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Awareness of microbial infection, hygiene, and personal health has increased in recent years, particularly in
light of the pervasive pandemic encountered by the global community. This has prompted the development
of antibacterial and superhydrophobic cotton fabric to address the pressing challenge. In this investigation,
we report bio-mediated zinc oxide nanoparticles (ZnO NPs) synthesized using Psidium guajava leaf extract
and zinc acetate. Further, the chitosan—ZnO nanocomposite (CS-ZnO) was synthesized and subsequently
deposited on cotton fabric (CF) via a facile and cost-effective pad-dry-cure method to produce CS-ZnO-
CF. The ZnO NPs, CS-ZnO, and CS-ZnO CF were characterized using FTIR, XRD, SEM-EDAX, TGA and AFM
analysis. Additionally, we investigated the mechanical properties and water contact angle (WCA) of
uncoated cotton (UCF) and CS-ZnO CF. The CS-ZnO-CF demonstrated good mechanical stability even
after 50 abrasion cycles, good washing durability, and good super-hydrophobicity, with a high WCA
(153.1°). The antibacterial study indicated that CS-ZnO and CS-ZnO-CF exhibited higher antibacterial
activity than UCF against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria. This
study introduces a simple, environmentally friendly, and economically scalable method for producing
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1. Introduction

The growing emphasis on personal health and hygiene has led
to an increasing demand for developing textiles endowed with
antibacterial and hydrophobic properties. Cotton fabrics,
widely used in daily life, have a highly hydrophilic nature that
tends to retain moisture, creating an environment conducive to
the growth and multiplication of various microorganisms. This
can result in disease transmission, unpleasant odours, deteri-
oration, and discoloration of textiles.' To mitigate these issues,
recent efforts have focused on developing multifunctional
textiles with promising antibacterial and superhydrophobic
properties.”

Literature reports indicate that many researchers have
sought to develop antibacterial and superhydrophobic coatings
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multifunctional CS-ZnO CF, showcasing its potential for diverse applications.

on a variety of substrates, including sponges, carbon steel, filter
paper, wallpapers, and cotton fabric.* Among these, cotton
fabric has gained special attention due to its unique charac-
teristics, such as cost-effectiveness, softness, comfort, hygro-
scopic nature, and biodegradability. Cotton fabric is widely
utilized in self-cleaning, UV protection, industrial oil-water
separation, decorative uses, and packing.* However, in recent
years, attention has shifted toward developing either antibac-
terial or superhydrophobic coatings on cotton fabric, with few
studies aiming to achieve a synergistic effect by imparting both
properties. Superhydrophobic surfaces, characterized by a water
contact angle (WCA) above 150°, can be achieved by coating
rough topographical nanostructures with low surface energy
materials.® For instance, cotton fabric has been treated with
various nanoparticles (NPs) such as platinum (Pt), gold (Au),
and silver (Ag) to attain effective antibacterial and super-
hydrophobic properties.® Nonetheless, these approaches often
come with significant drawbacks, including high costs, poor
stability, and limited wash durability, especially when exposed
to harsh environmental conditions such as abrasion and
washing, which can restrict their commercialization. Alterna-
tively, fluorinated polymers (low surface energy providers) and
fluorine-containing modifiers have been widely explored for
superhydrophobic coatings. However, these fluoropolymers and
fluorine-containing modifiers are likely to cause damage to the
environment and the human body.”® Therefore, the main

© 2024 The Author(s). Published by the Royal Society of Chemistry
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objective of researchers worldwide is to prepare cost-effective,
environmentally friendly, antibacterial and superhydrophobic
coatings with improved stability and durability of the coated
material, a challenge that is still perceived.

In this context, for integrating both properties, attempts
have been focused on developing cost-effective alternatives such
as an organic/inorganic hybrid antibacterial nanocomposite. In
general, organic antibacterial agents exhibit lower stability at
high temperatures and pressure. Conversely, inorganic anti-
bacterial agents are stable, robust, and durable.® Thus, a hybrid
nanocomposite material was prepared by combining polymers
and metal oxide nanoparticles (NPs) with the envisaged
improved stability and antibacterial efficiency, which could be
attributed to the synergistic effect.'>"* Among the various poly-
mers explored, chitosan is the polymer of choice in the prepa-
ration of the nanocomposite. Chitosan has garnered attention
due to its natural abundance, cost-effectiveness, biodegrad-
ability, biocompatibility, and nontoxic nature.*»** Moreover,
chitosan is a linear polysaccharide consisting of p-glucosamine
linked by B-(1—4) linkage and N-acetyl glucosamine.'* Apart
from this, chitosan acts as a binder in textile finishing, and also
as an antibacterial and a surface roughening agent.*® The role of
chitosan as a binder and its high compatibility with cellulose
contributes to the high adsorption of NPs onto the fabric
surfaces. Thus, the finished fabric exhibits high washing
durability. Hence, nanocomposites based on chitosan and
metal oxide NPs were used to introduce functional properties
into textiles. Among different metal oxides, zinc oxide (ZnO) is
an attractive and promising candidate for textile coatings, as it
is economical, nontoxic, biocompatible, antibacterial, UV-
blocking, and has self-cleaning properties.”>” Generally, ZnO
NPs are most commonly prepared via various chemical and
physical approaches, including precipitation, hydrothermal,
sol-gel, microwave methods, and thermal decomposition.'®
However, some of these processes require toxic chemicals and
high-cost materials and involve multiple time-consuming
synthesis steps.” In recent years, with an inclination for
sustainable development, the green synthesis of ZnO NPs has
increasingly attracted interest because of its simple, cost-
effective, environmentally friendly, and easy synthesis proto-
cols.” In this regard, green synthesis using plant extract is the
most promising approach for the facile synthesis of NPs.

Psidium guajava, also known as guava, is a member of the
family Myrtaceae. Psidium guava is a medicinal plant, and its
plant extract is rich in polyphenols (chlorogenic acid and
guavin-B), flavonoids, carotenoids, and terpenoids.”*** The
phytochemicals found in Psidium guajava serve as both
reducing/oxidizing and capping agents in the synthesis of ZnO
NPs.”

In the past several years, various coatings approaches have
been reported to incorporate ZnO NPs on cotton fabric surfaces,
including dip coating, layer-by-layer technique, and spray
coating.”® However, most of the methods require expensive
equipment, high temperatures, and multistep procedures.
Based on the methods documented in the literature, the pad-
dry-cure method is considered one of the most suitable
methods among the various coating approaches. The pad-dry-
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cure method has several advantages, such as simple, cost-
effective, fast technique, lower consumption of electricity and
chemicals, higher productivity, and uniform surface modifica-
tion over a large area.”* Thus, we were inspired to explore the
use of the pad-dry-cure coating method and eco-friendly nano-
composite to develop mechanically and chemically stable and
durable cotton fabrics with antibacterial and superhydrophobic
functionalities. With this motivation, herein, we have synthe-
sized ZnO NPs by treating Psidium guajava leaf extract with zinc
acetate aqueous solution. Subsequently, the chitosan-zinc
oxide nanocomposite (CS-ZnO) was synthesized and deposited
onto the cotton fabric using the pad-dry-cure method. The
prepared ZnO NPs, CS-ZnO, and CS-ZnO-coated cotton fabric
(CS-ZnO CF) were characterized using various techniques, such
as UV-visible (UV-Vis) spectroscopy, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), attenuated
total reflectance-Fourier transform infrared (ATR-FTIR), scan-
ning electron microscopy (SEM), energy-dispersive X-ray anal-
ysis (EDAX), and atomic force microscopy (AFM). Additionally,
the mechanical properties of CS-ZnO CF and the uncoated
cotton fabric (UCF) were investigated. The mechanical and
washing durability of the prepared superhydrophobic fabric
was assessed by abrasion and washing experiments. The disc
diffusion method was employed to evaluate the antibacterial
activity of the ZnO NPs, CS-ZnO, UCF, and CS-ZnO CF against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)
bacteria. Therefore, we consider this report to be a significant
advancement toward the development of CS-ZnO
nanocomposite-coated fabrics that exhibit promising potential
for use as antibacterial and superhydrophobic textiles in
hospital-related applications.

2. Experimental

2.1. Materials

Psidium guajava leaves were collected from the local area. Zinc
acetate dihydrate (Zn(CH3;COO),-2H,0), sodium hydroxide
(NaOH), chitosan (low molecular weight, degree of deacetyla-
tion 70-90%), and glacial acetic acid (CH;COOH) of analytical
grade were procured from Sigma-Aldrich Pvt., Ltd. India. Pris-
tine cotton (100%) fabric with 148 ends per inch and 85 picks
per inch, thickness of 0.2 mm, GSM 103 g m 2, and density of
0.5 g ecm > were procured from Dattajirao Kadam Technical
Education (DKTE) Textile and Engineering Institute, Ichalkar-
anji, Maharashtra. All experiments were conducted using
double-distilled water (DDW).

2.2. Bio-synthesis of ZnO NPs

ZnO NPs were synthesized using the bio-mediated co-
precipitation method. In brief, the fresh Psidium guajava
leaves were collected from the local area. The collected leaves
were washed with DDW. The washed leaves were shade-dried
for 10 days. To prepare the leaf extract, 30 g of finely cut dried
leaves were added to 150 mL of DDW. Subsequently, the solu-
tion was boiled at 60 °C for 20 min. The obtained extract solu-
tion was allowed to cool to room temperature, and subsequently
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filtered to eliminate the particulate matter. The obtained extract
was stored in a refrigerator for subsequent use. After that, 10 mL
of leaf extract was poured into 50 mL of 0.1 M Zn(CH3;COO),-
-2H,0 solution. The solution was stirred continuously for 2 h to
obtain a white precipitate, which was eventually washed with
DDW, followed by ethanol to remove the impurities. Further-
more, the precipitate was dried in an oven at 60 °C, followed by
calcination at 500 °C for 2 h. The theoretical yield was 0.403 g,
while the experimental yield was observed to be 0.352 g (87.34%
yield).

2.3. Preparation of the CS-ZnO nanocomposite

To prepare the CS-ZnO nanocomposite, 1 g of chitosan was
added to 100 mL of 2% (v/v) aqueous acetic acid solution
(CH3COOH) and stirred for 12 h at 60 °C. Subsequently, 2 g of
biosynthesized ZnO NPs was added to the aforementioned
solution, and it was continuously stirred at 60 °C for 2 h.
Following that, 1 M sodium hydroxide (NaOH) was gradually
added to the solution until it reached a pH of ~10. Finally, the
resulting solution was sonicated for 1 h.

2.4. CS-ZnO nanocomposite-impregnated cotton fabric

Pristine cotton (100%) fabric with 148 ends per inch and 85
picks per inch was used for the application purpose. The
prepared CS-ZnO solution was applied to the cotton fabric
using the pad-dry-cure method. A cotton fabric cut to the size of
15 x 15 cm® was submerged in the CS-ZnO solution for 30 min.
Subsequently, it was passed through a padding mangle
(Universal Padding Mangle, R. B. Electronics Pvt. Ltd., India)
operating at a speed of 15 m min~ ' and a pressure of 1 kgf cm >
to eliminate excess solution. This procedure was repeated three
times to obtain an effective impregnation/coating of the nano-
composite onto the fabric surface (the obtained recovered CS-
ZnO solution was filtered, and washed, and the dried powder
was used for characterization). A wet pick of up of 90% was
consistently maintained for all the treatments following the
padding process, and the fabric was air-dried at 80 °C for 3 min
and then cured for 2 min at 140 °C.

2.5. Characterization techniques

The UV-Vis spectra of the sample were recorded using a UV-
visible spectrometer (Analytik Jena Specord 210 Plus). An X-
ray diffractometer was used to characterize the crystal struc-
ture and phase formation of the sample (XRD-Bruker DS§-
Phaser, Cu Ko, radiation, 2 = 1.5406 f&) in the diffraction
angle range from 5° to 80°. Fourier transform infrared spec-
troscopy (FTIR-Bruker Alpha-100508 Spectrometer) was used to
determine the functional groups present in the synthesized
material from a wavenumber range of 400-4000 cm ™' (trace
amount of sample in KBr pellets). Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectra of UCF and CS-
ZnO CF were recorded in the wavenumber range of 560-
4000 cm ™" using Bruker, ALPHA, Germany. The morphological
evolution and elemental composition of the materials were
studied by scanning electron microscopy (SEM-JEOL, JSM-
IT200) and energy-dispersive X-ray analysis (EDAX-JEOL,
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JSMIT200) with an accelerating voltage of 5-10 keV. Thermog-
ravimetric analysis was performed using TGA, TA instrumen-
tation, USA, SDT Q600 to evaluate the composition of ZnO and
CS in CS-ZnO CF. The thermograms were recorded within the
temperature range from 30 to 500 °C with a heating rate of 5 °©
C min~" under air atmosphere (20 mL min~"). An atomic force
microscope (AFM, Park System Korea, NX10) was used to
analyze the surface roughness of the sample. To determine the
wettability of the sample, water contact angle (WCA) measure-
ments were performed using the Holmarc contact meter model
HO-IAD-CAM-01. A sessile drop method was employed to
determine the #° values. A 5 pL volume of DDW was positioned
onto the fabric surface using a micro-syringe. The 6° was
measured at four equidistant positions and the images were
recorded at each position, with values subsequently averaged.

2.6. Durability test

The mechanical and washing durability of the as-prepared
superhydrophobic fabric was evaluated by abrasion and
washing experiments. In the abrasion experiment, the fabric
was cut (38 mm circular diameter) and placed with the technical
face down into a gold ring under a load of 200 g, maintaining
a pressure of 9 kPa, and moving at a speed of 3 cm s~ in one
direction (Martindale Abrasion Tester, Mag Evolvics, Coimba-
tore). WCA was measured at an interval of 10 cycles. The impact
of the abrasion cycles on the contact angle of the sample was
investigated.

Studies on the wash durability of CS-ZnO CF were carried
out with a washing fastness tester (DRS-3A-10) by (AATCC 61/2A-
1996, AATCC 61-2006 test method). CS-ZnO CF was washed in
a standard washing solution containing 2 g per L detergent.
Each washing cycle was continued for 15 min at 40 °C. After
washing (5, 10, 15, 20, 25 cycles), cotton fabrics were rinsed with
DDW and subsequently dried at 50 °C for 6 h before conducting
the WCA measurement.*

2.7. Mechanical properties

The textile engineering characterization, including analysis of
the tensile strength and elongation at break, of UCF and CS-
ZnO CF was performed using an Instron 5565 instrument (USA
and Canada). The air permeability of UCF and CS-ZnO CF was
assessed at room temperature with a pressure of 100 Pa using
a Testex Air Permeability Tester.

2.8. Antibacterial activity

The disc diffusion method was used to assess the antibacterial
activity of ZnO NPs, CS-ZnO, UCF, and CS-ZnO CF against
Escherichia coli (E. coli-NCIM 2832) and Staphylococcus aureus (S.
aureus-NCIM 2654). In this method, the test microorganisms
were evenly spread onto the sterile nutrient agar plates, and the
ZnO NPs (50 pg mL '), and circular-shaped 1 cm diameter discs
of UCF and CS-ZnO CF were subsequently placed in Petri plates,
which were incubated at 37 °C for 24 h. Then, the zone of
inhibition was measured.

According to the standard AATCC100 method, UCF and CS-
ZnO CF were cut into round pieces with a diameter of 1 cm. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fabric samples were then dipped in bacterial cultures of E. coli
and S. aureus and incubated at 37 °C for 24 h. Afterward, 0.1 mL
of incubated culture was swabbed onto sterile media and
incubated again at 37 °C for 24 h. The viable cell count method
was utilized to determine the percentage of bacterial reduction
using the following formula (eqn (1)),

- B

% bacterial reduction = x 100 (1)

where the initial number of cells is taken as A, and the final
number of cells is taken as B.

3. Results and discussion

3.1. UV-visible spectroscopy

UV-visible spectroscopy was employed to investigate the
synthesized ZnO NPs and CS-ZnO (Fig. 1a). The prepared ZnO
NPs and CS-ZnO exhibited absorption peaks at 375 and 357 nm,
respectively. Similar results were reported in earlier litera-
ture.”**” The UV-Vis spectra reveal that the absorption peak
around 375 nm is the intrinsic band gap absorption of ZnO NPs.
This is due to the electron transition from the valence band to
the conduction band (0,, — Znzq).*®* Meanwhile, CS-ZnO
exhibits an absorption peak at 357 nm. This absorption showed
a blue shift, which is mainly due to the interaction with the
chitosan. The band gap was evaluated using eqn (2), where A, is
the wavelength of the absorption edge.

1240
g

The ZnO NPs and CS-ZnO revealed a band gap of 3.30 and
3.47 eV, respectively, which was in agreement with an earlier
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Fig.1 (a) UV-visible spectra of ZnO and CS-ZnO. (b) XRD patterns of

Zn0O, CS-Zn0O, UCF, and CS-ZnO CF. (c) FTIR spectra of ZnO and CS—
ZnO. (d) ATR-FTIR spectra of UCF and CS-ZnO CF.
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report.””** The observed blue shift denotes the decrease in the
size of the particles and the increase in the band gap energy.*°

3.2. XRD analysis

Fig. 1b illustrates the XRD patterns of ZnO NPs, CS-ZnO, UCF,
and CS-ZnO CF. The XRD pattern of ZnO NPs shows the
diffraction peaks at 26 = 31.8, 34.5, 36.3, 47.7, 56.8, 62.9, 66.5,
68.0, 72.5, and 76.9°, which were ascribed to the (100), (002),
(101), (102), (110), (103), (200), (112), (004) and (202) planes of
the ZnO crystal structure, respectively. The all-diffraction peaks
were well indexed as hexagonal phases with the wurtzite crystal
structure of ZnO NPs (JCPDS card no. 01080075). CS-ZnO
indicates the presence of all peaks of ZnO NPs. However, a shift
in two peaks at 26 = ~31.92° (100) and ~36.40° (101) was
observed.*

The additional peak noted in CS-ZnO (Fig. S1t) at 26 = 20.2°
corresponds to the (200) plane due to chitosan, which exhibits
the crystalline nature of chitosan.®** These results reveal the
successful synthesis of the CS-ZnO nanocomposite. In addi-
tion, the crystallite size of ZnO NPs and CS-ZnO was evaluated
using Debye-Scherrer's formula (eqn (3))

09 x2
D= ——
G cos @

(3)

where D is the crystallite size in nm, A is the X-ray wavelength
(1.54 A), g is the full-width-at-half-maximum (FWHM), and 6 is
the angle of diffraction. However, the average crystallite size was
found to be 18.98 nm and 16.97 nm for ZnO NPs and CS-ZnO,
respectively.** Furthermore, the XRD spectrum of UCF (marked
with an asterisk) exhibits the diffraction peaks at 260 = 14.9, 16.8
and 22.8°, which are indexed to the (110), (110), and (200)
crystal planes, respectively, of monolithic cellulose type I. This
is in good agreement with the (JCPDS card no. 00-056-1717 and
00-0561718).>* CS-ZnO CF showed diffraction peaks corre-
sponding to cotton fabric and the CS-ZnO nanocomposite,
supporting the fact that CS-ZnO was coated on the cotton
fabric.

3.3. FTIR analysis

The FTIR spectra of ZnO NPs and CS-ZnO are presented in
Fig. 1c. The FTIR spectrum of ZnO NPs exhibits the peaks at
3449 and 527 em ™', which could be attributed to the OH stretch
and Zn-O bonding, respectively.** The FTIR spectrum of CS-
ZnO exhibited peaks at 3420, 2921, 2855, 1647, 1382, 1077, and
1025 em ™', corresponding to the combined peaks of NH, and
OH groups stretching, C-H stretching in CH;, C-H stretching of
CH,, H-bonded amide I group of the combined vibrations of the
C=0 stretch and N-H deformation, CH; deformation, amine
(C-N) stretching, and (C-O) stretching vibrations of chitosan,
respectively.**3° Moreover, a peak at 456 cm ™" corresponding to
Zn-O stretching was also observed.' This peak is observed to
shift to a lower wavenumber as compared to that of the bio-
synthesized ZnO NPs, which indicates the formation of H-
bonds between ZnO and chitosan. The decrease in the inten-
sity of this peak with a new peak appearing at 456 cm™ " indi-
cates the binding of ZnO NPs on chitosan, i.e., the formation of

RSC Adv, 2024, 14, 33774-33783 | 33777
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CS-Zn0.*>** The schematic structure of the CS-ZnO nano-
composite is depicted in Fig. S2.f

Moreover, an analysis of the functional groups in CS-ZnO CF
was conducted via ATR-FTIR spectra and compared with UCF,
as illustrated in Fig. 1d. UCF exhibited peaks at 3346, 2890, 1324
and 1005 cm ™, which could be attributed to the OH stretching,
C-H stretching, C-O bending, and C-O stretching vibrations in
cellulose, respectively.”” However, CS-ZnO CF endows the
characteristic peaks at 3482, 2889, 1653, 1443, 1356, and
1000 cm ™", corresponding to OH stretching (in cellulose), C-H
stretching (in cellulose), C=0 stretching (in chitosan), C-N
stretching (in chitosan), and C-O stretching (in cellulose),
respectively.’>**** CS-ZnO CF shows the peaks of cotton fabric
and CS-ZnO. A shift in some peaks is observed due to the
interaction between the nanocomposite components and the
cotton fabric.***” The ATR-FTIR results support the coating of
CS-ZnO on cotton fabric.

3.4. SEM and EDAX analysis

The surface morphology and elemental composition of UCF and
CS-ZnO CF were examined using SEM and EDAX analysis, as
illustrated in Fig. 2. The SEM images of UCF in Fig. 2a and
b reveal a fiber with a smooth surface without any deposition.
CS-ZnO CF (Fig. 2c¢ and d) shows the CS-ZnO nanocomposite
being uniformly coated on the fabric fiber surface, and the fiber
surface subsequently becomes rough (see the high-
magnification micrographs insets). Treatment with CS-ZnO
causes an increase in the roughness of the cotton fabric surface,
which is also supported by the AFM (given below).*® Similar
findings were documented in earlier literature.*® These results
demonstrate the homogenous distribution of the CS-ZnO
nanocomposite all over the fabric surface and the subsequent
surface roughness of the treated cotton, which is helpful for
superhydrophobic properties.*’

To confirm the coating of CS-ZnO on the cotton fabric, it was
analyzed by EDAX analysis and compared with UCF, as shown
in Fig. 2e and f. UCF (Fig. 2e) shows the presence of C (41.31%)
and O (58.69%) elements. The carbon peak in the EDAX pattern
originates from the cellulosic structure of the cotton fabric.*!
Conversely, CS-ZnO CF (Fig. 2f) exhibits the presence of C

gl oagaual w g 1
2 3 4 s
Energy [keV]

Fig. 2 SEM images of (a and b) UCF and (c and d) CS-ZnO CF. The
insets show the magnified images. EDAX patterns of (e) UCF and (f)
CS-ZnO CF.
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(9.67%), N (2.01%), Zn (64.15%), and O (24.17%) elements,
supporting the deposition of ZnO NPs. The presence of other
elements like N justifies its contribution due to the presence of
chitosan in the CS-ZnO nanocomposite.”*> The EDAX spectra
demonstrate that the CS-ZnO nanocomposite is successfully
coated on the cotton fabric.

3.5. TGA analysis

The amount of loading of CS and ZnO NPs on cotton fabric was
assessed by employing TGA analysis. The TGA thermograms of
UCF, ZnO CF, and CS-ZnO CF are depicted in Fig. S3.T The TGA
thermogram of the UCF fabric shows the first weight loss below
100 °C, which is ascribed to the elimination of physically
absorbed water. Further weight loss was observed at around
325 °C and 425 °C to 450 °C, which was attributed to the
decomposition and oxidation of cellulose, revealing 100%
weight loss. At higher temperatures above 500 °C, no additional
weight loss was observed. By comparison, the ZnO CF fabrics
showing an initial weight loss below 100 °C, which was attrib-
uted to the loss of water content. The second weight loss from
235 to 450 °C is due to the decomposition and oxidation of
cellulose. However, at higher temperatures beyond 500 °C, no
additional weight loss was observed due to the stability of the
metal oxide (ZnO), which also indicates the ZnO loading on the
cotton fabric. CS-ZnO CF was also studied, and exhibited an
initial weight at around 100 °C due to the loss of surface
adsorbed water. The second weight loss at 235-450 °C accounts
for the combined loss due to the decomposition and oxidation
of CS and cellulose of the fabric. As expected, at higher
temperatures beyond 500 °C, no additional weight loss was
noted, as only ZnO was the remnant. Interestingly, the TGA
thermograms of ZnO CF and CS-ZnO CF showed total weight
losses of 79.4%, and 82.5%, respectively. The difference in
weight losses of 20.6% and 17.5% as compared to UCF corre-
sponds to the amount of NPs of ZnO loaded on the cotton fabric
for ZnO CF and CS-ZnO CF, respectively, as shown in Fig. S3.7
Furthermore, the difference in the weight losses, i.e., 20.6-
17.5% = 3.1%, accounts for the CS loading. We believe that this
would be the first report of estimating the CS content of the CS-
ZnO composite using TGA.

3.6. AFM analysis

The formation of the superhydrophobic interface is influenced
significantly by surface roughness. The surface roughness of
CS-ZnO CF was examined by AFM and compared with that of
UCF, which is presented in Fig. 3. UCF, as depicted in (Fig. 3a
and c), displays the typical texture and relatively smooth surface
with the root-mean-square (RMS) value of 42.6 nm. However,
after coating of CS-ZnO on the cotton fabric, it exhibited an
increase in surface roughness (Fig. 3b and d). Furthermore, the
RMS value was augmented to 83.2 nm, which was higher than
UCF. The RMS value was assessed as a measure of roughness,
wherein the higher RMS values indicate increased surface
roughness.* The CS-ZnO CF revealed distinctly rougher texture
and substantial height variations, resembling mountain-shaped
protrusions (Fig. 3b). The mountain-shaped protrusion is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM three-dimensional (3D) surface structures, and two-
dimensional (2D) images of (a and c) UCF and (b and d) CS-ZnO CF,
respectively.

thought to trap air within the pockets formed among the peaks,
forming a stable air layer. This configuration creates a hydro-
phobic surface by reducing the contact area between water
droplets and the fabric surface when water comes into contact
with the fabric.>®** As a result, CS-ZnO CF exhibits good
roughness, which is required to derive good super-
hydrophobicity. Moreover, such superhydrophobic surfaces
prevent the formation of bacterial biofilms and fabric
contamination.*

3.7. Wettability

The wettability of UCF and CS-ZnO CF was examined by
measuring the WCA, which is shown in Fig. 4. Fig. 4c shows that
UCF was immediately wetted by a water droplet and the WCA
(Fig. 4a) was close to 0°. This is because the water rapidly gets
absorbed into the fabric in a few seconds. The outstanding
hydrophilicity was attributed to the presence of abundant

©)

Fig.4 Water contact angle (WCA) and photographic images of UCF (a
and c¢) and CS-ZnO CF (b and d), respectively.
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hydroxyl groups in cellulose.” On the contrary, CS-ZnO CF
(Fig. 4b) shows a WCA of 153.15°, which confirms that the
surface displays super-hydrophobicity (Fig. 4d). Theoretically,
a surface with a WCA value greater than 150° can be termed as
superhydrophobic.** According to the Zisman rule, the hydro-
phobic property could be increased when the surface possesses
low surface energy.*** Additionally, the Wenzel model proposes
that the surface roughness enhances the hydrophobic charac-
teristics.”* As seen in the SEM images (Fig. 2d-f) and AFM
(Fig. 3b and d), CS-ZnO CF possesses increased roughness and
exhibits good superhydrophobic properties. Surfaces with
greater hydrophobicity have a stronger antibacterial effect.*®
Particularly, superhydrophobic surfaces possess antibacterial
and anti-adhesion properties because they have nano/
microscale structures in addition to water-repellent proper-
ties, which restrict access to bacteria on the surface and inhibit
the formation of bacterial biofilms.**

3.8. Durability test

In daily life, functional fabrics are required to demonstrate
durability, particularly in terms of mechanical abrasion stress.
In our study, the abrasion test of CS-ZnO CF was analyzed. As
shown in Fig. 5a, the WCA value of CS-ZnO CF slightly
decreases as the number of abrasion cycles increases. However,
even after 50 abrasion cycles, CS-ZnO CF still maintained good
super-hydrophobicity, revealing a WCA of 150.05°. Photo-
graphic images are presented in Fig. 5a, illustrating the water
droplets on CS-ZnO CF both before and after 50 abrasion cycles.
This suggests that the CS-ZnO coating exhibits remarkable
mechanical durability and possesses excellent adhesion to
cotton fabric. This is justified by the fact that even after the 50-
cycles abrasion study, its super-hydrophobicity with a WCA of
150.05° was retained. Furthermore, the washing durability of
CS-ZnO CF was evaluated and the WCA of CS-ZnO CF was
measured (after intervals of five washing cycles), which is shown
in Fig. 5b.

The photographic images of the water droplets on CS-ZnO
CF (before and after 25 washing cycles) are shown in the inset of
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Fig. 5 (a) Variation in the WCA of CS-ZnO CF measured before and
after the number of abrasion cycles (inset shows the representative
photographic images of the water droplet on fabric before and after 50
abrasion cycles). (b) Variation in the WCA of CS-ZnO CF measured
before and after the number of washing cycles (inset shows repre-
sentative photographic images of the water droplet on fabric before
and after 25 washing cycles).
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Fig. 5b. It was observed that WCA slightly decreases with
increasing number of washing cycles. However, it retained
a WCA of 150.7° even after 25 washing cycles, indicating the
excellent washing durability of the CS-ZnO superhydrophobic
cotton textile.

3.9. Mechanical properties

Mechanical properties are among the primary concerns when
evaluating the practical applications of a superhydrophobic
coating material. To study the effectiveness of the coating
material and the coating method, the mechanical properties
(such as tensile strength and elongation at break, and air
permeability) of CS-ZnO CF were investigated and compared
with UCF, which are presented in Table 1.

The tensile strength and breaking at elongation of UCF and
CS-ZnO CF are presented in Table 1. The results reveal that the
tensile strength of CS-ZnO CF is slightly less compared with
that of UCF. However, the breaking at elongation of CS-ZnO CF
shows a significant increase, which is due to the CS-ZnO
coating on cotton fabrics providing extra reinforcement. As
a result, the experimental conditions, pad-dry-cure method, and
coating of CS-ZnO did not affect the tensile property and
structure of cotton fiber to a significant level. In addition, air
permeability for UCF and CS-ZnO CF was also investigated. The
air permeability of UCF was 88.06 cm® cm™> s~ ', whereas that
for CS-ZnO CF was 53.97 cm® cm ™2 s~ ", It was observed that the
air permeability of CS-ZnO CF was slightly less than that of
UCF. This can be attributed to the deposition of the nano-
composite, which effectively closed the open interstices of the
fabric, leading to a reduction in the fabric's air permeability.*” It
is interesting to note that this coating of natural material (chi-
tosan) on cotton with a safe method involving a relatively low
processing temperature ensures no or minimal alternations in
the fabric properties. All these results indicate that there is little
change in the fabric properties. Thus, it can be inferred that
chitosan as a natural biopolymer has no negative effect on the
physical properties of the finished fabric, and the pad-dry-cure
method is a safe method for textile finishing.*®

3.10. Antibacterial activity

The disc diffusion method was used to assess the antibacterial
activity of ZnO NPs, CS-ZnO, UCF, and CS-ZnO CF against S.
aureus and E. coli bacteria. The zone of inhibition (mm) of ZnO
NPs, CS-ZnO, UCF, and CS-ZnO CF is shown in (Fig. 6, Table 2,
and Fig. 7, Table 3).

The zone of inhibition of ZnO NPs against S. aureus and E.
coli bacteria is illustrated in (Fig. 6a and b) and Table 2. The
findings indicate that ZnO NPs exhibit greater antibacterial

Table 1 Mechanical properties of UCF and CS-ZnO CF

View Article Online
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E.coli
S.aurcus

CS-ZnO

Test Sample

Fig. 6 (a) and (b) Antibacterial activity of the ZnO NPs and CS-ZnO
nanocomposite against E. coli and S. aureus.

Table 2 Zone of inhibition (mm) of the ZnO NPs and CS-ZnO
nanocomposite

Zone of inhibition (mm)

Test sample E. coli S. aureus
ZnO 22 27
CS-ZnO 37 34

E.coli
S.aureus

g
£
7
Z 2
H
£
2 15
g
s
H
¢
N

T
UCF CS-Zn0 CF
Test Sample

Fig. 7 (a) and (b) Antibacterial activity of UCF and CS—-ZnO CF against
E. coli and S. aureus.

efficacy against S. aureus and E. coli bacteria. The structural
difference in the cells of the bacteria is one of the possible
reasons for the different sensitivity. Generally, the cell wall of
Gram-negative bacteria (E. coli) is thick and has a more complex
structure as compared to that of Gram-positive bacteria (S.
aureus), making it less prone to the antibacterial action of ZnO
NPs.*>* Similar results have been reported in earlier litera-
ture.’”** However, CS-ZnO has enhanced antibacterial activity
as compared to ZnO (Fig. 6a and b, and Table 2). The enhanced
antibacterial activity was attributed to the synergistic effect of
chitosan and ZnO NPs. Furthermore, the smaller particle size
contributes to a higher surface area-to-volume ratio than larger
particles, which is thought to be responsible for the improved
biocidal activity of the nanocomposite.”* The abovementioned

Table 3 Antibacterial activity of UCF and CS-ZnO CF, as per zone of
inhibition (mm) and bacterial reduction percentage, employing the
AATCC100 standard test

Zone of inhibition Bacterial reduction

(mm) percentage (%)
Tensile strength Elongation Air permeability
Specimen N) (mm) (em®*em™2s™')  Test sample E. coli S. aureus E. coli S. aureus
UCF 431.29 19.30 88.06 UCF 00 00 00 00
CS-ZnO CF 396.27 21.20 53.97 CS-ZnO CF 27 22 83 £ 1.6 75.6 £ 1.1
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Fig. 8 Radar plot comparing the antibacterial, mechanical, physico-
chemical, and superhydrophobic properties of UCF (green curve) and
CS-ZnO CF (blue curve).

results corroborate the UV and XRD results of the CS-ZnO
nanocomposite.

Based on the results obtained in Table 2, CS-ZnO exhibited
greater antibacterial activity against Gram-negative bacteria (E.
coli) as compared to Gram-positive bacteria (S. aureus). This can
be attributed to the nanocomposite's permeability into the
bacterial cell wall, along with the attraction between the nega-
tively charged bacteria and positively charged CS-ZnO nano-
composite, which contributes the higher bacterial
inhibition.**”**** As shown in Fig. 7a and Table 3, CS-ZnO CF
shows a remarkable zone of inhibition against E. coli and S.
aureus, whereas UCF did not show a zone of inhibition. This
indicates that CS-ZnO CF exhibits good antibacterial activity
towards bacterial pathogens.

The percentage reduction of UCF and CS-ZnO CF against E.
coli and S. aureus is indicated in Table 3. It was observed that
CS-ZnO CF shows higher antibacterial efficiency in both E. coli
(83%) and S. aureus (75%). Conversely, UCF does not exhibit any
bacterial reduction.

Overall, the results reveal that CS-ZnO CF shows good anti-
bacterial and superhydrophobic properties as compared to
UCF, which is presented in Fig. 8 in the form of a radar chart.

4. Conclusion

In this study, ZnO NPs were synthesized by a simple, inexpen-
sive, green approach utilizing Psidium guajava leaf extract and
zinc acetate. These ZnO NPs were combined with the chitosan
solution to form the CS-ZnO nanocomposite. The UV-visible
study confirmed the successful synthesis of ZnO and CS-ZnO
nanocomposite. The XRD analysis revealed the hexagonal phase
with the wurtzite crystal structure of ZnO NPs. The functional
groups present in ZnO, CS-ZnO, and CS-ZnO CF were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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confirmed using FTIR analysis. SEM images of CS-ZnO CF
depicted the distribution of CS-ZnO on the cotton fabric and
the subsequent surface roughness. The EDAX analysis
confirmed the existence of C, N, Zn, and O elements. The AFM
study revealed that after the coating of CS-ZnO, an increase in
the surface roughness (RMS value is 83.2 nm) was noted. As
a result, CS-ZnO CF exhibited good super-hydrophobicity with
a WCA of 153.15°. CS-ZnO CF displayed good hydrophobicity
with a WCA of over 150° even after the 25 washing and 50
abrasion cycles. More importantly, CS-ZnO CF still retained
good superhydrophobic properties after multiple washing
cycles. In addition, the prepared ZnO NPs, CS-ZnO, and CS-
ZnO CF showed significant antibacterial activity against E. coli
and S. aureus. Overall, the findings indicate that the synthesis
and the coating method are facile, time-saving, inexpensive,
and scalable processes for large-scale production. Thus, our
approach to producing multifunctional textiles that exhibit
effective antibacterial properties and maintain durable super-
hydrophobic fabric could be valuable for the development of
promising and protective clothing, particularly in moist and
unsanitary environments.
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