Zn NPs by spray coating
technique with ZnO NPS with PVDF-
HFP on the surface of commercialized
PTFE hollow fiber membrane. The
presence of Zn NPs on the surface of the
membrane  has  developed an
omniphobic characteristic due to the
formation of spherical microspheres
comprised of ZnO that creates the
hierarchical micro/nano  re-entrant
surface morphology. The fabricated
membrane, PTFE-4 was found to
possess the highest contact angle at
170° and LEP at 2.6 than the other
coated membranes making it the most
optimal membrane. The FTIR and EDX
evidenced the chemical integration of
the ZnO NPs with the commercialized
membrane. To conclude, this work
revealed a methodology to produce
omniphobic characteristics in
commercial membranes using
organosilane  functionalization and
surface fluorination with ZnO NPs via
the easy and adaptable process of
spraying technique. This successfully
improved the membrane's ability to
handle low surface tension liquids,
allowing MD technology to be used in
more applications.
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