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Abstract

Nanoparticles (NPs) with smaller size and higher crystallinity exert a remarkable influence on the photocatalytic
performance of a photocatalyst. This dissertation is about the synthesis and stabilization of a novel photocatalyst
to enhance the functional properties of textiles. Moreover, an in-situ Ultrasonic Acoustic Method (UAM) is used
to develop novel Cotton-TiO, (CT) multifunctional nanocomposites.

Highly photo active pure anatase form of TiO- (titanium dioxide, titania) NPs with average particle size 4 nm
have been successfully synthesized by Ultrasonic Acoustic Method (UAM). The effects of process variables i.e.
precursors concentration and sonication time were investigated based on Central Composite Design (CCD) and
Response Surface Methodology (RSM). The characteristics of the Resulting Nanoparticles (RNP) were analysed
by Scanning Electron Microscopy (SEM), Dynamic Light Scattering (DLS), Transmission Electron Microscopy
(TEM), X-ray Diffractometry (XRD) and Raman Spectroscopy. Photocatalytic experiments were performed
with Methylene Blue (MB) dye which is considered as a model organic pollutant in textile industry. A
comparative analysis between the developed photocatalyst and commercially available photocatalyst Degussa
P25 was performed for photocatalytic performance against dye removal efficiency. The rapid removal of MB in
case of RNP indicates their higher photocatalytic activity than P25. Maximum dye removal efficiency 99 % was
achieved with optimal conditions i.e. Titanium Tetraisopropoxide (TTIP) conc. 10 mL, Ethylene Glycol (EG)
conc. 4 mL and sonication time 1 h. Interestingly, no significant difference was found in the photocatalytic
performance of RNP after calcination. Moreover, self-cleaning efficiency of RNP deposited on cotton was
evaluated in RGB (Red, Green, Blue) colour space. The obtained results indicate the significant impact of
ultrasonic irradiations on the photocatalytic performance of pure anatase form than any other hybrid type of
TiO2 NPs.

In another experiment, facile embedding of the Resulting Nanoparticles (RNP) onto cotton fabric has been
successfully attained by Ultraviolet (UV) light irradiations. The adhesion of NPs with fibre surface, tensile
behaviour and physicochemical changes before and after UV treatment were investigated by SEM, Energy
Dispersive X-ray (EDX) and Inductive Couple Plasma-Atomic Emission (ICP-AES) Spectroscopies.
Experimental variables i.e. dosage of TiO, NPs, temperature of the system and time of UV irradiations were
optimised by CCD and RSM. Moreover, two different mathematical models were developed for incorporated
TiO, onto cotton and tensile strength of cotton after UV treatment, and further used to testify the obtained
results. Self-clean fabric through a synergistic combination of cotton with highly photo active TiO, NPs was
produced. Stability against UV irradiations and self-cleaning properties of the produced fabric were evaluated.
Finally, Cotton-TiO, (CT) nanocomposites with multifunctional properties were synthesized by an in-situ
Ultrasonic Acoustic Method (UAM). Ultrasonic irradiations were used as a potential tool to develop CT
nanocomposites at low temperature in the presence of Titanium Tetrachloride (TTC) and Isopropanol (ISP). The
synthesized samples were characterized by XRD, SEM, EDX and ICP-AES methods. Functional properties i.e.
Ultraviolet Protection Factor (UPF), self-cleaning, washing durability, antimicrobial and tensile strength of the
CT nanocomposites were evaluated by different methods. CCD and RSM were employed to evaluate the effects
of selected variables on responses. The results confirm the simultaneous formation and incorporation of anatase
TiO, with average crystallite size of 4 nm on cotton fabric with excellent photocatalytic properties. The
sustained self-cleaning efficiency of CT nanocomposites even after 30 home launderings indicates their
excellent washing durability. Significant effects were obtained during statistical analysis for selected variables
on the formation and incorporation of TiO, NPs on cotton and photocatalytic properties of CT nanocomposites.
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Abstrakt
Nanocastice (NP) s mensi velikosti a vyssi krystalinitou maji vyznamny vliv na fotokatalyticky vykon
fotokatalyzatoru. Tato prace se zabyva syntézou a stabilizaci nového fotokatalyzatoru pro zvyseni funkcnich



vlastnosti textilii. Navic je pouzita ultrazvukova akustickd metoda in-situ pro vyvoj novych multifunkénich
nanokompozitl bavlna-TiO; (CT).

Ultrazvukovou akustickou metodou byly Gsp&sné syntetizovany nanocastice oxidu titani¢itého (TiO2) ve formé
Cistého anatasu, které maji primérnou velikost 4 nm a jsou vysoce fotoaktivni. Za pomoci metody centralniho
kompozitniho designu (CCD) a metody povrchové odezvy (RSM) byl zkouman vliv procesnich proménnych
(koncentrace prekurzort a doba sonizace) na vysledny produkt. Vlastnosti pfipravenych nanocastic (RNP) byly
analyzovany skenovaci elektronovou mikroskopii (SEM), dynamickym rozptylem svétla (DLS), transmisni
elektronovou mikroskopii (TEM), rentgenovou difraktometrii (XRD) a Ramanovou spektroskopii. V
experimentech ovétujicich fotokatalytické vlastnosti byla pouzita metylenova modi (MB), ktera je povazovana
za model organické zneCiStujici latky v textilnim primyslu. Pro posouzeni fotokatalytickych vlastnosti
(Gcinnost v odstranovani barviva) byla provedena srovnavaci analyza vyvinutého fotokatalyzatoru s komercné
dostupnym fotokatalyzatorem Degussa P25. Rychlé odstranéni MB v piipadé RNP naznacuje jejich vyssi
fotokatalytickou aktivitu nez P25. Za optimalnich podminek (10ml titanium tetraisopropoxidu (TTIP), 4ml
etylenglykolu (EG) konc. a doba sonizace 1 h) byla dosaZzena maximalni u¢innost odstrafiovani barviva 99%. Je
zajimavé, ze pii kalcinaci nebyl nalezen zadny vyznamny rozdil ve fotokatalytickém vykonu RNP. Samocistici
ucinnost RNP aplikovanych na bavinu byla navic vyhodnocena v barevném prostoru RGB. Ziskané vysledky
ukazuji na vyznamny vliv ultrazvukového pusobeni na fotokatalyticky vykon ¢istého anatasu neZ na jakykoli
jiny hybridni typ nanocastic oxidu titani¢itého.

V dal$im experimentu bylo dosazeno povrchové fixace RNP na bavinénou tkaninu ultrafialovym zafenim (UV).
Adheze nanocastic na povrchu vlakna, tahové chovani a fyzikaln¢ chemické zmény pfed UV ozafenim a po
ném, byly zkoumany pomoci spektrometri SEM, Energy Dispersive X-ray (EDX) a spektroskopii s induktivni
dvojitou plazmovou atomovou emisi (ICP-AES). Experimentalni proménné, tj. mnoZstvi nanoc&astic TiOg,
teplota systému a doba UV zafeni byly optimalizovany pomoci CCD a RSM. Také byly vyvinuty dva
matematické modely pro aplikaci TiO, na bavinu a pevnost v tahu bavlny po UV ozéieni. Modely byly dale
pouzity k potvrzeni ziskanych vysledkl. Byla vyrobena samocistici tkanina synergickou kombinaci baviny s
vysoce fotoaktivnimi nanocasticemi TiO». Byla hodnocena stabilita pii UV zafeni a samocistici vlastnosti
vyrobené tkaniny.

Nakonec byly ultrazvukovou akustickou metodou in situ pfipraveny nanokompozity bavlna-TiO, (CT) s
multifunkénimi vlastnostmi.  Plsobeni ultrazvuku bylo pouzito jako potencidlni nastroj pro vyvoj CT
nanokompozitl pii nizké teplot¢ v piitomnosti tetrachloridu titanic¢ittho (TTC) a isopropanolu (ISP).
Syntetizované vzorky byly charakterizovany metodami XRD, SEM, EDX a ICP-AES. Dale byly sledovany
funkCni vlastnosti jako ultrafialovy ochranny faktor (UPF), samocistici schopnosti, stalost v prani,
antimikrobialni vlastnosti a pevnost CT nanokompozitti v tahu. Pro vyhodnoceni vybranych vlivii byly vyuzity
metody CCD a RSM. Vysledky potvrzuji sou¢asné vznik a inkorporaci anatasového TiO2 s primérnou velikosti
krystalit 4 nm na bavinénou tkaninu, vznikd material s vynikajicimi fotokatalytickymi vlastnostmi. Samocistici
ucinnost CT nanokompozitl i po 30 cyklech prani naznacuje jejich vynikajici zivotnost. Pii statistické analyze
vybranych proménnych v pfipravé a fixaci TiO2 na bavinu byly ovéfeny jejich vyznamné ucinky na
fotokatalytické vlastnosti CT nanokompozitt.
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1 Introduction

Nano Science or Nanotechnology (NST) manipulates matter on nanoscale by keeping at least one dimension
less than 100 nm to develop products with extremely novel properties and functions. NST has gained much
attention in recent years due to its fundamentals i.e. surface area to volume ratio and quantum confinement
effect [1; 2]. Advances in NST have shown tremendous impact in the field of pharmaceuticals, materials
science, energy, electronics and textiles [3-10]. Researchers are successfully using numerous kinds of NMs in
textile industry [11-18]. TiO; is the most significant and effective material which has been extensively
employed in this field. The most significant reasons of its use in multiple applications are high photocatalytic
activity, non-toxicity and chemical stability. The role of anatase TiO, as a photocatalyst in self-cleaning and
self-sterilizing coatings, photo degradation of organic toxins, gas sensors, biomedicines, energy, air and water
purification are of great importance [19-22]. Sonochemical synthesis is a promising route that enhances physical
and chemical properties of a material through acoustic cavitation i.e. rapid formation, growth and collapse of
unstable bubbles. The key advantages of using this method are its simplicity and energy efficiency. This method
has been efficiently used as an outstanding tool for low temperature synthesis of nanocrystalline TiO2 [23; 24].

1.1 Problem statement

In textiles, the stabilization of NMs has been introduced during the last decade. Cheng et al. reported that there
is almost no attraction between textile substrates (polymeric materials) and metal oxides particles (inorganic
materials). This happens due to the difference in surface energy of the two above mentioned materials that
produces repellence on their interfaces [25]. So, the stabilization of NPs on textiles is not permanent particularly
against washing. Regardless of the above-mentioned dilemma, researchers continued their efforts and used
different approaches to embed or stabilize TiO, NPs on the surface of textiles [26-28].

2 Purpose and aim of the thesis

The primary aims and overall objectives of this dissertation are:
% Synthesize TiO, Nanoparticles (NPs) in anatase form by Ultrasonic Acoustic Method (UAM) with
novel reagents and incorporate them on textiles by two different approaches i.e. dip-pad-dry and UV
induced stabilization and further utilised them as an efficient photocatalyst in multiple applications
such as dyes degradation, self-cleaning, UV protecting clothes and antimicrobial finishes etc.

«+ Comparison of the developed photocatalyst with commercially available photocatalyst named Degussa
P25 for higher photocatalytic efficiency.

< In-situ fabrication of Cotton-TiO, (CT) nanocomposites through UAM by using TiCls or titanium
tetrachloride (TTC) as a novel reagent.

« Analyse the role of ultrasonic irradiations and TiO2 on the surface and structural properties of CT
nanocomposites.

«+ Improve the characterization of pristine cotton by incorporation ultrafine TiO2 NPs onto cotton.

< A comparative analysis of the developed method with conventional method explains the benefits of
novel Ultrasonic Acoustic Method in textiles and composites industries.

+«+ Durability of successfully deposited TiO, NPs on cotton fabric is evaluated against washing to
investigate the colouring effect of applied materials on fabric.

% Optimization of the process variables by Central Composite Design (CCD) and Response Surface
Methodology (RSM) to obtain more precise and accurate results.

« Analysis of the obtained results through regression and quadratic functions enhances the significance of
the experiments and the development of mathematical models to predict the responses at any given
point.

Evaluation and increment in the efficiency of the functional properties i.e. Ultraviolet Protection Factor
(UPF), dyes degradation efficiency, tensile strength etc., of the developed CT nanocomposites for their
efficient use in different applications.

X/
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3 Overview of the current state of problem

This Chapter enlightens the experimental investigations relevant to this dissertation that is divided into two main
sections. The first section provides a comprehensive information about the synthesis mechanisms, experimental
conditions, relevant parameters, used reagents and the relevant literature regarding synthesis methods mostly
used in the fabrication of TiO2 nanoparticles (NPs) while the applications are in the second section.

Ethylene Glycol (EG) has been extensively used in the synthesis of metal oxide nanomaterials (NMs) as it has
strong reducing power and high boiling point [29; 30]. Many researchers have utilized EG in the synthesis of
metal oxides by developing glycolated precursors because of its ability to coordinate with transition metal ions
[31; 32]. Abidi et al. reported sol-gel stabilization of TiO, on cotton fabric that improves UV scattering
properties of cotton. They further used curing process to stabilize the developed nanosol on cotton [33].
Perelshtein et al. reported an ultrasonic assisted stabilization of TiO, NPs on cotton fabric to impart
antimicrobial properties. Their results revealed that TiO, in its anatase and rutile form provides significant
antimicrobial effects against microorganisms [34].

Gashti and Almasian reported the stabilization of carbon nanotubes on cotton fabric by UV radiations in order to
develop flame retardant carbon/cellulose composites coatings [35]. In another study, Gashti et al. reported the
incorporation of silica/kaolinite network on cotton surface through UV irradiations using succinic acid as a
cross-linking agent to create a thermal resistant hydrophobic surface for cellulose based textiles [36].

Huang et al. utilized titanium tetraisopropoxide (TTIP) and titanium tetrachloride (TTC) as titanium sources to
synthesize anatase and rutile phase of TiO, through sonication process respectively [37]. Guo et al. harnessed
high intensity ultrasonic waves for the synthesis of TiO, NPs at 90 °C and explained that ultrasonic waves can
use as an efficient tool for low temperature synthesis of nanocrystalline TiO, [38]. Ghows and Enterazi used
low intensity ultrasonic waves at low temperature for the synthesis of TiO, NPs by the hydrolysis of titanium
precursor [39].

During the last decade, the immobilization of NPs on textile substrates have been investigated by different
methods but a few dealt with an in-situ Ultrasonic Acoustic Method (UAM). This method is useful to enhance
washing durability and finishing processes but regardless of the benefits of UAM, sol-gel method is used mostly
for the synthesis and deposition of NPs on textile substrates. With sol-gel method, Uddin et al. deposited TiO»
NPs on cotton fabric at low temperature which induced UV protecting and self-cleaning properties to cotton
fabric [40]. The first section of this dissertation represents the unique demonstration that metal alkoxide such as
TTIP interact with EG under ultrasonic irradiations and synthesize pure anatase form of TiO, NPs with smaller
size and higher crystallinity that enhances the photocatalytic performance of the developed photocatalyst. In
addition to the precursors discussed here, it is believed that this approach is a generic one and can be extendable
for other titanium precursors and synthesis routes. The stabilization of TiO, NPs on cotton by UV light is
investigated in the second section.

An in-situ method for the development of cotton-TiO, (CT) nanocomposites is presented in the last section.
Ultrasonic homogenizer was utilized for simultaneous synthesis and deposition of anatase TiO» on cotton fabric
for multifunctional properties and applications. This study was conducted to investigate the synergistic role of
sono synthesized TiO, NPs on cotton fabric and to explain the influence of ultrasonic irradiations on
photocatalytic, UV protection, self-cleaning, antimicrobial and tensile properties of the CT nanocomposites. The
variables i.e. concentrations of Titanium Tetrachloride (TTC) and Isopropanol (ISP), and ultrasonic irradiations
time, were optimized accurately by Central Composite Design (CCD) to achieve the optimal conditions and
functional properties.

4 Methods used, studied material

This Chapter consists the materials and methodology for the synthesis of TiO, NPs (RNP) as an efficient
photocatalyst than Degussa P25; the incorporation or stabilization of RNP onto cotton by UV light irradiations;
and an in-situ development of multifunctional Cotton-TiO, (CT) nanocomposites that has been divided into
three sections respectively.

4.1 Experiments for the synthesis of TiO2 NPs (RNP)
This section explains the experimental part for the synthesis of TiO2 NPs (RNP) in pure anatase form and the
characterization techniques used in this study.



4.1.1  Materials for the synthesis of TiO2 NPs

Titanium Tetraisopropoxide (TTIP) with chemical formula Ti(OC3sH7)4, Ethylene Glycol (EG) with chemical
formula HOCH,CH,OH, Methylene Blue (MB) dye with chemical formula C1sH1sCIN3S and Ethanol with
chemical formula CoHsOH were received from Sigma-Aldrich. Commercially available photocatalyst hamed
P25 (99.9 %) composed of 80 % anatase and 20 % rutile with specific surface area 59 m?g™* and average particle
size 18 nm was received from Degussa corporation. 100 % pure Plain weave cotton fabric with fabric mass 115
gm was received from Department of Material Engineering, Technical University of Liberec, Czech Republic.
All reagents were of analytical standard and used as received.

4.1.2  Design of experiment for the synthesis of TiO2 NPs

A Central Composite Design (CCD) is a set of experimental design with three different design points i.e.
factorial points (1), centre point (0) and star/axial points (+a) which is beneficial in Response Surface
Methodology (RSM) to fit a quadratic model in order to estimate the effect of curvature or to find out the
maximum and minimum of a variable. In CCD, the centre point is replicated for getting more precision of the
experiment. The general form of a CCD with three input variables/factors (A, B, C) and their coded values (1),
centre point (0) and axial/star points (+a) is illustrated in Figure 4-1. For 3 factors CCD, the value of o is 1.68.
Table 4-1 shows the input variables (factors) with their coded values (minimum, maximum) and their central
points whereas Table 4-2 illustrates the factors level setting in their coded form based on CCD.

A
+1.68,0,0)

(+1,+1.£1) B
(0,+1.68,0)

(+1,+1,-1)

(+1,-1~ (

(0,0,+1.68
¥ T FOaa)

) (=1+1+D)

(0,0,-1.68)

(0,~1.68,0)

(-1,-1,-1) (-1,-1,+1)
(—L%,0,0)

Figure 4-1 General form of a three factors central composite design with coded values.

Table 4-1 The 3-factors CCD matrix for experimental variables with coded values for the synthesis of TiO2
NPs

Factor Name Unit  Coded Values Central Mean Std. Dev.
Point
A TTIP mL -1=4 1=8 6 6 1.8
B EG mL -1=3 1=5 4 4 0.9
C Sonication Time h 1=1 1=3 2 2 0.8

Design-Expert version 10 by Stat-Ease corporation was used for statistical analysis throughout the experiments.
The influence of variables on the results including: Y=MB removal [%] was adjusted by using a quadratic

Equation 1:

Y=b0+2bixi+2bi,jxixj +Zbi,ixf i>j ij=123 [1]

Where by is the coefficient of constant term, b; represents the coefficient of linear term that explains the
persuade of the variables, bj; is the coefficient of quadratic term and bj; represents the coefficient of two factors
interaction [24; 41].



4.1.3  Methodology for the synthesis of TiO2 NPs

In the experimental part, liquid TTIP was added drop by drop into a beaker containing 50 mL ethanol with
simultaneous addition of EG into the running solution with TTIP:EG ratio 2:1 under continuous magnetic
stirring at 500 rpm. The temperature of the solution was adjusted to 80 °C by using the hot plate equipped with
magnetic stirrer. The solution was then sonicated for different time intervals based on CCD under ultrasonic
homogeniser system (Bandelin Sonopuls HD 3200, 20 kHz, 200 W, 50 % efficiency) to complete the reaction
mechanism. The resulting white flocculates were washed several times with ethanol to remove impurities. The
white flocculates were then centrifuged at 6000 rpm for 5 min to separate solid particles. The centrifuged solid
was dried at 100 ‘C for 2 h in an oven and then further characterized. In order to emphasize the fundamental
influence of ultrasonic irradiations, similar sample was developed by conventional magnetic stirring method.

Table 4-2 The 3-factors general CCD matrix for experimental variables with coded values and factors level
setting for the synthesis of TiO2> NPs

Experimental Factors Level Setting
Trial A B C
1 -1 -1 -1
2 1 1 1
3 -1 -1
4 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 - 0 0
10 a 0 0
11 0 - 0
12 0 a 0
13 0 0 -0
14 0 0 o
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0

4.1.4  Characterization of Resulting Nanoparticles (RNP)
Scanning Electron Microscopic (SEM), Transmission Electron Microscopy (TEM), Powder X-ray Diffraction
(XRD) were used to characterize the developed samples. The size of the crystals was calculated through the line

broadening of the plane reflection by Scherer’s crystallite equation as presented in Equation 2:

D K2
~ BCos6

[2]

Where D represents the crystallite size and 2 is the wavelength of the X-ray radiations.

4.1.5 Photocatalytic performance of RNP
The photocatalytic performance of RNP and P25 was studied by decolouration of MB solution under UV

irradiations. The colour removal efficiency (CR%) was calculated by Equation 3:
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c,—C
CR% = [ ] % 100 [3]

C

Where C, and C represents the initial and final concentration of MB in the solution, respectively.

4.2 Experiments for the stabilization of TiO2 NPs onto cotton
This section explains the experimental part for the stabilization of TiO, NPs (RNP) onto cotton fabric by UV
light irradiations and the characterization techniques used in this study.

4.2.1  Materials for the stabilization of TiO2 NPs onto cotton

100 % pure cotton fabric (plain weave with fabric mass 115 gm2) was used. TiO2 NPs with average particle size
4 nm and specific surface area 150 m?g were used in this study as synthesized and reported in our up given
investigation [42]. Distilled water was used throughout the study.

4.2.2  Design of experiment for the stabilization of TiO2 NPs onto cotton

The experimental design for the stabilization of TiO, NPs onto cotton is based on CCD. The general form of
CCD is discussed in detail in the section 4.1.2. The input variables (factors) with their coded values (minimum,
maximum) and central points for the stabilization of TiO, NPs onto cotton are given in Table 4-3.

Table 4-3 The 3-factors CCD matrix for experimental variables with coded values for the stabilization of
TiO2 NPs onto cotton

Factor Name Unit Coded Values Central Mean Std. Dev.
Point
A TiO, Dosage gL? -1=4 1=8 6 6 1.8
B Temperature ‘C -1=30 1=60 45 45 12.6
C UV lIrradiation Time min -1=40 1=120 80 80 33.9

4.2.3  Suspension and deposition of TiO2 NPs onto cotton

A suspension of TiO, NPs with distilled water was developed by ultrasonic homogeniser. The concentration of
TiO2 NPs varying from 2 gL to 10 gL according to CCD. Dip-pad-dry method was used to embed TiO, NPs
onto cotton fabric.

4.2.4  Stabilization of TiO2 NPs onto cotton through UV light
To investigate the adhesion, incorporation and surface changes, all TiO, treated and untreated samples were
irradiated under UV light for different time intervals ranging from 15 min to 150 min according to CCD.

4.2.5  Characterization of the developed samples

The morphological changes on the surface of TiO, treated samples, untreated samples and samples 1-20, were
observed by UHR-SEM Zeiss Ultra Plus with an Energy Dispersive X-ray (EDX) Spectrometer Oxford X-max
20. The incorporated amount of TiO, NPs on cotton surface after UV irradiations was estimated by Inductive
Couple Plasma-Atomic Emission Spectroscopy (ICP-AES) elemental analysis.

4.2.6  Durability of stabilized TiO2 NPs against leaching

The durability of embedded TiO, NPs onto cotton fabric against washing was evaluated according to ISO 105
C06 (B1M) standard test method. For leaching, the amount of Ti** ions presented in the leaching solution was
estimated to evaluate the adhesion and stability of the developed samples. For this purpose, different samples
were treated with 1M NacCl solution at laboratory conditions for 6 h.

4.2.7  Self-cleaning efficiency of the stabilized TiO2 NPs after UV irradiations

Self-cleaning efficiency was evaluated on the basis of degradation activity of coffee stain under daylight
irradiations for 12 h. The study was conducted by taking swatches (4x4 cm) from all samples and a coffee stain
was dropped vertically on them. After that, all samples were dried and exposed to daylight irradiations for

different time intervals and colour difference was estimated according to Equation 4:

AE = [AL? + Aa? + Ab?] V2 [4]
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Where L refers to lightness of the fabric, a and b stand for red-green colour and yellow-blue colour respectively.

4.3 Experiments for In-situ development of multifunctional Cotton-TiO2 (CT)
nanocomposites

This section explains the experimental part for the development of multifunctional CT nanocomposites and the

characterization techniques used in this study.

4.3.1  Materials for multifunctional CT nanocomposites

100 % pure plain cotton fabric with mass 115 gm™ was used. Titanium Tetrachloride (TTC) with chemical
formula TiCls, Isopropanol (ISP) with chemical formula (CH3);CHOH and Methylene Blue (MB) with
chemical formula C1sH1sCIN3S were received from Sigma Aldrich.

4.3.2  In-situ synthesis and deposition of TiO2 NPs on cotton

TiO, nanocrystalline particles with smaller size have been simultaneously synthesized and deposited on cotton
surface by Ultrasonic Acoustic Method (UAM). Cotton fabric was immersed in a vessel containing TTC, ISP
and water under ultrasonic system (Bandelin Sonopuls HD 3200, 20 kHz, 200 W, 50 % efficiency) to complete
the reaction mechanism. The effective power of ultrasonic waves emitted in the solution was 100 Wcm™
experimentally determined by calorimetric measurement. The detailed mechanism for the development of
Cotton-TiO; (CT) nanocomposites is described in Figure 4-2. In this unique study, varying amount of ISP (0.5-
8 mL) was dissolved in 100 mL of distilled H2O by v/v percentage under continuous stirring in order to make
homogeneous solution. A squared cotton fabric sample (12x12 cm) was then immersed in the solution for 2-3
min and then drop by drop addition of TTC into the solution bath. The immersed fabric was then sonicated for
different time intervals varying from 0.25 h to 4 h. The treated samples were dried in oven for 2 h at 70 °C. To
find out the crucial role to ultrasonic irradiations, conventional magnetic stirring was used to prepare similar
sample that 10 mL TTC, 6 mL ISP and cotton fabric (12x12 cm) at 70 °C were magnetically stirred at 500 rpm.
This sample was named as sample C.

4.3.3  Design of experiment for the development of CT nanocomposites

The experimental design for the development of CT nanocomposites is based on CCD. The general form of
CCD is discussed in detail in the section 4.1.2. The input variables (factors) with their coded values (minimum,
maximum) and central points for the development of CT nanocomposites are given in Table 4-4.

Table 4-4 The 3-factors CCD matrix for experimental variables with coded values for the development of CT
nanocomposites

Factor Name Unit  Coded Values Central Mean Std. Dev.
Point
A TTC mL -1=4 1=8 6 6 1.8
B ISP mL -1=2 1=6 4 4 1.7
C Sonication Time h -1=1 1=3 2 2 0.8

4.3.4  Characterization of CT nanocomposites

The morphological changes on the surface of cotton fabric after in-situ deposition of TiO, NPs were observed
by UHR-SEM Zeiss Ultra Plus with an accelerating voltage 2 kV equipped with an Energy Dispersive X-ray
(EDX) Spectrometer Oxford X-max 20. XRD patterns were collected by X’Pert PRO X-ray Diffractometer. The
observed patterns were analysed and compared with standard patterns of JCPDS card no. (21-1272). The

crystallite size was calculated through Equation 2.

4.3.5 UPF efficiency of CT nanocomposites

In order to determine the Ultraviolet Protection Factor (UPF) of the developed CT nanocomposites,
measurements were conducted according to AS/NZS 4399:1996 with a Varian Cary 500 UV-Vis-NIR
Spectrophotometer with integrated sphere. For each sample, four measurements were performed with different

directions and the average of all four scans was taken as a final UPF value which was calculated by Equation 5.
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UPF = 2390 SAEaly,
Y80 SAEATady, [5]

In Equation 5, S, is the solar spectral irradiance, E,is the relative erythemal spectral response, Tyis the average
spectral transmittance of the sample and A; is the measured wavelength interval in nanometres.
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Figure 4-2 (a) Schematic representation for the development of CT nanocomposites; (b) Experimental Setup:
(i) closed box (ii) hot plate (iii) ultrasonic wave generator (iv) ultrasonic probe (v) immersed fabric sample.

4.3.6  Self-cleaning efficiency of CT nanocomposites

Self-cleaning efficiency of the developed CT nanocomposites was evaluated on the basis of colour change and
degradation activity of MB stain under daylight irradiations for 24 h. All samples were dried in air and then
exposed to daylight irradiations for different time intervals and colour change was estimated according to
Equation 6.

ARGB = [AR? + AB? + AG?]'/2 [6]

4.3.7  Antimicrobial efficiency of CT nanocomposites

The quantitative antimicrobial efficiency of the developed CT nanocomposites was evaluated against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) microorganisms according to AATCC test
method 100-2012.

4.3.8  Washing durability of CT nanocomposites

Finishing applications have a colouring effect on fabrics so the durability of TiO, NPs synthesized by an in-situ
UAM on cotton fabric against washing was evaluated according to 1ISO 105 C06 (B1M). According to the
standard test method, each washing cycle completed with 4 gL detergent at 50 °C for 45 min time interval is
equal to five home launderings [15]. The washed specimen was then rinsed and dried at 60 °C for 15 min after
each washing cycle. A Varian Cary 500 UV-Vis-NIR Spectrophotometer was used to evaluate absorption
spectra of washing effluents.

4.3.9  Tensile strength of CT nanocomposites
Tensile strength of the developed CT nanocomposites was tested on TIRA Test 2300 with Constant Rate of
Extension (CRE) according to standard test method 1SO 13934-1.

5 Summary of the results achieved

This Chapter explains the results for the synthesis of TiO2 NPs (RNP); the stabilization of RNP onto cotton by
UV light irradiations and an in-situ development of multifunctional Cotton-TiO, (CT) nanocomposites in three
sections respectively.
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5.1 Results and discussions for the synthesis of TiO2 NPs
This section explains the results for the synthesis of TiO, NPs (RNP) and discusses their applications in details.

5.1.1 Characterization of Resulting Nanoparticles (RNP)

In Figure 5-1, the results of the SEM analysis are illustrated which indicate that Resulting Nanoparticles (RNP)
are more spherical in shape than P25. The size of RNP is much smaller in comparison to P25 as observed in
Figure 5-1. The average particle size for P25 and RNP were 18 nm and 4 nm respectively confirmed by particle
size distribution as presented in Figure 5-2.

TEM analysis of RNP and P25 is described in Figure 5-3. The TEM results indicate that the RNP are more
spherical in shape with uniform distribution of particles. Moreover, most of the RNP are separated from each
other while agglomeration observed in P25. The inset showed a distinct diffraction rings for RNP corresponding
to the crystalline phase while for P25, dull fringes and agglomeration observed. These results indicate that RNP
are more crystalline in nature than P25. The ratio of agglomeration in the RNP is insignificant which indicates
their good photocatalytic activity as compared to P25. The estimated mean particle size through TEM images is
around 4 nm which is in good agreement with XRD results.

The results collected by XRD analysis describe that RNP possessed pure anatase phase with all sharp peaks
matched with the standard Powder Diffraction card data base JCPDS (21-1272). In Figure 5-4, the highest peak
obtained at 20=25.4" represents the (101) plane reflection which is the characteristic peak for pure anatase form
of TiO; followed by three more primary peaks at 20=38°, 48" and 54" for (004), (200) and (211) planes
respectively. The average crystallite size obtained by using Scherrer’s equation is 4 nm. It can be evaluated by
the results that RNP have much smaller size as compared to P25. It could be due to EG content into the crystal
lattice of RNP that suppress the crystal growth of RNP.

3
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Figure 5-2 Particle size distribution obtained by DLS (a) P25, (b) RNP with optimal conditions TTIP 10 mL,
EG 4 mL, Sonication time 1 h.
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Figure 5-3 TEM images (a) P25, (b) RNP with optimal conditions TTIP 10 mL, EG 4 mL, Sonication time 1
h.
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Figure 5-4 XRD pattern (a) P25, (b) RNP with optimal conditions TTIP 10 mL, EG 4 mL, Sonication time 1
h.

5.1.2 Optimization of experimental variables for RNP

The design of experiment with different concentrations of TTIP and EG under varying sonication time based on
actual values of CCD is presented in Table 5-1. Total 20 experimental CCD designed samples were developed
as illustrated in Table 5-1.

The response surfaces and contour plots were drawn by Design-Expert 10 to evaluate the interactive
relationships between the selected variables and MB removal efficiency. The effect of precursor’s
concentrations and ultrasonic irradiations time on the photocatalytic removal of MB is presented in Figure 5-5.
It can be seen in Table 5-1 that MB removal rate increased from 33 % to 91 %, 33 % to 85 % and 33 % to 91 %
by increasing the TTIP and EG concentration and sonication time up to their maximum level. However, the best
outcome 99 % was achieved with optimal conditions i.e. TTIP 10 mL, EG 4 mL and sonication time 1 h.,
whereas, the predicted response value for MB removal at optimal conditions (Sample 4) was 98 %.

MB removal on the basis of developed model is calculated by Equation 7:

Y = —30.2 + 14.8(TTIP) — 20.5(EG) + 60.9(Time) + 1.0(TTIP x EG) — 2.6(TTIP x Time) 0
—10.6(EG * Time) — 0.4(TTIP)? + 4.4(EG)? + 0.3(Time)?

Analysis of variance (ANOVA) was used to analyse the data for interaction between process variables and
responses obtained from samples 1-20 (Table 5-1) and results were analysed to judge the goodness of fit. The
results indicate that the designed model for MB dye removal is statistically significant for F-value of 273.8 and
prob > F of <0.0001 as shown in Table 5-2. R-squared coefficient is used to predict the fit of the model.

5.1.3  Photocatalytic evaluation of RNP

The photocatalytic activity of RNP and P25 was investigated with 0.5 gL dose of both photocatalysts by taking
initial concentration of MB 50 mgL™. The results illustrated in Figure 5-6 explain that the decolouration of MB
follows decreasing order. It was observed that with the same dosage of RNP, dye solutions have been
decoloured within 40 min under UV light while for P25, the dye solutions took longer time to decolour. To
confirm the decolouration of MB was due to the presence of RNP and not by the poor light fastness of MB dye,
dye solution without photocatalyst was also exposed under UV light. This solution couldn’t change its colour
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even after longer irradiations time. These results confirm that the higher photo activity of RNP originated due to
anatase form induced by ultrasonic irradiations.

5.2 Results and discussions for stabilization of TiO2 NPs onto cotton
This section explains the results for the stabilization of TiO, NPs (RNP) onto cotton fabric by UV light
irradiations in details for further applications.

5.2.1  SEM analysis and EDX spectra of TiO2 NPs stabilized by UV irradiations

The morphology of developed samples was investigated by SEM and EDX analysis. In Figure 5-7, a
comparison of pristine cotton (untreated sample) with sample 14 is presented as we obtained highest
incorporated amount of TiO, NPs for this sample (Table 5-3). In Figure 5-7 (a), a clean and smooth surface of
pristine cotton can be observed as no treatment was applied on it whereas a huge cluster of TiO, NPs deposited
as a homogeneous thick layer on the surface of cotton fabric after padding can be seen in Figure 5-7 (b). We
also observed that the particles are evenly distributed on the surface of cotton Figure 5-7 (b). In Figure 5-7 (c),
it can be seen that after UV irradiations, most of the NPs penetrated inside the cotton fibre structure and the
remaining covered the surface as a condense layer and strongly aggregated while a completely rough surface of
cotton with sufficient amount of TiO> NPs was observed after washing the sample as illustrated in Figure 5-7
(d).

Elemental analysis and detection of existing elements were characterized by EDX spectroscopy. The EDX
spectrum of untreated sample and sample 14 are presented in Figure 5-7 (e-f) respectively. EDX spectra confirm
the existence of TiO, NPs on cotton surface. Moreover, higher weight percentage of Ti element in sample 14
indicates higher loading of TiO, NPs. These results are in good agreement with SEM results.

Table 5-1 The 3-factors CCD matrix based on actual values for experimental variables and response, Y=MB
Removal, for the synthesis of TiO2 NPs

MB Removal
Sample TT I[I:nCLZ]o ne. EG[”CI:I?]”C' Sonication Time [h] [%] MB;ZE‘;’:‘(; [%]
Experimental
1 6 4 2 67 64
2 6 4 0.25 57 58
3 4 3 1 33 32
4 10 4 1 99 98
5 4 5 3 47 46
6 8 3 1 72 73
7 8 3 3 91 91
8 6 4 2 63 64
9 2 4 2 21 23
10 6 6 2 81 81
11 6 4 2 62 64
12 6 4 2 62 64
13 6 4 2 63 64
14 4 5 1 50 49
15 8 5 3 24 24
16 4 3 3 72 -
17 6 4 4 72 73
18 6 2 2 81 81
19 6 4 2 64 64
20 8 5 2 85 86
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Table 5-2 ANOVA results for MB removal for the synthesis of TiO2 NPs

Source Sum of f Mean p-value

Squares Square F Value Prob > F Remarks
Model 6536.6 9 726.2 273.8 <0.0001 Significant
A-TTIP Conc. 4365.6 1 4365.6 1646 < 0.0001 Significant
B-EG Conc. 0.01 1 0.01 0.004 0.9506 Not significant
C-Sonication Time 204.2 1 204.2 77 <0.0001 Significant
AB 31.7 1 31.7 11.9 0.0061 Significant
AC 243.9 1 243.9 91.9 <0.0001 Significant
BC 732.5 1 732.5 276.2 <0.0001 Significant
A? 62.6 1 62.6 23.6 0.0007 Significant
B? 497.0 1 497 187.4 <0.0001 Significant
C? 2.07 1 2.07 0.78 0.3968 Not significant
Residual 26.5 10 26.5
Lack of Fit 9.0 5 1.8 0.51 0.7577 Not significant
Pure Error 175 5 35
Cor Total 6563.2 19

R-squared: 0.9960, adjusted R-squared: 0.9923, CV%: 2.47

Figure 5-5 The response surfaces and contour plots for photocatalytic dye removal as a function of (a) TTIP
conc., EG conc., (b) TTIP conc., Sonication time., (c) EG conc., Sonication time.
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Figure 5-6 UV-Vis spectral changes in MB solution as a function of UV irradiations time. (a) P25, (b) RNP
with optimal conditions TTIP 10 mL, EG 4 mL, Sonication time 1 h. The inset shows the digital photograph
for colour change of MB before and after treatment.

5.2.2  ICP-AES analysis of TiO2 NPs stabilized by UV irradiations

ICP-AES analysis of samples 1-20 confirmed the presence of TiO, NPs on cotton. However, Ti element was not
found in untreated sample. In order to estimate the incorporated amount, the characteristic peak of titanium
observed in emission spectra was counted and the results were reported in Table 5-3. The incorporated amount
of TiO, NPs for samples 1, 11, 16, 17, 18 were 2123 ppm, 1781 ppm, 2895 ppm, 2999 ppm, 2756 ppm
respectively, whereas the highest incorporated amount 3319 ppm was found in sample 14. The results are quite
obvious as more dosage of TiO, NPs during padding results in more loading on cotton. These results are in
good agreement with SEM and EDX results.

5.2.3  Leaching durability

The contents of Ti** ions present in the leaching solution were 82 ppm, 107 ppm, 102 ppm, 48 ppm and 39 ppm
for sample 3, sample 5, sample 10, sample 14 and sample 18 respectively. These results reveal that only 5 %
TiO, was removed from the fabric surface by leaching in case of sample 5 whereas this percentage was
decreased to 1.4 % for sample 14 and sample 18. On the other side, 63 % TiO, was removed for TiO, treated
sample (without UV treatment). These results indicate that TiO, NPs incorporated on cotton surface by UV light
irradiations were strongly anchored to the textile substrate as their minimal quantity was withdrawn from the
fabric even after 6 h of leaching process.

Table 5-3 The 3-factors CCD matrix based on actual values for experimental variables and responses, Y1=
Incorporated amount of TiO2 NPs after UV irradiations, Y2= Tensile strength after UV irradiations, for the
stabilization of TiO2 NPs by UV irradiations

uv

Sample TiO2 Dosage Tempoerature Irradiations _Y1 = Incorporated Y2 = Tensile
Name [gL Y [C] Time [min] TiO2 on cotton [ppm]  Strength [N]

US"atLﬁS:Zd 0 0 0 0 504

1 6 70 80 2123 482

2 4 30 120 1590 474

3 6 45 80 1383 434

4 6 45 80 1386 426

5 6 45 15 793 465

6 8 30 40 1590 463

7 6 45 80 1380 424

8 4 60 40 898 432

9 6 45 80 1389 427

10 4 30 40 856 498
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11 8 60 40 1781 496
12 6 20 80 1763 476
13 2 45 80 759 489
14 8 60 120 3319 490
15 6 45 80 1398 428
16 8 30 120 2895 414
17 10 45 80 2999 492
18 6 45 150 2756 428
19 4 60 120 1805 425
20 6 45 80 1381 420

5.2.4  Self-cleaning efficiency of TiO2 NPs stabilized by UV irradiations

Figure 5-8 illustrates that coffee stains were decomposed completely after 12 h of sunlight irradiations through
photocatalytic action of TiO,. The colour difference was calculated and the results were reported in Table 5-4.
Significant colour change was observed for samples 1 to 20 as presented in Figure 5-8. However, slight colour
change was observed for TiO; treated sample (without UV treatment) and almost no change in untreated sample
even after 12 h of continuous sunlight irradiations. Moreover, the results reveal that more amount of TiO, NPs
incorporated on the surface of cotton fabric enhances the self-cleaning properties. Higher colour difference leads
to better self-cleaning efficiency obtained by sample 14 with optimal conditions as illustrated in Table 5-3.

5.25  Statistical analysis of TiO2 NPs stabilized by UV irradiations

The experimental design with different dosage of TiO, Nanoparticles (NPs) under varying temperature and UV
irradiations time based on actual values of CCD is illustrated in Table 5-3. The results include: Y 1=Incorporated
amount of TiO2 NPs onto cotton after UV irradiations and Y ;=Tensile strength of cotton after UV irradiations

were adjusted by Equation 1.
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Figure 5-7 SEM analysis of (a) untreated sample, (b) sample 14 before UV treatment, (c) sample 14 after UV
treatment, (d) UV treated sample after washing; and EDX spectra of (e) untreated sample (f) sample 14.

Table 5-4 Self-cleaning efficiency (AE) results for the stabilization of TiO2 NPs by UV irradiations

Sample (AE) Sample (AE)
Untreated Sample 4.9 Sample 10 83.9
TiO; treated sample (without UV) 48.4 Sample 11 82.6
Sample 1 81.8 Sample 12 83.2
Sample 2 79.6 Sample 13 80.1
Sample 3 80.5 Sample 14 89.7
Sample 4 82.3 Sample 15 83.5
Sample 5 78.4 Sample 16 81.7
Sample 6 79.2 Sample 17 82.6
Sample 7 81.6 Sample 18 83.3
Sample 8 82.8 Sample 19 82.9
Sample 9 80.6 Sample 20 81.8

In Figure 5-9 and Figure 5-10, response surfaces were drawn based on the developed mathematical models for
incorporated amount of TiO, NPs and tensile strength respectively. ANOVA results are presented in Table 5-5
and Table 5-6. The results indicate that the designed model for incorporated amount of TiO, NPs on cotton after
UV irradiations is statistically significant at F-value 10592.9 and p-value <0.0001 as illustrated in Table 5-5.
Furthermore, the developed model for tensile strength is significant at F-value 43.1 and p-value <0.0001 as
described in Table 5-6. R-squared coefficient was used to evaluate the fit of the developed models. The results
presented in Table 5-5 indicate that only 0.01 % of the total variables cannot be explained through this model
for incorporated amount of TiO, NPs on cotton after UV irradiations. Furthermore, the results of R-squared for
tensile strength indicate that only 2.51 % of the total variables cannot be explained by the model (Table 5-6).

The incorporated amount of TiO, NPs on cotton after UV irradiations according to the developed model is

calculated by Equation 8:
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Y, =3311.8 — 310.9 x (Dosage) — 89.3 x (Temperature) — 13.5 X (UV Time) + 1.4
X (Dosage x Temperature) + 1.8 X (Dosage x UV Time) + 0.08

8
X (Temperature X UV Time) + 31.0 X (Dosage)? + 0.8 (8]
x (Temperature)? + 0.07 x (UV Time)?
The tensile strength after UV irradiations according to the developed model is calculated by Equation 9:
Y, = 1035.1 — 83.4 X (Dosage) — 13.5 X (Temperature) — 1.1 x (UV Time) + 0.9
X (Dosage X Temperature) — 0.03 X (Dosage x UV Time) + 0.01 [9]

x (Temperature x UV Time) + 3.8 X (Dosage)? + 0.07
x (Temperature)? + 3.5 x (UV Time)?

According to the above regression equations and obtained results (Table 5-3), the optimal points for best
possible results are 8 gL TiO, dosage, 60 °C temperature and 120 min UV irradiations time. The predicted

response values for Y1 and Y, under optimal conditions (Sample 14) are 3312 ppm and 488 N respectively.

The response surfaces are presented in Figure 5-9 and Figure 5-10 for incorporated amount of TiO, NPs on
cotton after UV irradiations and tensile strength after UV irradiations respectively. It can be seen in Figure 5-9
and Figure 5-10 that increasing TiO, NPs dosage in the suspension results in more incorporated amount of TiO»
NPs on the surface of cotton. Moreover, prolonged UV irradiations time leads to a higher fixation of TiO, NPs

on cotton.

Figure 5-8 Self-cleaning efficiency after 12 h sunlight irradiations.
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Figure 5-9 Response surfaces for incorporated amount of TiO, NPs on cotton after UV irradiations as a
function of (a) TiO, dosage, Temperature, (b) TiO, dosage, UV time., (¢) Temperature, UV time.
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Figure 5-10 Response surfaces for tensile strength of cotton after UV irradiations as a function of (a) TiO»
dosage, Temperature, (b) TiO, dosage, UV time., (c) Temperature, UV time.

5.3 Results and discussions for In-situ developed multifunctional CT nanocomposites
This section explains the results for the developed multifunctional CT nanocomposites and discusses their
applications.

53.1 SEM images and EDX spectra

The morphology of the developed CT nanocomposites was investigated by comparing SEM images of untreated
cotton (blank sample), sample 9 and sample 18 as illustrated in Figure 5-11. In Figure 5-11 (a-c), SEM images
are showing a smooth and clean surface of blank sample as no treatment was applied on it. Figure 5-11 (d-f)
illustrates that in sample 18, TiO, NPs were homogeneously deposited on cotton fabric by ultrasonic
irradiations. Higher magnification of sample 18 was used to determine the distribution of particles on the surface
of cotton as shown in Figure 5-11 (f). In Figure 5-11 (g-i), it can be seen that TiO2 NPs covered the surface of
sample 9 as a condense layer and strongly aggregated.
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The EDX spectrum of blank sample and sample 9 are illustrated in Figure 5-11 (j-k) respectively. The presence
of TiO2 NPs on cotton was confirmed by EDX spectrum. Moreover, the higher weight percentage of Ti element
in sample 9 was indicating the higher loading of TiO, NPs. The EDX results are in good agreement with SEM
results.

Table 5-5 ANOVA results for incorporated amount of TiO2 NPs on cotton after UV irradiations

Sum of Mean p-value
Source Squares df Square F Value Prob > F Remarks
Model 10727146 9 1191905 10592.9 <0.0001 Significant
A-Dosage 4968441 1 4968441 44156.6 < 0.0001 Significant
B-Temperature 159844.7 1 159845 1420.6 < 0.0001 Significant
C-UV Time 4318113.3 1 4318113 38376.8 <0.0001 Significant
AB 16020.5 1 16020.5 142.3 < 0.0001 Significant
AC 180600.5 1 180601 1605.07 < 0.0001 Significant
BC 20604.5 1 20604.5 183.1 < 0.0001 Significant
A2 399211.9 1 399212 3547.9 < 0.0001 Significant
B2 563422.6 1 563423 5007.3 < 0.0001 Significant
c? 227357.4 1 227357 2020.6 <0.0001 Significant
Residual 1125.1 10 1125
Lack of Fit 902.3 5 180.4 4.05 0.075 Not significant
Pure Error 222.8 5 44.5
Cor Total 10728271.2 19
R-squared: 0.9999, adjusted R-squared: 0.9998, CV%: 0.62
Table 5-6 ANOVA results for tensile strength of cotton after UV irradiations
Sum of Mean p-value
Source Squares df Square F Value Prob > F Remarks
Model 17334.2 9 1926.0 43.1 <0.0001 Significant
A-Dosage 100 1 100 2.2 0.16533 Not significant
B-Temperature 1.1 1 1.1 0.02 0.87406 Not significant
C-UV Time 1678.8 1 1678.8 37.6 0.0001 Significant
AB 6272 1 6272 140.5 <0.0001 Significant
AC 72 1 72 1.6 0.232 Not significant
BC 450 1 450 10.08 0.009 Significant
A2 6028.7 1 6028.7 135.06 <0.0001 Significant
B2 4129.8 1 4129.8 92.5 <0.0001 Significant
c? 472.4 1 472.4 10.5 0.008 Significant
Residual 446.3 10 44.6
Lack of Fit 338.8 5 67.7 3.1 0.116 Not significant
Pure Error 107.5 5 215
Cor Total 17780.5 19

R-squared: 0.9749, adjusted R-squared: 0.9523, CV%: 1.47

5.3.2 XRD analysis

The XRD patterns for extracted solid powders are described in Figure 5-12. Sample C prepared by conventional
stirring shows amorphous nature as no sharp peak appeared in the XRD pattern which are the characteristics of
crystalline phase of developed CT nanocomposites. However, a series of crystalline peaks were obtained for all
other samples developed by Ultrasonic Acoustic Method (UAM). The crystalline peaks observed at 20=25.4",
38’, 48", 53.8°, 55" and 62 for plane reflections (101, 004, 200, 105, 211 and 204 respectively) represent the pure
anatase form of TiO2 NPs according to JCPDS card no 21-1272. The chief influence of ultrasonication on
crystallization of TiO2 NPs was experienced by comparing sample C with sample 9 (Table 5-7). Ultrasonic
waves are the only difference between these samples as ultrasonication plays a vital role in the crystallization
mechanism of the synthesis of TiO, NPs. The crystallite size of the NPs obtained from solid powder was
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calculated by Scherrer’s equation and reported in Figure 5-12 (a). The average crystallite size of all the
specimen was equal to 4 nm. The XRD analysis of sample 9 and untreated cotton (blank sample) is illustrated in
Figure 5-12 (b). The XRD pattern of untreated cotton (blank sample) showed only one characteristic peak at
21.3" which confirms a typical cotton fibre structure as concluded by Uddin et. al. [40].

The calculated crystallite size of the loaded TiO2 NPs by Equation 2, was 3.982 by using FWHM at 20=25.4",

The XRD results confirm that the crystallite size of extracted TiO, NPs in comparison with loaded TiO, NPs on
cotton fabric by Ultrasonic Acoustic Method have no significant differences.

5.3.3  ICP-AES elemental analysis

ICP-AES analysis of samples 1-20 developed by UAM and sample C developed by conventional stirring
method confirmed the presence of TiO, NPs on treated samples. However, in blank sample, Ti element was not
detected. In order to estimate the synthesized and deposited amount of TiO, NPs on cotton fabric, the
characteristic peak of titanium observed in emission spectra was counted and the response was reported in Table
5-7. The loaded amount of TiO, NPs for sample 9 and sample C were 1587 ppm and 411 ppm respectively.
More loading of TiO, NPs in sample 9 indicating the effects of ultrasonic acoustic irradiations. Moreover, a
statistical study was performed to evaluate the effects of synthesis variables on deposited amount of TiO, NPs
on cotton as reported in section 5.3.10.

Energy (keV) Energy (keV)

Figure 5-11 SEM analysis of blank sample (a-c), sample 18 (d-f) and sample 9 (g-i); and EDX spectrum of
blank sample (j) and sample 9 (k).

5.3.4  In-situ synthesis and deposition of TiO2 NPs on cotton
During In-situ process, TiO> NPs were synthesized and deposited on cotton by Ultrasonic Acoustic Method
according to the following reactions as illustrated in Equations (10-11) [38; 43].

TiCl, + 4CsH,0H — Ti(0C3H,), + 4HCl [10]

Ti(0CsH,), + 2H,0 — TiO, + C3H,0H [11]

In ultrasonic system, an acoustic cavitation phenomenon produce a local hot spot with extreme conditions of
temperature and pressure [44]. These conditions generate free H® and OH* radicals [45]. These radicals promote
the reaction mechanism and generate TiO2 NPs at low temperature.
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5.3.5  UPF efficiency of CT nanocomposites

The absorption of UV radiations is a natural characteristic of TiO,. The UPF value directly evaluates the UV
absorption efficiency of the synthesized samples. The high UV absorption intensity leads to higher UPF. The
results of UPF efficiency are described in Table 5-7. The UPF values of all samples varied from 3 (blank
sample) to 63 (sample 9). The results indicate that UPF values are strongly related to TiO, content deposited on
textile.
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Figure 5-12 XRD pattern for (a) extracted TiO, NPs powder (b) blank sample and sample 9.

5.3.6  Self-cleaning efficiency of CT nanocomposites

For self-cleaning evaluation, samples were stained in 0.01 % (w/v) solution of MB and colour change was
calculated for all samples after 24 h daylight irradiations and presented in Table 5-7. Significant change in
colour was observed in case of sample 1-20 as presented in Figure 5-13. However, slight colour change was
observed for sample C and almost no change in blank (controlled) sample. In addition, the values of ARGB were
higher for samples 1-20 as compared to sample C and blank sample. These results indicate the self-cleaning
efficiency of CT nanocomposites synthesized by UAM was significantly higher than sample C. Higher colour
difference leads to better self-cleaning efficiency that was obtained by sample 9 with optimal conditions as
illustrated in Table 5-7.

5.3.7  Antimicrobial efficiency of CT nanocomposites

The antimicrobial efficiencies of the developed CT nanocomposites are presented in Table 5-7. Incubation of
the blank sample (untreated cotton) did not show any significant effect on bacteria cells viability, even after 24 h
of incubation. However, significant results were obtained for all other samples. For samples 1, 4, 8 and 18, R%
against S. aureus and E. coli after 24 h contact time was more than 80 %. However, R% for sample 9 was 99 %.
We observed that sample 9 exhibit excellent antimicrobial efficiency as compared to other samples including
sample C. It could be possible that sample 9 possess more amount of TiO», NPs as illustrated in Table 5-7 or the
larger surface area of NPs on cotton might enhance the contact area between TiO, and bacterial cells, which
may result in a higher antimicrobial efficiency. Same results were reported by Qi et. al. [46]. Overall, the results
showed excellent antimicrobial properties of CT nanocomposites synthesized by Ultrasonic Acoustic Method.

5.3.8°  Washing durability of CT nanocomposites

Washing effluent analysis was used as a direct approach to evaluate washing durability. This method provides
an excellent evaluation of washing durability. In a typical process, the total amount of TiO2 NPs present in the
effluent was considered as durability against washing. Higher concentration of TiO2 NPs in effluent indicates
lower durability [15]. So, the effluents were evaluated by spectrophotometer during 30 consecutive home
launderings. An absorption peak at 280 nm during initial washing cycle indicating the presence of TiO, NPs as
presented in Figure 5-14 [47]. It can be possible that some of the physically attached unstable NPs were
migrated into effluents during primary washing [48]. The results confirmed that no absorption peak was
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observed during subsequent washing cycles showing the absence of TiO, NPs in washing effluents. Moreover,
the results show that TiO, NPs are strongly attached to cotton fibres. TiO> NPs have strong affinity towards
carboxyl and hydroxyl groups [49; 50].
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Figure 5-13 Self-cleaning efficiency of CT nanocomposites after 24 h daylight irradiations.

5.3.9  Tensile strength of CT nanocomposites

The results regarding breaking force for untreated cotton (blank sample) and sample 9 were 511 N and 497 N
with standard deviation of 2.1 and 2.4 respectively. The results of breaking force for sample 9 were almost same
with blank sample. This shows that the experimental conditions and ultrasonic irradiations did not damage the
structure of cotton fibre to a significant level. The slight difference in sample 9 could be due to cleavage of
cellulosic chain or by ultrasonic irradiations [34]. The results indicate that synthesis and deposition of TiO2, NPs
on cotton by Ultrasonic Acoustic Method have no significant damage effect to cotton fibre structure.
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Figure 5-14 Washing effluent absorbance spectra of sample 9 after different washing cycles.

5.3.10 Statistical analysis of CT nanocomposites

The experimental design with different amount of TTC and ISP under varying sonication time based on the
actual values of CCD for CT nanocomposites as well as sample C and blank sample (untreated cotton) is shown
in Table 5-7. The responses of the variables including: Y 3=Synthesized and deposited amount of TiO> NPs on
cotton fabric; Ys=UPF of the CT nanocomposites; Ys=Self-cleaning efficiency after 24 h irradiations;
Y s=Antimicrobial efficiency of the CT nanocomposites, were adjusted by Equation 1.

Table 5-7 The 3-factors CCD matrix based on actual values for experimental variables and responses,
Y3=Synthesized & loaded amount of TiO2 NPs on cotton fabric, Y4=UPF efficiency of CT nanocomposites,
Ys=Self-cleaning efficiency of CT nanocomposites, Ys=Antimicrobial efficiency of CT nanocomposites
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Sample TTC ISP Sonication  Y3=Synthesized & Y 4=UPF Y s=Self- Ys=Antimicrobial

Name [mL] [mL] time loaded TiO2 Efficiency cleaning Efficiency
[h] [ppm] [-] Efficiency [%]
[]
si'ri?)'fe 0 0 0 0 3 6 5
Sample C 10 6 0 411 38 61 73
1 6 4 2 830 43 83 85
2 6 4 4 839 45 85 81
3 4 2 1 749 37 70 76
4 6 4 0.25 645 44 84 85
5 6 4 2 820 43 80 80
6 6 8 2 543 40 77 79
7 8 2 3 860 47 84 83
8 8 6 1 986 50 87 87
9 10 6 2 1587 63 99 99
10 6 0.5 2 288 27 64 65
11 6 4 2 800 42 79 80
12 6 4 2 825 43 80 79
13 6 4 2 765 42 79 78
14 4 2 3 510 32 69 68
15 4 4 3 524 34 71 72
16 8 2 1 590 41 78 79
17 6 4 2 815 45 82 83
18 8 6 3 1298 58 95 94
19 4 6 1 485 37 74 73
20 2 4 2 501 25 62 65

Statistical analysis (ANOVA) was conducted to evaluate the interaction between the variables and the responses
of the designed samples 1-20 and presented in Table 5-8 to Table 5-11. The results indicate that the designed
model for the synthesized and deposited amount of TiO, NPs on cotton is statistically significant at F-value
103.6 and p-value <0.0001 as presented in Table 5-8. In addition, the developed model for UPF efficiency of the
developed CT nanocomposites is significant at F-value 55 and p-value <0.0001 as presented in Table 5-9.
Moreover, the developed model for self-cleaning efficiency and antimicrobial efficiency of the developed CT
nanocomposites are significant at F-value of 65.1 and 25.1 and p-value of <0.0001 and <0.0001 respectively as
presented in Table 5-10 and Table 5-11.

R-squared coefficient was used to evaluate the fit of the developed models. The results presented in Table 5-8
indicate that only 1.06 % of the total variables cannot be explained through this model for synthesized and
deposited amount of TiO, NPs on cotton fabric. Moreover, the results of R-squared for UPF, self-cleaning and
antimicrobial efficiencies of the developed CT nanocomposites indicate that only 1.98 %, 1.68 % and 4.23 % of
the total variables cannot be explained by the model respectively (Table 5-9 to Table 5-11). For the evaluation
of obtained results and the relationship between independent variables and response surfaces, several
mathematical models (Equations 12-15) were established. In order to predict the responses for a given amount
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or value of TTC and ISP and/or ultrasonic irradiation time, these models could be useful and further utilised. In
Figure 5-15 to Figure 5-18, contour and response surface plots were drawn based on the mathematical models.

The synthesized and deposited amount of TiO, NPs on cotton according to the developed model is calculated by
Equation 12:

Y, = 1442.3 — 253.8(TTC) + 4.0(ISP) — 298.5(Time) + 37.7(TTC * ISP)
+59.1(TTC * Time) + 10.7(ISP = Time) + 7.2(TTC)? — 26.9(ISP)? [12]
— 14.8(Time)?

The UPF efficiency of the developed CT nanocomposites is calculated by Equation 13:

Y, = 36.6 — 0.7(TTC) + 2.6(ISP) — 11.4(Time) + 0.6(TTC x ISP) + 1.4(TTC * Time)

13
+ 0.09(ISP = Time) — 0.07(TTC)? — 0.6(ISP)? + 0.6(Time)? [13]
The self-cleaning efficiency of the developed CT nanocomposites is calculated by Equation 14:
Ys = 62.1 4+ 1.2(TTC) + 4.7(ISP) — 10.8(Time) + 0.4(TTC * ISP) + 1.2(TTC * Time) [14]
— 0.05(ISP = Time) — 0.1(TTC)? — 0.7(ISP)* + 1.1(Time)?
The antimicrobial efficiency is of the developed CT nanocomposites is calculated by Equation 15:
Yo = 78.0 — 0.4(TTC) + 1.9(ISP) — 12.9(Time) + 0.6(TTC * ISP) + 1.2(TTC * Time) [15]

+ 0.5(ISP * Time) — 0.09(TTC)? — 0.6(ISP)? + 0.6(Time)?

According to the above equations and obtained results (Table 5-7), the optimal points for best possible results
are 10 mL TTC, 6 mL ISP and 2 h ultrasonic irradiation time. The predicted response values for optimal
conditions (Sample 9) are 1600, 63, 99 and 99 for Y3, Y4, Y5 and Y respectively.

5.3.11 Reusability and sequential application of CT nanocomposites

Reusability of a catalyst is a significantly important property for application point of view. The reusability of the
developed CT nanocomposites was estimated by repeating their application in the photocatalytic removal of
MB. The experiment was repeated for seven cycles. In each cycle, a piece of sample 9 was immersed in an
aliquot of fresh MB solution. As shown in Figure 5-19, after 7 reuse cycles, the removal rate of MB had lost
only 7.5 % for sample 9 which was developed with optimal conditions. The results confirmed that the developed
CT nanocomposites are very stable and reusable as a catalyst.

The behaviour of MB under different conditions i.e. in the presence of dark; in the presence of light only; in the
presence of TiO, only; and in the presence of TiO, and light has also been evaluated and the results are
presented in Figure 5-20. Under dark conditions and in the absence of TiO,, the MB colour remained
unchanged, while with TiO», only 8 % change in MB colour was found. Whereas 99.6 % results were obtained
with TiO» under light.
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Table 5-8 ANOVA results for synthesized and deposited amount of TiO2 NPs on cotton fabric

Sum of Mean p-value
Source Squares df Square F Value Prob > F Remarks
Model 1613611 9 179290 103.6 <0.0001 Significant
A-TTC 596350 1 596350 344.8 <0.0001 Significant
B-ISP 68037.9 1 68037.9 39.3 <0.0001 Significant
C-Sonication Time 22931.5 1 22931.5 13.2 0.004 Significant
AB 173460 1 173460 100.2 <0.0001 Significant
AC 104852 1 104852 60.6 <0.0001 Significant
BC 2902.06 1 2902.06 1.6 0.224 Not significant
A2 18357.3 1 18357.3 10.6 0.008 Significant
B2 233198 1 233198 134.8 <0.0001 Significant
C? 44535 1 44535 25 0.139 Not significant
Residual 17294.6 10 17294
Lack of Fit 14423.7 5 2884.7 5.02 0.0505 Not significant
Pure Error 2870.8 5 574.1
Cor Total 1630906 19

R-squared: 0.9894, adjusted R-squared: 0.9799, CV%: 5.45

Table 5-9 ANOVA results for UPF efficiency of the developed CT nanocomposites

Sum of Mean p-value
Source Squares df Square F Value Prob > F Remarks
Model 1513.2 9 168.139 55 < 0.0001 Significant
A-TTC 832.1 1 832.1 272.4 <0.0001 Significant
B-ISP 133.6 1 133.6 43.7 <0.0001 Significant
C-Sonication Time 14 1 1.4 0.5 0.502 Not significant
AB 50.1 1 50.1 16.4 0.002 Significant
AC 65.8 1 65.8 215 0.0009 Significant
BC 0.2 1 0.2 0.07 0.796 Not significant
A2 2.07 1 2.07 0.6 0.429 Not significant
B2 130.8 1 130.8 42.8 < 0.0001 Significant
c? 7.6 1 7.6 2.5 0.144 Not significant
Residual 30.5 10 30.5
Lack of Fit 245 5 4.9 4.09 0.074 Not significant
Pure Error 6 5 1.2
Cor Total 1543.8 19

R-squared: 0.9802, adjusted R-squared: 0.9624, CV%: 4.17

Table 5-10 ANOVA results for self-cleaning efficiency of the developed CT nanocomposites

Sum of Mean p-value
Source Squares df Square F Value Prob > F Remarks
Model 1594.6 9 177.2 65.1 <0.0001 Significant
A-TTC 884.2 1 884.2 325.2 <0.0001 Significant
B-ISP 172.9 1 172.9 63.6 <0.0001 Significant
C-Sonication Time 4.7 1 4.7 1.7 0.216 Not significant
AB 28.6 1 28.6 10.5 0.008 Significant
AC 43.4 1 43.4 15.9 0.002 Significant
BC 0.08 1 0.08 0.02 0.866 Not significant
A2 6.6 1 6.6 2.4 0.149 Not significant
B2 163.6 1 163.6 60.1 <0.0001 Significant
c? 24.9 1 24.9 9.1 0.0127 Significant
Residual 21.2 10 27.2
Lack of Fit 13.6 5 2.7 1.01 0.494 Not significant
Pure Error 135 5 2.7
Cor Total 1621.8 19
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Table 5-11 ANOVA results for antimicrobial efficiency of the developed CT nanocomposites

Sum of Mean -value
Source Squares d Square F Value Pprob SE Remarks
Model 1341.6 9 149 25.1 <0.0001 Significant
A-TTC 691.1 1 691.1 116.5 <0.0001 Significant
B-ISP 139.5 1 139.5 235 0.0007 Significant
C-Sonication Time 3.3 1 3.3 0.5 0.4705 Not significant
AB 45.1 1 45.1 7.6 0.0201 Significant
AC 49.6 1 49.6 8.3 0.016 Significant
BC 7.2 1 7.2 1.2 0.296 Not significant
A2 2.9 1 2.9 0.4 0.498 Not significant
B2 126.6 1 126.6 21.3 0.0009 Significant
c? 8.2 1 8.2 1.3 0.265 Not significant
Residual 59.2 10 59.2
Lack of Fit 24.4 5 4.8 0.70198 0.646 Not significant
Pure Error 34.8 5 6.9
Cor Total 1400.9 19

R-squared: 0.9577, adjusted R-squared: 0.9196, CV%: 3.06
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Figure 5-15 Response surfaces and contour plots for synthesized and deposited amount of TiO, NPs on
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Figure 5-16 Response surfaces and contour plots for UPF efficiency of developed CT nanocomposites as a
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Figure 5-19 Reusability of the developed CT nanocomposites.
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Figure 5-20 Behaviour of MB degradation under different conditions i.e. Under dark; Under light; Under
TiO2; Under light and TiO».

6 Evaluation of the results and new findings
The overall summary of this dissertation comprises the conclusion of the obtained results and the
recommendations for future work.

6.1 Conclusion

After a comprehensive introduction and discussion about the related work, Chapter 4 explained the bulk of the
work deriving important materials and used methods. The data was further used in Chapter 5 to perform
chemical analysis and statistical calculations.

TiO2 NPs (RNP) with pure anatase form were successfully synthesized by Ultrasonic Acoustic Method (UAM)
using TTIP and EG as synthesis variables. The RNP were found to be more photoactive than commercially
available photo catalyst P25. The average particle size for RNP was relatively small as compared to P25. The
photo degradation of MB dye showed excellent dye removal ability for the RNP. The role of ultrasonic
irradiations time and precursors concentration was very crucial in order to synthesize highly crystalline NPs
with smaller particle and higher photocatalytic activity. The use of EG suppressed the crystal growth as well as
anatase-rutile phase transformation. Self-cleaning of cotton fabrics recommends the potential use of RNP in
textile industry. Reusability of the RNP confirmed their durability during photocatalytic processes. The RNP
could be further utilized in many other textile applications.

In another experiment, the developed TiO, NPs were successfully embedded on cotton fabric by UV light.
SEM, EDX and ICP-AES analysis confirmed the deposition of TiO2 NPs on cotton. Higher incorporated
amount of TiO, NPs onto cotton led to higher self-cleaning efficiency. Leaching durability of UV treated
samples (samples 1 to 20) confirmed the role of UV light irradiations for the stabilization of TiO, NPs onto

33



cotton. Moreover, almost similar tensile strength of untreated samples and samples 1 to 20 verified the fitting of
the used method. Statistical analysis confirmed that the obtained results solely rely on TiO, dosage, temperature
and UV irradiations time. Optimal conditions for obtaining best possible results were attained by using 8 gL
TiO;, 60 °C temperature and 120 min UV irradiations time.

In another study, an in-situ Ultrasonic Acoustic Method is developed to simultaneously synthesize and deposit
TiO2 NPs on cotton fabric in a single step. Pure anatase crystals were detected on XRD analysis indicating the
crucial effects of ultrasonic irradiations at low temperature (70 °C) synthesis. In addition, more amount of TTC
and prolonged sonication time led to more crystals of TiO,. SEM, EDX and ICP-AES analysis confirmed the
presence of TiO, NPs on cotton. The deposited particles on cotton fabric possessed pure anatase crystals with
average size 4 nm as confirmed by XRD analysis. High amount of TiO, NPs deposited on cotton led to higher
functional properties such as UPF, self-cleaning and antimicrobial properties. Washing durability of the
ultrasonic irradiated samples confirmed the role of acoustic cavitation and bonding between TiO, and hydroxyl
groups of cotton. Moreover, ultrasonic irradiations had no negative effect on the tensile strength of the
developed CT nanocomposites verifying the fitting of the used method. Statistical analysis confirmed that the
obtained results solely relied on TTC concentration, ultrasonic irradiation time and ISP amount. The optimal
conditions for obtaining the best results were obtained by using 10 mL TTC, 6 mL ISP and 2 h ultrasonic
irradiation time.

6.2 Follow-up work

Working on this dissertation has uncovered many worthy avenues for future investigations. The inquisitive

readers will no-doubt have ideas of their own, but there are some suggestions for research of possible interest:

« Synthesis of other metal oxides nanoparticles e.g. Fe, Zn, Cu, Ag, Au etc. through Ultrasonic Acoustic
Method (UAM).

« Some other polymeric textile fibres i.e. polypropylene, polyester, polyamide can be utilized to make
nanocomposites through UAM that can be more beneficial to investigate the effects of ultrasonic
irradiations on different textile substrates.
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untestable. The conclusions of the thesis are interesting and novel.

Publication activities are in very good level. During his research work on PhD theme he has
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Opponent’s reviews

Referee’s report on PhD. thesis of
Muhammad Tayyab Noman, M.Sc.

., Stabilization of sono synthesized photocatalyst on textiles
and development of multifunctional nanocomposites “

Professor Miroslav Cernik

The presented thesis consists of 118 pages divided into 5 major chapters all including
References and List of Publications. The thesis deals with preparation of TiOz nanoparticles,
their stabilization on cotton and their characterization. Chapter 1 is an introduction to the
problem, chapter 2 summarizes state of the art, chapter 3 is about used materials and methods
and chapter 4 discussed results, which are afterwards summarizes in the chapter 5.

List of Abbreviation

List of abbreviation at the beginning of the thesis shows imperfections which later appears in
the whole Ph.D. thesis. The list is not alphabetically arranged, trivial units (members of SI
units) are evident and should not be included, “j™ for joule instead of *J” is used....

Introduction

This part starts is overall description of the problem — synthesis of TiO, nanoparticles and
their fabrication in textile. The chapter also specifies research objectives and outlines. My
recommendation is, if you define the abbreviation, use it! Do not define it repeatedly.

Chapter 2
deals with overview of the current state of problem. This part is not problematic. There is
enough of literature sources and up-to-date literature is used.

Chapter 3

deals with materials and methods. Here problematic parts start. Why do you repeat table like
3-2 (3-4, 3-6) if the table content is the same? What is the a value, which is not defined? Is it
the standard deviation? Why do you use brackets is formulas (3, 7), where they are not
needed.

Whats is source of Figure 3-5?7 Do photons turning?

Chapter 4

deals with results and discussions. As I understand, 3-factors CCD matrix defines
experimental variables for TTIP, EG, Time (Table 3-1). TTIP has values of 4, 6 and 8, but in
Fig. 4-1 and later the optimal TTIP value is 10 mL. How is it possible?

In chapter 4.1.3. the resulting NP (RNP) are formed, but why the CCD matrix table (4-2) is
different form table 3-2, which defined parameters for NP formation?
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Eq.8 (page 42) is statistically correct, but it has no physical meaning. It is just game with
the numbers (fitting exercise) and I think Ph.D. student should be able to understand the
nature of the processes and try to interpret the results based on physical phenomena.

I thing, graphical interpretation of the results in Figure 4-8 is wrong. Firstly, according to
above mentioned statement, the optimal value of TTIP is 10, but this value is not used here.
Why? Please, tell me a value for left-bottom corned of Fig 4-8c from the measurement and
compare it with value in the graph. Similarly for both right corners of Fig 4-8b. I think the
differences between plotted values and real results are bigger than 10%. It is in contrast with
value in the table and plotted in Fig 4-9.

Also, pls, could you calculate the Predicted value in Table 4-2 for the line 7 (8, 3, 3). Is it
really 91%?

‘What is the unit in Table 4-4?

Washing durability chapter speaks about absorption peak at 289 nm. Figure 4-15 shows major
peak at about 320 nm. Why?

Pls, could you calculate Y 1=Incorporated TIO2 on cotton for sample No.1 and 3 (according to
€q.9) and compare it with measured values in Table 4-5? Why there are such big differences?
Why there are no differences in Table 4-19 for these values?

Degradation studies. Is it based on single values only? Did you study repeated experiments to
estimate experimental error?

Chapter 5

Conclusion summarizes all results of Ph.D. work. In the part, where results of NPs stabilized
on cotton are recapitulated, covalent bonding of NPs on cotton is mentioned. Have you any
evidence of covalent binding?

Referee remarks, question and conclusions

QULESTIONS (repetition of above mentioned questions):
1. What is the « value in tables 3-2, 3-4, 3-6? Is it standard deviation?
2. The optimal TTIP value is 10 mL. Is it inside of CCD matrix defines experimental
variables for TTIP, EG, Time (Table 3-1)?
3. Have you physical interpretation of the results, not only fitting exercise?
4. Calculate the value for left-bottom corned of Fig 4-8¢ and compare it with value in the
graph. Similarly for both right corners of Fig 4-8b.
Recalculate the Predicted value in Table 4-2 for line 7 (8, 3, 3). Is it 91%?
What are the units in Table 4-47
Washing durability chapter speaks about absorption peak at 289 nm. Figure 4-15
shows major peak at about 320 nm. Why?
8. Calculate Y1=Incorporated TIO2 on cotton for sample No.1 and 3 (according to €q.9)
and compare it with measured values in Table 4-5?

G n

Referee’s conclusion
The presented thesis of Muhammad T. Noman has all necessary parts required for appropriate
dissertation thesis. But, the thesis shows just fitting exercise of the results without effort to
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physically understand the problem, influence of variables and interpret the results in bigger
context. According to my opinion, there are also mistakes and errors. So, I think the quality of
thesis is very disputable and the candidate should answer all question and try to convince the
board about quality of his work.

8o, I recommend the thesis for a defence with significant doubts.

In Liberec (Czech R.) on April 13, 2019 Professor Miroslav Cernik
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Oponentsky posudek disertadni price.
Autor price: Muhammad Tayyab Noman, M.Sc.

Nazev prace: Stabilization of Sono Synthesized Photocatalyst on Textiles and
Development of Multifunctional Nanocomposites.

PredloZend diserta¢ni price se zabyva stdle aktuilnim fenoménem, jakym je
fotokatalyticky efekt nano¢astic nékterych oxidi kovii — tomto pFipadé oxidu titani¢itého.

V rozsihlé reSerSni ¢asti shrnul doktorand dosavadni zikladni poznatky o studovaném
jevu. Ze 135 citovanych praci byla, az na nepatrné vyjimky, podstatnia vétSina
publikovina po roce 2000, coz svédéi o stalé aktudlnosti FeSené problematiky.

Vramci experimentilnich praci byla pfFedeviim provedena syntéza nano&istic oxidu
titanifitého za vhodnych podminek. Byly ziskidny nanoéastice oxidu titanicitého
v krystalové modifikaci ¢istého anatasu. Velikost téchto nanoéastic byla cca 4 nm, pro
srovnani s komerénim produktem Degussa P25, ktery mi velikost cca 20 nm. Mensi
velikost syntetizovanych &astic se priznivé projevila i p¥  hodnoceni jejich
fotokatalytického ucinku.

Bavinéna tkanina byla upravena syntetizovanymi nanolasticemi dvojim zpisobem.
V prvém pripadé byla suspenze nanoéastic nanesena na bavinénou tkaninu klocovacim
postupem a nisledné byly ¢astice TiO2 na tkaniné fixoviany pisobenim UV zifeni. Ve
druhém pripadé byla syntéza nanoéastic TiO: provedena bezprostiedné na bavinéné
tkaniné - nanokompozit.

Jak samotné &astice, tak pFipravené ,nanokompozity* byly studovany Fadou fyzikalnich
i fyzikalné-chemickych metod, které potvrzuji pFedeviim velikost pripravenych
nanodastic i jejich krystalovou modifikaci. Velmi zajimava je vysoka stdlost v prani
s ohledem na mnoZzstvi nanodistic TiO2 na vzorku pFipraveném dodateénym ninosem
nanocastic a jejich fixaci UV zafenim. Zde mohly byt alespoii naznac¢eny zminéné mozné
interakce nanocastic TiO2 s hydroxylovymi skupinami celulézy.

Fotokatalytickd — samocistici - Gfinnost nanoéistic TiO2 byla hodnocena na roztoku
methylenové modfe v porovnini skomerénim produktemP25 - priznivy vliv
zmen3ujicich se nanoéistic je zjevny.

Obdobnému analytickému hodnoceni i ,samodisticim*“ schopnostem byly podrobeny
vzorky baviny dodateéné upraveni nanolisticemi TiO:2. I v tomto pFipadé komer&ni
vzorek P25 vykazoval nizsi acinnost.

Srovnatelnych vysledki s pFedchozi variantou bylo dosazeno i pFi  hodnoceni
snanokompozitu* kde byl také ovéFovin jeho antimikrobidlni efekt vii¢i dvéma druhiim
mikroorganizmi: Staphylococcus aureus a Escherichia coli. U obou mikroorganizmii
byla prokizina jejich sniZena viabilita na povrchu upraveném nanod&isticemi TiOz.
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Antimikrobialni G¢innost by bylo mozno studovat i klasickymi metodami pouZivanymi
v mikrobiologii. Tyto zpiisoby hodnoceni vSak zcela neodpovidd pfedpoklidanému
zpisobu pouZiti textilii upravenych nanoasticemi.

K praci miam nékteré dotazy a pFipominky, které mohou byt diskutovany v pribéhu
obhajoby.

1. Bylo by moZné metodu pro piipravu nanoédstic TiO2 pouZitou v dizertaéni praci
po uréité modifikaci pouzit i pro primyslovou vyrobu tohoto produktu?

2. Je redlna priimyslova vyroba bavinénych tkanin (nebo tkanin z jinych materiali,
nebo netkanych textilii) dodateén€ upravenych naniSenim nanocastic TiOz ?

3. Jaka je moznost degradace nosnych tkanin fotokatalytickym ii¢inkem nanesenych
nanoéastic pii dlouhodobém osvitu p¥i aplikaci?

4. V redlnych podminkich je zne¢isténi povrchi mnohem komplikovanéjsi, vedle
organickych slouéenin (tuk, barviva) piibyvaji také anorganické pigmenty (saze,
silikaty, uhli¢itany apod.).

5. Jaky je predpoklidany ucinek studovanych nanoéistic na lidsky organismus?

Celkové je disertaéni prace zpracovana na velmi dobré odborné i formalni drovni. Za
vyznamné pokladim tu skutefnost, Ze byly vyvinuty dva matematické modely pro
aplikaci TiOz na bavinu a pevnost v tahu baviny po UV oziieni. Modely byly dile pouZity
k potvrzeni ziskanych vysledkii.

Disertaéni priace predstavuje velky objem dobfe provedené a vyhodnocené
experimentalni prace. Zajimava je i mySlenka v zapo€até prici pokracovat — pFedeviim
ve studiu nanodastic oxidi jinych kovil a jejich nanaSeni a fixaci na jiné typy tkanin.

Doktorand prokdzal schopnost samostatné a systematické védecké prace, vysledky
zpracovat a piedlozit odborné veFejnosti formou publikaci i pfednaSek na konferencich.
Zakladni poznatky byly publikoviny v prestiznich odbornych Easopisech s vysokym
impakt faktorem (viz. Seznam publikaci). '

Price splituje viechny niroky na ni kladené, doporuéuji ji k obhajobé.
doc. Ing. Ladislav Burgert, CSc.

Ustav chemie a technologie makromolekularnich litek.

Fakulta chemicko-technologicka.

Univerzita Pardubice.

Pardubice, 6. inora 2019.
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