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Abstract

Synthesis of inorganic/ organic nanocomposite using green route is a major focus of modern nanotechnology. Herein, we
demonstrated the synthesis of ZnO NPs based on two different biopolymer matrices - hydroxyethyl methyl cellulose (HEMC)
and chitosan (CS) - to produce two types of ZnO nanocomposites (ZnO/HEMC and ZnO/CS) utilizing Aloe-Vera plant extract
as benign reducing agent of zinc acetate. The synthesis process and deposition of the synthesized ZnO nanocomposites into
polyester fabric were performed in one pot to provide multifunctional polyester fabric. Moreover, microwave and ultrasonic
irradiations are applied during the synthesis and finishing process as green physical techniques. ZnO nanocomposite treated
samples were characterized via the following techniques: Scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and Atomic absorption spectroscopy (AAS). Transmission electron microscopy
(TEM) images showed that ZnO nanoparticles in the prepared ZnO nanocomposites are mostly spherical and monodispersed
with average particles size 4.1, 19.3, 28.5 and 54.2 nm. The performance of the treated samples was assessed through
antibacterial activity, antistatic,c, UV protection and mechanical properties. The obtained results revealed successful
functionalization of the polyester fabric and also, showed remarkable improvement in its performance which allows its usage
in various fields such as medical textiles.

Keywords: ZnO nanoparticles; Hydroxyethylmethyl cellulose (HEMC); Chitosan (CS); Ultrasonic; Microwave;

Polyester.

1. Introduction

Textile’s functionalization with nanomaterials has
been attracted lots of attention in recent years taking
into consideration the environmental, quality and
economic issues. Polyester fibers, the most widely
used fibers in the textile industry in general, are used
in the production of garments, curtains, clothes,
automotive interiors and many other technical
applications. ZnO nanostructure has gained substantial
interest in the research community due to its
biodegradability, low toxicity, economically effective
and remarkable antimicrobial activity. So, it is widely
used for various applications in textiles, cosmetics,
pharmaceutical, electronics, sensors and food
industries [1-4]. ZnO is known to be one of the most
important semiconductor with a band gap of (3.3 eV),
an excitation binding energy of (60 meV) at room
temperature, and also has excellent thermal and
chemical stability [5, 6]. Green synthesis of metallic
nanoparticles using plants has become an interesting
aspect as the process has significant potential and a

number of advantages relative to the conventional
chemical and physical methods that are often costly
and potentially harmful to the environment [7]. Plants
possess various biomolecules and metabolites like
proteins, vitamins, flavonoids and polysaccharides [8
-10]. These plants metabolites contain polar functional
groups, such as carboxyl, hydroxyl and amino groups
that are capable of interacting with metal ions through
different  mechanisms  such  as  reduction,
complex/chelate formation, ion exchange, sorption,
electrostatic attraction, covalent bonding, Van der
Waals attraction and precipitation [11]. Also, these
molecules play a pivotal role in the capping of the
produced nanoparticles which is important for stability
and biocompatibility [12, 13]. Aloe Vera is a hardy,
perennial, tropical, drought-resistant, succulent plant.
It has anti-inflammatory, antiviral and antibacterial
properties. Several studies have revealed that Aloe
Vera gel contains numerous potentially active
ingredients such as vitamins, amino acids, phenolic
compounds, lignin, saponins, sterols, flavonoids,
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enzymes and organic acids, which have an essential
role in the green synthesis of nanoparticles and
stabilizing it [14-17].

Biodegradable polymers like Chitosan (CS) and
Hydroxylethylmethyl cellulose (HEMC), have much
attention in recent years in the synthesis of
nanoparticles  because  of  their  excellent
biocompatibility and low toxicity even after
degradation. They are considered green, natural and
inexpensive polysaccharides. Chitosan is the 2" most
available natural polymer after cellulose and is
obtained by alkaline N -deacetylation of chitin. It is
structurally analogous to cellulose with acetamido or
amino groups instead of hydroxyl groups at C-2.
Chitosan (CS) and Hydroxylethylmethyl cellulose
(HEMC) were used in the current study as matrices for
nanoparticles incorporation. Several research groups
have revealed that they can act as mild reducing and
stabilizing agents for the green synthesis of
nanoparticles [18-20]. Microwave and ultrasonication
are considered simple green physical tools for
enhancing nanoparticles synthesis. The basic
mechanisms of microwave-assisted synthesis are
polarization and conduction. The materials with large
dipole moments, such as water, are rotated or vibrated
vigorously in the presence of a magnetic field caused
by the frequency of the alternating current of a
microwave and are then heated by quick energy
conversion from the above Kinetic energy. So, the
microwave ensures more uniform and rapid heating
than conventional heating [21-24]. Ultrasonication is
performed to achieve multiple purposes including
deagglomeration, dispersion and size reduction of the
formed nanoparticles. Also. It is considered an
effective technique for the deposition of nanomaterials
on the surface of wvarious substrates [25].
Ultrasonication generates acoustic cavitation in the
solution and in turn, leads to formation of microjets
and shock waves with high pressure and high velocity.
These microjets are capable of projecting the
nanoparticles toward the surface of a substrate at a
speed sufficient to adhere them strongly. The bonding
involved can be either physical or chemical depending
on the nature of the substrate [26, 27].

In this research work, polyester fabric was
functionalized with two ZnO nanocomposites (ZnO/
CS and ZnO/ HEMC) which were synthesized through
a green approach using the gel aqueous extract of
Aloe-Vera plant as benign reducing and capping agent.
Synthesis and functionalization were carried out in the
same pot with the aid of microwave and
ultrasonication for reducing the reaction time and
energy, as well as eliminate the use of hazardous
chemicals such as carriers.

2. Experimental

2.1. Materials and chemicals

Bleached and scoured 100% polyester knitted fabric
(weight 167 g/m?, thickness 0.446 mm) was purchased
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from Abou EI-Ola for Spinning and Weaving, 10" of
Ramadan, Egypt. Zinc acetate dihydrate (CDH Ltd.
India) was used as ZnO precursor. Medium molecular
weight chitosan - with a degree of N-acetylation of
DA= 85% - and hydroxyethyl methyl cellulose (PVT
Ltd. India) were used separately as polymer matrices.
Acetic acid and sodium hydroxide were of analytical
grade and used as purchased without further
purification. Fresh and healthy Aloe-Vera leaves were
collected from the local farming community.

2.2. Methods

2.2.1. Preparation and specification of the reaction
mixtures

a) Aloe Vera gel leaves extract preparation

The collected Aloe Vera leaves were washed very well
with running tap water followed by distilled water.
The gel was collected from the leaves by peeling off
the outer green skin layer and chopped in a blender.
Then, mixed with distilled water using a ratio of 2:1
and the mixture was boiled for 20 minutes with
continuous stirring. Finally, the mixture was filtered
using nylon mesh followed by centrifuging at
4000 rpm for 30 minutes and the clear extract was
stored at 4 °C till further use.

b) HEMC solution preparation

HEMC stock solution (0.5%) was prepared by
dissolving 1.0 gram HEMC powder in 200 ml distilled
water using a magnetic stirrer at 40 °C till completely
dissolved.

¢) Chitosan solution preparation

Chitosan stock solution (0.25%) was prepared by
dissolving 0.5 gram chitosan powder in 200 ml
distilled water containing 2ml acetic acid using a
magnetic stirrer at 40 °C till completely dissolved

d) Reaction mixtures preparation

Four reaction mixtures were prepared as illustrated in
Table 1 at room temperature using a magnetic stirrer
for homogenizing and NaOH for adjusting pH.

2.2.2. Nanocomposites synthesis and fabric samples
functionalization

Four polyester fabric samples S1, S2, S3 and S4 were
immersed into four reaction mixtures RX1, RX2, RX3
and RX4, respectively as clarified in Table 1 using
material to liquor ratio 1:50. The four reaction
mixtures containing the fabric samples were placed
into the microwave oven at a power 800 Watt for 4
minutes to assist the nanoparticles formation. The
temperature of the reaction mixtures reached ~ 85°C
and their colour changed, left to cool at room
temperature, then, subjected to sonication (ultrasonic
processor 500 Watt model, operating at 20 kHz,
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standard probe 13mm in diameter) for 15 minutes at
70% wave amplitude in an ice bath to maintain the
solution at low temperature (< 20 °C). Finally, the
treated fabric samples are washed thoroughly with

distilled water to remove the by-products and the
loosely bound materials. Then, dried at room
temperature for characterization.

Table 1. Codes for the treated fabric samples and their residual reaction mixtures.

Residual The treated
RX The reaction mixture (RX) Identity pH reaction polyester
mixtures codes samples codes

1 2grams ZnA/55ml D.W. + 15 ml AV extract + 30 6.6 RX1 S1

ml HEMC solution
2 2grams ZnA/55ml D.W. + 15 ml AV extract + 30 8 RX2 S2

ml HEMC solution
3 2grams ZnA/55 ml D.W. + 15 ml AV extract + 30 6.6 RX3 S3

ml CS solution
4 2grams ZnA/55 ml D.W. + 15 ml AV extract + 30 8 RX4 sS4

ml CS solution

Where RX=Reaction mixture, ZnA =Zinc acetate, D.W. =

2.3. Testing and Analysis
2.3.1. Evaluation of the residual reaction mixtures

2.3.1.1. UV-Visible spectrum

The optical absorbance of the synthesized
nanocomposites in the residual reaction mixtures was
performed using UV-visible spectrophotometer
(Thermo Scientific - Helios gamma - IRV) with a
wavelength range of 280 - 400 nm at Cairo University
Research Park (CURP).

2.3.1.2. Transmission electron microscopy (TEM)
The surface morphology and size of the synthesized
nanocomposites in the residual reaction mixtures were
analyzed by transmission electron microscopy (JEM-
1400, JEOL Ltd., Japan) with an accelerating voltage
of 80 kv at CURP. The specimens of TEM
measurements were prepared by depositing a drop
from the examined residual reaction mixture on Cu
grid coated by an amorphous carbon film in order to
provide good conductivity for electron beam and dried
in air at room temperature.

2.3.2. Evaluation of the treated fabric samples

2.3.2.1. Scanning electron microscope (SEM)

The surface morphology of the selected treated fabric
samples was observed on SEM (JSM-5200 Scanning
Microscope, JEOL Ltd., Japan) at CURP, using
magnification x1500, scan width 10 pm and
accelerating voltage 20-25 kV. All the samples were
coated with gold film under vacuum before SEM
testing.

2.3.2.2. X-ray diffraction (XRD) analysis

The X-ray powder diffraction patterns of the untreated
and treated fabric samples were measured using a
(Scintag Inc., USA) diffractometer at Reference Lab.,
National Institute of Standard (NIS). The 20 scan was
performed in the angular range of 10°-80° with a
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Distilled water, AV= Aloe Vera extract.

scanning rate of 2°/min, using CuKo as a radiation
source of wavelength (A = 1.5418 A). The degree
of crystallinity (Xc) of the samples under investigation
was calculated from the XRD intensity data using
Segal's formula [28]:

Xe=[le/ (Ic+ 1] X100 Equation (1)
Where I. and I, are the integrated intensities of
crystalline and amorphous parts of the samples,
respectively.

2.3.2.3. Fourier transform infrared spectroscopy
(FTIR)

FTIR spectra of untreated and treated polyester
samples were recorded in the transmittance mode with
attenuated total reflectance (ATR) using zinc selenide
crystal. The spectra were taken in the wavelength
range of 400-4000 cm™* at room temperature using the
KBr pellet technique. The measurements were carried
out using Nicollet 380 FTIR spectrophotometer at
Material Testing Lab., National Institute of Standards
(NIS).

2.3.2.4. Atomic absorption spectroscopy (AAS)

AAS is an analytical technique used for the
quantitative determination of a particular element in a
sample. It is based on the absorption of light by free
metallic ions. Thus, the zinc content of the treated
fabric samples was determined using a flame atomic
absorption spectrometer (ZEEnit 700 P, Analytik Jena,
Germany) at Reference Lab., NIS.

2.3.3. Performance properties evaluation of the treated
fabric samples

2.3.3.1. UV protection property

It is one of the most important qualifications,
especially for the textiles used under the conditions of
prolonged sun exposure and is defined in terms of
ultraviolet protection factor (UPF). It was measured
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for all samples under investigation using UV
Shimadzu spectrophotometer according to the
standard test method of (AATCC 183-2004) at
photometry Lab., NIS.

2.3.3.2. Antibacterial activity

Antibacterial activity was evaluated qualitatively for
the treated fabric samples towards two strains of
Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) using disc diffusion
method on nutrient agar [29-31], according to AATCC
Test Method 147-2004. Antibacterial activity was
measured as the diameter of the inhibition zone in
three different fixed directions and the mean diameter
was recorded and expressed in millimeters, taking into
account that the sample diameter was 15 mm. The
durability of antibacterial finishing of treated fabric
samples was assessed after 5 and 10 washing cycles
using AATCC 61(2A) standard test method.

2.3.3.3. Air permeability

Air permeability is described as the rate of air flow
passing perpendicularly through a known area of the
fabric when there is different air pressure on either
surface of the fabric and affected by the fabric porosity
[32, 33]. Air permeability of the examined fabric
samples was measured using SDL Air Permeability
Tester, England, according to ASTM D737- 04 (2008)
standard Method at Material Testing Lab., NIS.

2.3.3.4. Water absorption

The water absorbency of the examined fabric samples
is investigated according to the AATCC test method
79-2007. This test method is designed to measure the
time required for water droplet falls from a distance of
1cm on a taut fabric surface to be completely absorbed
into the fabric. Five measurements were averaged and
recorded as wetting time [34].

2.3.3.5. Antistatic property

The static electricity level of the examined samples
can be digitally reflected by measuring electrostatic
potentials using Electrostatic Fieldmeter (FMX-003,
SIMCO, Japan) at Material Testing Lab., NIS.

2.3.3.6. Mechanical Properties

The bursting strength of the examined knitted fabric
samples was evaluated according to ISO 13934-
2:1999 standard method using a universal testing
machine (Tinius Olsen, H5KT, UK) at Material
Testing Lab., NIS.
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3. Results and Discussion

3.1. Characterization and evaluation of the residual
reaction mixtures

3.1.1. UV-Vis spectroscopy

Visual colour change of the reaction solutions is the
initial indication of nanoparticle synthesis [35]. The
colour of the reaction mixtures changes during the
synthesis of ZnO nanocomposites from faint yellow to
yellowish white at pH6.6 and to milky white at pH8 as
demonstrated in Figure 1(a), indicating more ZnO
nanoparticles are formed at pH8 which may be due to
the reactivity of the reductant increased in alkaline
medium. It is believed that the green synthesis process
of ZnO from ZnA is divided into three steps which are
hydrolysis, complexation and decomposition. The first
step is the hydrolysis of zinc acetate to its ions,
followed by the reaction between the hydroxyl groups
of phenolic compounds from the plant extract with
Zn2+ to form Zn complex through chelation. Zn
complex received m electrons donated by carbonyl
groups from biomolecules, resulting in the reduction
of Zn?* ions to Zn°® and finally, decomposition of Zn
complex to ZnO Nps under the effect of microwave
irradiation and this is confirmed by the colour change
of the reaction mixture [36].

The maximum absorbance peaks of the residual
reaction mixtures RX1, RX2, RX3 and RX4 in the
UV-Vis spectrum are observed at 306, 296, 336 and
312 nm, respectively, as clarified in Figure 1(b & c).
This indicates that, the green synthesis of ZnO Nps
occurred at a lower wavelength compared with that
synthesized by chemical routes (340-390 nm) [37].
This may be due to the capping of the synthesized ZnO
NPs with the biomolecules of the plant extract and/or
the interaction with the biopolymer as reported in
some published literature [1, 3, 4]. Also, the absorption
peaks of residual reaction mixtures at pH8 appeared at
a lower wavelength and higher intensity than that at
pH6.6 because a higher pH (alkaline) facilitates the
nucleation and consequently the formation of a large
quantity of smaller and highly dispersed nanoparticles.
While, at lower pH (acidic) nanoparticle aggregation
is preferred over nucleation i.e. larger-sized
nanoparticles are observed at lower pH [38]. Further,
the single and narrow peaks appeared, proving the
spherical shape and narrow size distribution of the
synthesized nanoparticles [39, 40].

3.1.2.TEM analysis

TEM images of the residual reaction mixtures RX1,
RX2, RX3 and RX4 are presented in Figure 2. It is
clearly observed that the ZnO nanoparticles in the
prepared ZnO nanocomposites are mostly spherical
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and monodispersed with average sizes of 28.5, 4.1,
54.2 and 19.3 nm, respectively. Also, it is found that
the particle size of the formed nanoparticles at pH8 is
smaller than their corresponding at pH6.6 i.e. RX2 <
RX1 and RX4 < RX3. These results have supported

the results obtained from the UV-Vis study.
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3.2. Characterization and evaluation of the treated
fabric samples

3.2.1. SEM analysis

The morphology of untreated and the treated polyester
fabric samples (S1, S2, S3 & S4) are inspected by
SEM with magnification power x1500, and the
obtained images are shown in Figure 3. The visual
observation of the SEM images expressed that the
untreated polyester sample has a long fibril structure

arranged in order with a clear and smooth surface.
Untreated polyester

Figure 3. SEM images of untreated and ZnO nanocomposite treated polyester samples (S1, S2, S3 & S4).

3.2.2. XRD analysis

XRD analysis is used to prove the crystalline structure
of the biosynthesized ZnO Nps in ZnO nanocomposite
and investigate the crystallinity changes in the treated
polyester samples. As shown in Figure 4, XRD
patterns of both native HEMC and native chitosan
exhibited one characteristic broad diffraction peak at
20 ~ 20° [41]. It is clear that, all diffraction patterns of
the examined fabric samples exhibited three intense
peaks at 20 position 16°, 22° and 25° corresponding to
the crystalline structure of polyester fabric [42].
Additional peaks appeared at 20 positions of 31.5°,
34.20, 36°, 56.4°, and 62.6° corresponding to lattice
planes (100), (002), (101), (110) and (103),
respectively for S1 sample and 26 position of 31.5°,
34.1°, 36.04°, 47.8°, 56.4°, 62.7° and 67.8°
corresponding to lattice planes (100), (002), (101),
(102), (110), (103) and (112), respectively for S2
sample. While S3 sample exhibited peaks at 26 = 32.7°
and 55.3° corresponding to lattice planes (100) and
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S1

While, the treated samples showed that the synthesized
ZnO nanocomposites are incorporated in its fibers and
dispersed on its surface with low agglomerations.
Besides, its fibril structure is swelled to some extent in
comparing with the untreated ones. Also, the treated
samples S2 and S4 showed more deposition of ZnO
nanocomposites than S1 and S3, this is attributed to
smaller particles size with higher surface area are
formed at pH8. This result is in agreement with that

obtained from UV-Vis analysis.
S2

1ovn . 0oaods

| -

10um ©GO0000

A |

(120), respectively. S4 sample showed peaks at 31.7°,
34.2°, 36.2°, 48°, 56.4°, 62.6° and 67.8°
corresponding to lattice planes (100), (002), (101),
(102), (110), (103) and (112), respectively.

All the diffraction peaks of S1, S2, S3 and S4 are in
good agreement with those of hexagonal wurtzite
structure of ZnO NPs according to the Joint
Committee on Powder Diffraction Standard (JCPDS)
No. 36-1451 [43,44]. Also, it is noted that the number
of peaks in case of the treated samples S1 and S3 is
less than the number of peaks in S2 and S4 samples,
revealed incomplete reduction of ZnA to ZnO NPs at
pH 6.6. Moreover, some impurity peaks can be seen
due to the plant extract residues

Table 2 summarizes the peak intensities and
crystallinities of all the examined samples. It can be
clearly observed that the intensity of the characteristic
peaks of polyester at 26 = 22° and 25° are decreased
after treatment, while the intensity of the peak at
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20=16° is increased and the diffraction peak of either
HEMC or CS was not found. This can be attributed to
the interaction between the synthesized ZnO
nanoparticles with the biopolymers (HEMC and CS)
to produce ZnO/HEMC and ZnO/CS nanocomposites.
This led to shifting the peak that belongs to HEMC and
CS from 20 = 20° to 20 =16°, causing a remarkable
increase in its intensity as shown in Figure 4 and Table
2. Moreover, the shape of this peak (20 =16°) became
pointed and narrow, indicating that the crystallinity of
the treated polyester samples increased. The degree of
crystallinity (X¢) of all examined samples is calculated

4000

using equation (1), and follows the following ranking
order:

(XC)SZ > (Xc)Sl > (Xc)Untreated and (Xc)s4 > (XC)SS >
(Xc)untreaes.  This ~ means  that more  ZnO
nanocomposites are deposited into fabric samples at
pH8 than their corresponding at pH6.6, leading to
increase in the surface area per unit volume,
accordingly higher degree of crystallinity is obtained.
All the aforementioned results confirmed that the
synthesized ZnO nanocomposites are successfully
incorporated into polyester fabric samples without any
change in the structural regularity of the main chains

of polyester.
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Table 2. Peak intensities and crystallinities of the examined polyester fabric samples

Sample’s code Peak’s intensity values at 20 position = The degree of
16° 200 220 25° crystallinity (%)

Untreated 74.98 - 66.72 100 59.98

S1 100 - 58.81 96.42 62.97

S2 100 - 22.75 46.01 81.47

S3 100 - 41.98 69.52 70.43

S4 100 - 34.45 61.04 74.38
HEMC - 100 - - -
CS - 100 - - -

3.2.3. FTIR - ATR analysis

FTIR is performed to identify materials composition
and functional groups present in a sample, it is a
fingerprint of all types of organic compounds and
some inorganic compounds [45]. Both the untreated
and treated polyester samples are characterized by
FTIR spectroscopy to confirm the chemical interaction
between the synthesized ZnO nanocomposites and the
fabric. Figure 5 shows the FTIR spectra of untreated
and all ZnO nanocomposite treated fabric samples (S1,
S2, S3 and S4). There are common peaks between
polyester, HEMC, CS and phytochemicals in Aloe
Vera gel extract which are O-H, C-O, C-C-O and C-H.
In addition to N-H and C=0O groups which attributed
to acetamido group in CS and amino acids in AV
extract.

All samples showed Three strong bands at 1712, 1243
and 1090 cm attributed to the asymmetrical stretching
vibration of C=0, C-O and C-C-O respectively,
which are characteristic for both ester linkage and
carboxylic acid groups. While, the peak located at
=1012 cm™ is attributed to O-H out of plane bending
in terminal carboxylic. There was a broad band in all
treated samples around 3432 cm™! corresponding to
the combined peaks of O-H and N-H stretching
vibration groups. Whereas, the small peak at 1577 cm’
Lis related to the coupling interaction between the two
equivalent carbon bonds of carboxylate anion.
Another two small peaks at = 2966 and 2910 cm™ are
attributed to aliphatic CH; and CHs stretching
vibration, respectively. Also, C—H bonds of the
benzene rings are observed around 1410-1510 cm.
While, C-H bending and out of plane C-H bending
vibrations appeared at <725 cm™ and near 600-420 cm’
!, respectively. In addition, Out of plane C-C bending
vibration and C=C bond appeared at 873 and 967 cm’
!, respectively [46.47].

FTIR spectra of all treated samples are similar to the
untreated ones, except for the changes in the intensity
and broadness of some bands, indicating that the
interaction  between  the  synthesized ZnO
nanocomposites and the functional groups of polyester
occurred without structural change in the polyester
chain. The intensities of the common peaks are listed
in Table 3 and the obtained data demonstrated that the
treated samples had higher peak intensity values than
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the untreated ones, due to the additional functional
groups from plant extract and biopolymers. Also, the
intensity values of the peaks in S2 and S4 samples are
higher than that in S1 and S3 samples, indicating that
more ZnO nanocomposites have adhered to fabric
samples at pH 8. Moreover, the change in the shape of
some peaks especially at wavenumber = 500 cm™,
indicates the presence of (Zn-0) stretching of ZnO
nanoparticles, where, metal oxides stretching vibration
bands are found at low wavenumber around 400-
800 cm! range according to the previous literature
[48]. While, the change in the broadening of the band
at wavenumber 3432 cm* proved the capping of ZnO
Nps with of O-H and N-H groups. All the
aforementioned results confirmed that the synthesized
ZnO nanocomposites are successfully incorporated
into polyester fabric samples by electrostatic
interactions between the components without any
change in structural regularity of the main chains of
polyester, this is in agreement with the results obtained
from XRD analysis.
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Figure 5. FTIR spectra of untreated and ZnO
nanocomposite treated fabric samples (S1, S2, S3 and S4)

Table 3. FTIR characteristic peaks of the examined polyester samples and their intensity values.

Characteristic chemical Wavenumber The peak’s intensity
group (cmH=
Untreated Sl S2 S3 S4

O-H&N-H 3432 7.36 12.64 44.25 11.08 36.92
Stretching vibration
C-H Stretching 2966 & 2910 9.10 & 9.63 15.59 & 51.28 & 12.70 & 3831 &
vibration(CH2&CH?3) 16.27 53.93 13.36 40.42
C=0 stretching vibration 1712 6.39 11.59 31.00 8.00 23.17
C-H of benzene ring 1410 9.39 1431 46.32 12.11 34.50
C-O stretching vibration 1243 6.55 11.62 30.50 8.03 22.60
C-C-O stretching vibration 1090 6.32 11.15 30.02 8.04 21.89
O-H out of plane bending 1012 8.06 12.65 38.05 10.19 27.97
C=C stretching vibration 967 9.86 15.34 46.27 12.72 33.52
C-C out of plane bending 873 10.69 15.45 49.61 13.63 36.03
C-H bending 725 7.38 11.24 33.95 8.74 24.52
C-H out of plane bending 500 & 430 1315 & 17.87 & 59.13 17.02 & 4379 &

13.38 18.27 59.79 17.49 4454

3.2.4. AAS analysis:

It is used for the quantitative determination of Zn
element in the polyester fabric after treatment. The
results indicated that the Zn content per 0.2 gram
fabric sample in percentage was 0.4782, 0.6881,
0.3815 and 0.6103 for S1, S2, S3 and S4, respectively.
Also, it is easily noticeable that Zn content of S2 and
S4 samples was higher than S1 and S3 samples,
respectively, indicating more ZnO nanocomposites are
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formed at pH8. This result was well consistent with the
above mentioned experimental results.
3.3. Performance properties evaluation

3.3.1. UV-protection

The capability of fabric to block UV radiation depends
on several parameters such as nature of
fibers, fabric construction, thickness, colour depth and
finishing agents [49-52]. Table 4 shows the sun
protection values of the clothing according to AS/NZS
4399:1996 standard [41].
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Table 4. Classification of clothing according to UPF
values

UPF values UPF rating
15-24 Good protection
25-39 Very good protection

40-50+ Excellent protection

UPF values as UVA and UVB blocking percentages of
untreated and treated polyester samples are
demonstrated in Table 5. The obtained data shows that
the untreated fabric sample has poor protection against

UV radiation, this is attributed to the nature of the
knitted fabric structure, i.e. high porosity and elasticity
with low dimensional stability [53]. While, the UPF
values of treated samples are better than the untreated
ones due to the inherent scattering and high UV
absorbance properties of ZnO nanocomposites [41,
54]. Also, it is found that S2 and S4 samples have
higher UPF values than S1 and S3, respectively, these
results are compatible with AAS results i.e. the higher
Zn content the better UPF values [55].

Table 5. UPF values of untreated and treated fabric samples.

Sample Code Average UVA Average UVB Average UPF Rating
Untreated 17.67 6.16 13.24 poor
S1 9.44 4.31 19.92 Good
S2 6.18 2.45 34.24 Very good
S3 10.92 4.53 18.24 Good
S4 5.99 2.86 29.21 Very good

3.3.2. Antibacterial activity

Antibacterial activity of ZnO nanocomposite treated
fabric samples is evaluated in triplicates for each
sample through inhibition zone against two different
strains of bacteria, Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli). The
photographs of these inhibition zones are shown in

Figure 6 and their mean diameters are presented in

Table 6. Based on the obtained results, it is found that:

(@) All treated samples showed inhibition zones
against both types of bacteria.

(b) Against the same bacterium, the inhibition zones
of S2 and S4 samples are larger than those of S1
and S3, respectively, this variation is attributed to
the variation in the size of the nanocomposites i.e.
smaller particles have larger surface area, which
provides more contact on bacterial cell
membrane, leading to better bactericidal effect
[56]. This is in agreement with previously
obtained results

(c) The antibacterial activity of the treated samples
against S. aureus was higher than against E.coli.

The possible documented mechanism is the

electrostatic interaction between the positively

charged cationic sites of antibacterial agents (ZnO
nanocomposite) with the negatively charged surface
membrane of bacteria, causing a change in its
permeability and respiration [57]. Also, enabling
nanoparticles of smaller size to penetrate the cell
membrane and bind with the functional group (-SH)
of proteins, causing protein denaturation which
inhibits bacterial cell growth and ultimately death.

While, nanoparticles of larger size can form a film on

the outer membrane surface, obstructing the exchange

of nutrients and leading to bacterial cell death [58, 59].

The higher antibacterial activity against Gram +ve (S.

aureus) than Gram —ve (E. coli) can be explained
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according to the differences in cell wall structure
between them. The cell wall of Gram-positive bacteria
consists of a thick peptidoglycan layer associated with
teichoic acids. The teichoic acid backbone is highly
charged with the negatively charged phosphate
groups, which can establish electrostatic interaction
with the positively charged antibacterial agent. While,
the cell wall in Gram-negative bacteria consists of a
thin layer of peptidoglycan and an additional outer
membrane made of lipopolysaccharide. This
membrane may be act as an extra barrier against the
action of ZnO nanocomposite, making the Gram-
negative bacteria less permeable [60-62]. So, ZnO
nanocomposites can interact with the cell wall of S.
aureus bacteria easier than that of E. coli.

3.3.3. Comfort and mechanical characteristics

Table 7 shows the performance properties of ZnO
nanocomposite treated fabric samples like air
permeability, water absorbance, antistatic and bursting
strength. For each sample, three measurements from
different positions are taken and their average is
calculated. It is observed that the air permeability of
all treated knitted polyester samples was lower than
the untreated ones, indicating the deposition of ZnO
nanocomposites into the fabric pores through which
air could pass. Also, the air permeability of S2 and S4
samples is lower than S1 and S3 due to more ZnO
nanocomposites are deposited at pH8. It is seen that
depositing ZnO nanocomposites onto the fabric only
slightly reduces the air permeability. However, the
resultant total air permeability is still within an
acceptable range for practical applications [63].

It is clear that there is an improvement in both
antistatic and water absorbency properties in all
treated samples, this is attributed to the extra hydroxyl
and amino groups introduced into samples from either
HEMC or CS which increase the fabric's ability to
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absorb more water and this is compatible with FTIR
results which confirmed that the intensity of O-H band
is increased in the samples after treatment. In addition,
the effect of ZnO Nps on the fabric roughness i.e. more
deposition of ZnO nanocomposites into the fabric
samples leads to an increase in its surface roughness
and consequently increases the water absorbency [64].

On the other hand, ZnO has the ability to dissipate the
accumulated static charge on the fabric because it is an
electrically conductive material [65]. While, the
bursting strength was slightly decreased (<10%)
compared with the untreated fabric.

Staphylococcus
aureus

Escherichia coli

Figure 6. Photographs of the antibacterial activity of untreated and ZnO nanocomposite treated fabric samples
(S1, S2, S3 & S4) against two strains of bacteria S. aureus and E. coli

Table 6. The mean diameter of inhibition zone (mm) of the examined samples against S. aureus and E. coli before and

after washing.

Mean diameter of inhibition zone (mm)
S. Aureus (Gram +ve) E. Coli (Gram —ve)
Sample Code Before After Washing Before After Washing
Washing 5 Cycles 10 Cycles Washing 5 Cycles 10 Cycles
(5w) (10w) (5w) (10w)
Untreated 0 0 0 0 0 0
S1 25 18.5 15.5 215 16 15
S2 36 25 18.1 25 20.5 18
S3 23 175 15 20.5 16 15
S4 32 22.5 17.5 24 19 17
Table7.  Physicomechanical properties of ZnO
nanocomposite treated fabric Samples. 4. Conclusion
__Test Sample code Values In this study, we reported an easy, rapid, inexpensive
Alr permeability Untreated 181 and novel one-pot way for functionalization of knitted
Cm’/Cm?/S S1 105 . 4 .
s 85.9 polyester fabric with green synthesized ZnO
s3 97.6 nanocomposites using natural reagents and green
S4 78.9 physical techniques. Aloe Vera gel extract is used as a
Water absorbency (S) Untreated 80 reducing agent and two natural biopolymers (HEMC
2; 2‘(‘3'6 and CS) are used as matrices. The microwave
3 54 technique was used to assist the formation of
s4 473 nanocomposites, while the ultrasonic technique was
Antistatic property (Kv) Untreated 0.4 used for deposition the synthesized ZnO
g; (%’55 nanocomposites into polyester fabric. The synthesized
s3 0.02 ZnO nanocomposites in the reaction mixtures are
S4 0.01 characterized using UV-Vis spectroscopy and TEM
Bursting strength (Kgf) Untreated 89.5 analysis that showed a surface plasmon resonance
S1 88.7 behaviour and the average size of the synthesized
S2 82.4 . . ;
3 86.2 nanoparticles was in the range of 4-54 nm with a
s4 81.8 spherical shape. While, the functionalized fabric
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samples are characterized using SEM, XRD, FTIR and

AAS analysis which confirmed the successful

deposition of the synthesized ZnO nanocomposites

into the fabric samples, resulting in an improvement in
its performance properties such as UV blocking, water
absorbency and antistatic. In addition, ZnO
nanocomposite treated fabric samples showed good

antibacterial activity against two strains of bacteria (S.

aureus and E. coli). The influence of pH on the

synthesized ZnO nanocomposites and the finished
fabric samples was evaluated. The above findings
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