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for smart fabrics with antimicrobial and water-
repellent properties†
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In the coronavirus disease 2019 pandemic, protective clothing is required for medical staff at risk of

infection. This study proposes functional smart fabrics with antimicrobial and water-repellent properties,

using titanium dioxide (TiO2) and fluoropolymer-based precursors as coating materials. Experimental

results indicated a uniform distribution of TiO2 particles with an average size below 200 nm throughout

the fabric. A zone of inhibition test revealed that the fabric inhibited bacterial growth, specifically of

Staphylococcus aureus and Klebsiella pneumoniae, before and after 10 wash cycles of the fabric. In

wetting angle measurements, the contact angles of water droplets on the fabric ranged from 120� to

139�. A water repellency test confirmed that the coated fabrics retained their water-repellent property

after 10 wash cycles.
Introduction

Since the beginning of 2020, the coronavirus disease 2019
(COVID-19) has been spreading globally. The number of active
patients continues to increase, whereas the sufficiency of
medical gowns, scrub suits, and surgical masks declines. When
efficient protective gowns are scarce, medical staff are poten-
tially exposed to infection and the spread of COVID-19 can
accelerate. Water repellency and antimicrobial efficacy enhance
the efficiency of preventative clothing against COVID-19 infec-
tion. Thus, the development of clothing with simultaneous
antimicrobial efficacy and water repellency is required.

Metal oxides are effective against bacteria, fungi, algae,
protozoa, and viruses.1 Due to its high reactivity, nontoxicity,
chemical stability, and low cost, titanium dioxide (TiO2) is
exploited in various applications including cosmetics, food
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coloring, photovoltaic cells, catalytic hydrogenation and degra-
dation of organic pollutants, and antimicrobial applications.2

The microbial killing ability of TiO2 was demonstrated by
Fujishima andHonda3 and Tsuang et al.4 The efficiency of TiO2 in
catalytic and antimicrobial activities is thought to be signicantly
inuenced by the chemical composition and particle size of the
catalyst.5 The size of the active reaction sites is a crucial affecter of
catalyst efficiency. Especially, increasing the specic surface area
enhances the photocatalytic and antimicrobial reactivity of
catalysts.6,7 For this reason, TiO2 nanoparticles are favorable for
photocatalytic and antimicrobial applications.

Chemical composition also affects the photocatalytic and
antimicrobial performance of TiO2. As a polymorphic material,
TiO2 comprises three crystal structures: anatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic). The existence
of different TiO2 phases reportedly inuences the chemical
reaction and efficiency of the catalytic performance. The most
stable form of TiO2 is rutile, with a lower energy bandgap than
the other phases. Brookite is orthorhombic, difficult to
synthesize, and the least stable phase. Therefore, it is unat-
tractive for catalytic applications. Anatase is more reactive than
rutile despite its larger bandgap energy. The high efficacy of
anatase may be explained by the nature of its valence band and
charge transport.8 When anatase absorbs light, its valence band
maximum can move to energy levels above the redox potentials
of the adsorbedmolecules, thus enhancing the electron transfer
from TiO2 to the adsorbed molecules.9 Additionally, the
bandgap of anatase is usually indirect, whereas that of rutile is
direct. An indirect bandgap prolongs the charge–carrier life
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic showing the overall coating process of the photo-
catalyst and fluoropolymer on fabric.
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time, enabling superior surface reactions. The charge-transport
process is further enhanced by the much lower polaron effective
mass of anatase than of rutile. Despite demonstrating superior
catalytic efficiency, single-phase anatase may not exhibit the
highest efficacy. Synergic effects on photocatalytic performance
have been reported in mixed rutile-and-anatase-phase TiO2.10

The commonest commercial TiO2 used in catalytic applications
is Degussa P-25, which also contains rutile and anatase phases.

The uid-repellent properties of materials are usually tested
in water. Water repellency can be introduced by hydrophobic
surface treatments that reduce the free surface energy of the
fabric.11 Water repellency is oen enhanced by surface treat-
ment agents such as paraffin, fatty acid resins, silicone-based
compounds, and uoropolymers.12 Paraffin emulsion coatings
are readily available at relatively low cost but have poor dura-
bility and may increase the ammability of fabrics. Fabrics
coated with fatty acid resin is also reported to have poor dura-
bility. Some types of silicone-based water-repellent coatings
have high durability, soness, improved sewing ability, and
good appearance, but when applied inmultiple layers, show low
hydrophobicity. Additionally, excessively thick silicone-based
coating layers may exacerbate pilling, seam slippage, and
attraction of hydrophobic dirt. Acrylate and polyurethane with
uorinated side chains are common uoropolymers used as
water-repellent chemicals. Some uoropolymer coatings exhibit
simultaneous hydrophobic and oleophobic properties, pre-
venting not only water penetration, but also the penetration of
cooking fat, waste oil, and human secretions.13

Wettability is conventionally assessed by measuring the
contact angle of water on the material surface. The contact
angle, which is strongly related to water repellency, is inu-
enced by the difference between the surface energies of the
fabric and water (or its vapor). Hydrophobic materials are
generally characterized by contact angles of 90� or higher. The
water permeability or nonpermeability of fabrics can also be
determined in hydrostatic pressure tests (AATCC 127 standard
developed by the American Textile Chemists and Colorists
Association)14 and spray tests (AATCC 22 standard).15 Fabric
resistance to blood is tested using synthetic blood (ISO 15503).

The present work introduces a simple technique for
producing smart fabrics with antimicrobial and water-repellent
properties. To promote these properties, the fabrics were coated
with TiO2 photocatalysts and uoropolymer-based solutions.
The presence of TiO2 was conrmed in scanning electron
microscopy (SEM) images of the fabric surface morphology.
Water repellency was evaluated in water contact angle
measurement and spray tests. The antibacterial property was
tested on Gram-positive Staphylococcus aureus and Gram-
negative Klebsiella pneumonia. To test the durability of the
coating, the water repellency and antimicrobial properties of
the coated fabric were re-evaluated aer 10 wash cycles.

Experimental
Materials

The fabric used in this work was made from Toray-Toteron
Cotton (TC), which is a blend of polyester (65%) and cotton
© 2022 The Author(s). Published by the Royal Society of Chemistry
(35%). The chemical functional group of the fabric was
conrmed by Fourier transform infrared spectrometer, as
shown in Fig. S1.†

As the antimicrobial agent, we used multiphase TiO2

comprising anatase-phase (A-TiO2), rutile phase (R-TiO2), and
commercial Degussa P25 (P25, with 85% anatase and 15%
rutile). Rutile TiO2 powder (200 nm particle size) and Degussa
P25 were purchased from Sigma Aldrich, and the anatase-phase
was synthesized via the solution combustion technique. The
aqueous solution for the combustion process was prepared
from titanium(IV) isopropoxide (97%, Sigma Aldrich) and
glycine (99% NH2CH2COOH, Fluka Analytical) as the initial
reagent and combusting fuel, respectively. To ensure a homo-
geneous mixture, the solution was magnetically stirred and
ultrasonically dispersed. The solution was heated to less than
400 �C to initiate combustion. Aer the combustion reaction,
the powder products were collected and calcined at 400 �C for
2 h.

Polyvinylpyrrolidone (PVP, (C6H9NO)n) was purchased from
Krungthepchemi Co. Ltd. Polyvinyl alcohol (PVA, CH2CH(OH)n)
was purchased from Sigma Aldrich. DARVAN® 821-a dispersing
agent was purchased from Vanderbilt Minerals LLC. 691
Universal Duo Textile Stone (uorine C-6, peruorooctanoic
acid-free), water soluble uoropolymer, was purchased from
Supreme Nanotech Ltd. Deionized (DI) water was used in all
experiments, and all chemicals were used without further
purication.

Preparation of TiO2 slurry

The coating slurry was prepared from multiphase TiO2 powders
comprising A-TiO2, R-TiO2, and P25 (A-TiO2 : R-TiO2 : P25 ¼
3 : 1 : 1). Five grams of the TiO2 powder wasmixed with 2 L of DI
water containing 0.625 g of dispersant, 0.9375 g of PVA, and
0.9375 g of PVP. The slurry was stirred vigorously at room
temperature to ensure high uniformity and good dispersion.

Antimicrobial coating

The fabrics were coated via immersion in the TiO2 slurry for
5 min. Aer soaking and squeezing, the fabrics were air-dried
under ambient conditions for 24 h and then hot-dried by
ironing (�1 kN m�2, 103 � 2 �C). The TiO2 coating was carried
out using a similar procedure for three times.

Water-repellent coating

The uoropolymer solution was sprayed over the fabric surface
and air-dried at room temperature for 24 h. Heat treatment was
RSC Adv., 2022, 12, 588–594 | 589
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applied by ironing. The process was performed twice to
complete the water-repellent coating. The overall coating
process is depicted in Fig. 1.
Fig. 3 TEM images of (a) A-TiO2 and (b) P25.
Characterization

The phase structure of the TiO2 powder was conrmed in
a Philips X'Pert X-ray diffractometer with a Cu Ka radiation
source. The 2q range was 10–80�, the scan rate was 3� min�1,
and the step size was 0.01�. The fabric was trimmed into 3 cm�
3 cm squares for characterization. The surface morphology of
the fabrics was observed on a Hitachi HU3500 SEM. The
dispersions of TiO2 powders and uorinated compounds on the
fabric surface were investigated via elemental mapping analysis
using an Oxford energy-dispersive spectrometer.

The wettability of the fabric surface before and aer coating
was examined by water angle measurements. A 5 mL water drop
was deposited on the surface and imaged at 10 s intervals. The
contact angle was measured on six areas and averaged to give
the nal result. Contact angle measurements were repeated
aer 1, 3, and 10 wash cycles to examine the durability of the
water-repellent coating. The wash process conformed to the
AATCC TM 135: 2010 standard.

The durability of the water-repellent coating was evaluated in
a water permeability spray test following the AATCC 22 test
method. The resistance to blood penetration was tested using
synthetic blood in an ISO 16603: 2004 test apparatus. The
antimicrobial property of the coated fabric was tested via the
growth analysis of S. aureus (ATCC 6538) and K. pneumonia
(ATCC 4352) colonies.

Mechanical properties of fabric with and without coating,
including Young's modulus and tensile strength, were
measured on a Hounseld H50KS universal testing machine.
The fabrics were trimmed into a dimension of 2 cm � 10 cm in
two different directions (we and warp). The fabrics without
and with coating were tested along with we and warp direc-
tions, at a constant load of 900 N and a tension speed of 50
mm min�1 with 50 mm distance between clamps. Young's
modulus and tensile strength were averaged from 10 specimens
tested.
Fig. 2 XRD patterns of the three types of TiO2 used in this work.

590 | RSC Adv., 2022, 12, 588–594
Results and discussion
Characteristic of TiO2 photocatalysts

The phase structure and microstructure of the TiO2 photo-
catalysts used in the coating process were investigated using
XRD and SEM analyses. The sharp peaks in the XRD patterns of
A-TiO2 and R-TiO2 correspond to single-phase anatase (ISCD no.
009854) and rutile (ISCD no. 031328), respectively (Fig. 2).
Meanwhile, the patterns of P25 presented the signals of both
anatase and rutile, consistent with An et al.16 The sharp
diffraction peaks of all XRD patterns indicated highly crystalline
TiO2.

The transmission electron micrographs of the A-TiO2 and
P25 photocatalysts are displayed in Fig. 3a and b, respectively.
The particles of both photocatalysts were irregularly shaped
with average sizes of 181 � 52 and 26 � 9 nm, respectively. The
ne sizes of the TiO2 antimicrobial reagents might enhance the
number of reactive sites and improve the antimicrobial
performance.
Surface morphology of uncoated and coated fabrics

The morphologies of the fabrics before and aer coating were
investigated via SEM (see Fig. 4). The bers of the noncoated
fabric were smooth with no evidence of nanoparticles (Fig. 4a).
Aer the rst coating, TiO2 particles were scarcely observed on
the ber surface (Fig. 4b). Aer successive coatings, TiO2

particles were frequently observed and uniformly distributed on
Fig. 4 SEM images of the fabric after successive coatings of TiO2: (a)
zero coating (bare fabric), (b) one coating, (c) two coatings, and (d)
three coatings; (e) and (f) TiO2-coated fabric after one and two
coatings with fluoropolymer, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Elemental mapping images of the coated fabric: (a) SEM image;
distributions of (b) Ti, (c) O, (d) F, (e) Si, and (f) element overlay.

Table 1 Contact angles on the coated fabric before and after washing

Sample
Contact angle
at 0 s

Contact angle
at 60 s

Before washing 132.0� 130.4�

Aer 1 wash cycle 120.4� 118.5�

Aer 3 wash cycles 129.4� 124.5�

Aer 10 wash cycles 131.4� 122.1�

Table 2 Wettability levels specified in the AATCC 22 standard for spray
tests15
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the ber surface, resulting in rougher surface, as shown in
Fig. 4c and d.

Aer coating with uorinated compound, a thin layer was
formed covering the ber surface, resulting in a rougher
surface. The presence of both TiO2 and uorinated compounds
on the coated fabrics was conrmed using energy-dispersive
elemental (EDS) mapping analysis (see Fig. 5). The signals of
Ti, F and Si elements were uniformly detected over the investi-
gated area. The Ti, F, and Si contents increased with the
increasing number of coatings. Together, the SEM and EDS
mapping data conrm that both TiO2 and the uorinated
compounds were uniformly coated on the fabric surface. In
addition, the presence of Si element indicates the presence of
silane coupling agent in the solvent of uorinated compound.

The amount of TiO2 coated on fabrics was measured and
conrmed by measuring the weight of fabrics before and aer
coating at different cycles (Table S1 and Fig. S3†). Aer one
coating of TiO2, the weight increased by about 1.33 � 0.58%.
Their weight continuously increased to 2.50� 0.57% and 3.46�
0.75% aer two and three coatings of TiO2, respectively.
However, the weight gain aer two and three coatings was
found to be lower as compared to one coating. This result was
because TiO2 were both leached and deposited on fabric during
soaking, which resulted in a slight change in weight aer two
and three coatings. Although weight gain aer coating was not
exactly equal to the actual amount of TiO2, it implied the
increase of TiO2 on the fabric aer successive coating since the
PVP and PVA had less contributions (Table S2†). The TiO2

particles could adhere to the fabric by several possible interac-
tions, such as van der Waal force, electrostatic force with
surface functional groups (e.g., carbonyl, hydroxyl, and carbox-
ylic groups), and entrapment inside pores of bers or intra-yarn
pores.17,18
Fig. 6 Contact angle of a water droplet on the coated fabrics before
washing and after 1, 3, and 10 wash cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Water repellency of the coated fabrics

The water repellencies of the coated fabrics before washing and
aer 1, 3, and 10 wash cycles were determined from the contact
angles of a water droplet on the fabric surface. The results are
shown in Fig. 6 and summarized in Table 1. As mentioned
above, the larger the contact angle, the higher was the hydro-
phobicity. Before washing, the contact angle on the coated
fabric was �132�, slightly decreasing to 130.4� aer 60 s, con-
rming the poor wettability (excellent water repellency) of the
coated fabric.19

Aer one wash cycle, the contact angle decreased to 120.4�

because the uorinated compounds were leached during
washing. Leaching was conrmed by the decreased F content in
an EDS analysis of the washed fabric. Unexpectedly, the contact
angles recovered aer three and 10 wash cycles, possibly
because the fabric was roughened by crushing destruction of
the bers during the washing process. Roughening the surface
of a material is known to enhance its hydrophobicity.

As conrmed in the contact angle measurements, the water
repellency was slightly reduced aer washing. The durability of
the water-repellent coating was veried in a spray test (AATCC
22), which measures the wetting degree when the fabric is
drizzled by water. The water stain characteristics at different
wetting degrees (in ISO standard ratings) are listed in Table 2.

The wettability level of the uncoated fabric was 0, referring to
no water repellency. Aer one coating of TiO2, the wettability
level was found to be 0, which was similar to uncoated fabric.
However, the wettability level of the coated fabrics increased up
to 50 aer two coatings and remained the same value aer three
coatings. This result indicates that the water repellent property
of the fabrics could be enhanced by increasing the number of
TiO2 coating. As revealed in the SEM images (Fig. 4c and d),
Wettability
level Water stain characteristics

100 (ISO5) No wetting of the specimen face
90 (ISO 4) Slight random wetting of the specimen face
80 (ISO 3) Wetting of specimen face at spray points
70 (ISO 2) Partial wetting of the specimen face beyond the spray

points
50 (ISO 1) Complete wetting of the entire specimen face
0 Complete wetting of the entire face of the specimen

RSC Adv., 2022, 12, 588–594 | 591
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Fig. 7 Results of the blood penetration test: fragments of gown under
an applied pressure of (left) 0 kPa and (right) 1.75 kPa.

Fig. 8 Schematic of antibacterial mechanisms of TiO2.
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TiO2 particles created a rougher surface on bers, which could
result in the development of a weak hydrophobic surface.20–22

Water repellent property was greatly enhanced in the fabric
coated with a uoropolymer. Fabric coated with uoropolymer
exhibited a wettability level as high as 70–75. Wettability level
still remained some of its original water repellency of 70–75
aer washing for 10 cycles. The water stain characteristics were
categorized wettability level of 70 as “partial wetting of the
specimen face beyond the spray points”. The wettability level of
uncoated and all coated fabrics with different conditions are
summarized in Table S3.† A wettability level of 70 (ISO-2) is the
general performance requirement for raincoats, trench coats,
jackets, and outerwears. Moreover, the water repellency of the
coated fabrics endured multiple wash cycles. Rowen and
Gagliardi23 considered that when the water repellency is slightly
diminished by laundering, a fabric is durably resistant to water.

Furthermore, the body uid penetrations of the fabrics were
tested using synthetic blood according to the ISO 16603: 2004
Table 3 Zones of inhibition of the uncoated and coated fabrics (AATCC

Specimen

Fabric without coating
Fabric coated with only uoropolymer coating
Fabric coated with TiO2 and uoropolymer
Fabric coated with TiO2 and uoropolymer aer washing 10 cycles

592 | RSC Adv., 2022, 12, 588–594
standard. The fabrics with an average thickness of 0.239 mm
and an areal density of 1.258 g cm�2 passed the penetration test
under no applied pressure but failed under a hydrostatic pres-
sure of 1.75 kPa (see Fig. 7). Therefore, the fabric met only the
requirement for Class 1 materials. These results suggest that the
fabric can be worn during general procedures and biopsies but
is inappropriate for intensive care units or surgical operations.24
Antibacterial property

Several antibacterial activities are mechanized via the synthesis
inhibition of the cell wall, nucleic acids, proteins, or metabolic
compounds. Others operate through membrane disruption or
interruption of microbial respiration.25 Metal oxides such as
TiO2 are well-known antimicrobial agents. In the presence of
TiO2, microbes generate reactive oxidizing species (ROS) such
as hydroxyl radicals (cOH), peroxides, and superoxides (O2

�),
which inhibit respiratory chain activity and enzyme synthesis
and destroy RNA/DNA, cell membranes, and cell walls.26 (see
Fig. 8).

ROS are generated when TiO2 absorbs light of a certain
wavelength, forming electron–hole pairs (eqn (1)). Electrons in
the conduction band (ecb

�) of TiO2 react with oxygen molecules
(O2) to form O2

�c (eqn (2)). Meanwhile, holes in the valence
band (hvb

+) react with H2O, generating hydroxyl radicals (cOH)
(eqn (3)). These hydroxyl radicals further react with each other
to form hydrogen peroxide (H2O2) (eqn (4)).

Metal oxide + hv / ecb
� + hvb

+ (1)

O2 + ecb
� / O2�c (2)

hvb
+ + H2O / cOH + H+ (aq) (3)

cOH + cOH / H2O2 (4)

The antimicrobial performances of the gowns were assessed
following the AATCC TM 147: 2016 standard (Test Method for
Antibacterial Activity of Textile Materials). AATCC TM is the
normal qualitative approach for assessing the antibacterial
activities of diffusible antimicrobial agents on textiles. The test
organisms were Gram-positive S. aureus (ATCC 6538) and Gram-
negative K. pneumoniae (ATCC 4352). A piece of fabric cut from
the uncoated and coated fabrics was placed across streaks of the
bacterial species on an agar plate. The uncoated fabric and only
uoropolymer coated fabrics showed zero zone inhibition
against S. aureus and K. pneumoniae, indicating no
TM 147: 2016 standard)

Zone of inhibition (mm)

S. aureus (ATCC 6538)
K. pneumoniae
(ATCC 4352)

0 0
0 0
4.9 2.5
6.3 4.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Mechanical properties, including Young's modulus and tensile strength, of uncoated and coated fabrics along weft and warp directions

Direction Specimen

Mechanical properties

Young's modulus (MPa) Tensile strength (MPa)

We Uncoated fabric 337.76 � 7.80 47.29 � 5.23
Coated fabric 368.76 � 13.78 68.40 � 2.95

Warp Uncoated fabric 175.01 � 11.16 32.66 � 1.23
Coated fabric 186.40 � 12.91 33.11 � 2.76
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antimicrobial property. On the contrary, no bacterial growths
were observed under the fabrics coated with both TiO2 and
uoropolymer; instead, a clear inhibition zone appeared. The
inhibition zones against S. aureus and K. pneumoniae were 4.9
and 6.3mm in diameter, respectively (see Table 3). These results
clearly conrm the antimicrobial properties of TiO2. To further
evaluate the antimicrobial durability of the fabrics, the tests
were repeated aer 10 wash cycles. Similar results were ob-
tained, although with slightly reduced zones of inhibition. The
results elucidated the antimicrobial properties of the fabrics
even aer 10 wash cycles.
Mechanical properties

Mechanical properties of the fabrics before and aer coating,
including Young's modulus, yield strength, tensile strength,
and elongation at break, are summarized in Table 4. Young's
modulus and tensile strength of uncoated fabrics in the we
directions were better than those in the warp direction. Aer
coating, the mechanical properties slightly increased in the
warp direction but signicantly increased in the we direction.
An improvement of the mechanical properties of coated fabrics
in both directions could be explained as follows. Fluoropol-
ymer, PVP, and PVA could ll in the interstices at the ber–ber
region of spun yarn and also form as a thin layer on the yarn
surface, providing additional strength to the fabrics.27,28 More-
over, the presence of TiO2 particles on the coated fabric may
help bearing the external force and strengthening the fabric
since TiO2 is an inorganic mineral, which is stiffer than fabric.
Conclusions

Anatase-phase TiO2 nanoparticles (smaller than 200 nm on
average) were synthesized via the solution combustion tech-
nique and applied as antimicrobial agents. To enhance their
efficacy, the synthesized TiO2 powders were mixed with
commercially available rutile TiO2 and Degussa P-25. Medical
gowns were coated by simple dip coating, drying, and ironing
procedures. To ensure the durability of their antimicrobial
performance and water repellency, the gowns were coated with
two layers of TiO2 and three layers of a uorinated compound.
Experimental results indicated that the TiO2 particles were
uniformly distributed throughout the fabrics. The fabric effec-
tively inhibited the growth of S. aureus and K. pneumoniae, even
aer 10 wash cycles. The high wetting angles (120–139�) before
and aer washing for 10 cycles conrmed the high water
© 2022 The Author(s). Published by the Royal Society of Chemistry
repellency of the fabrics. The wettability level (70–75) demon-
strated that the coated fabrics retained a fair water-repelling
ability aer 10 wash cycles. The fabric coated in this work
shows a promising and smart material with an antimicrobial
functional surface with water repellency for use as protective
clothing under the COVID-19 pandemic.
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