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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-TiO2 (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
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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
TiO2 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 TiO2 NPs was produced. Stability against UV irradiations and self-cleaning

properties of the produced fabric were evaluated.

Finally, Cotton-TiO2 (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

VI
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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.
Keywords

TiO2; Anatase; Photocatalysis; Sonochemical synthesis; Dyes degradation; Ultrasonic
irradiations; Ethylene glycol; Response surfaces; Self-stabilization; Self-cleaning;

Nanoparticles; Ultrasonic acoustic method; Ultraviolet protection factor; Nanocomposites
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Abstrakt

Nanocastice (NP) s mensi velikosti a vy$si krystalinitou maji vyznamny vliv na fotokatalyticky
vykon fotokatalyzatoru. Tato préce se zabyva syntézou a stabilizaci nového fotokatalyzatoru
pro zvySeni funk¢nich vlastnosti textilii. Navic je pouzita ultrazvukova akustickd metoda in-

situ pro vyvoj novych multifunk¢énich nanokompozitd bavina-TiO2 (CT).

Ultrazvukovou akustickou metodou byly Uspé$né syntetizovany nanoc¢astice oxidu titanic¢itého
(TiO2) ve formé ¢istého 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 znecist'ujici latky v textilnim pramyslu.
Pro posouzeni fotokatalytickych vlastnosti (i¢innost v odstraiiovani barviva) byla provedena
srovnavaci analyza vyvinutého fotokatalyzatoru s komercné dostupnym fotokatalyzatorem
Degussa P25. Rychlé odstranéni MB v ptipadé 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 dosazena maximalni u¢innost odstraniovani
barviva 99%. Je zajimavé, Zze pii kalcinaci nebyl nalezen zadny vyznamny rozdil ve
fotokatalytickém vykonu RNP. Samocistici u¢innost RNP aplikovanych na bavinu byla navic

vyhodnocena v barevném prostoru RGB. Ziskane vysledky ukazuji na vyznamny vliv

Vil
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ultrazvukového piisobeni na fotokatalyticky vykon cistého anatasu nez na jakykoli jiny

hybridni typ nanoc¢éstic 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 fyzikalné
chemické zmény pted UV ozafenim a po ném, byly zkoumény pomoci spektrometric SEM,
Energy Dispersive X-ray (EDX) a spektroskopii s induktivni dvojitou plazmovou atomovou
emisi (ICP-AES). Experimentalni proménné, tj. mnozstvi nanocastic TiO2, teplota systému a
doba UV =zafeni byly optimalizovany pomoci CCD a RSM. Také byly vyvinuty dva
matematické modely pro aplikaci TiO2 na bavlnu a pevnost v tahu bavlny po UV ozéfeni.
Modely byly dale pouzity k potvrzeni ziskanych vysledkt. Byla vyrobena samocistici tkanina
synergickou kombinaci baviny s vysoce fotoaktivnimi nanocasticemi TiO2. Byla hodnocena

stabilita pti UV zafeni a samocistici vlastnosti vyrobené tkaniny.

Nakonec byly ultrazvukovou akustickou metodou in situ pfipraveny nanokompozity bavlna-
TiO2 (CT) s multifunk¢énimi vlastnostmi. Pusobeni ultrazvuku bylo pouzito jako potencialni
nastroj pro vyvoj CT nanokompozitl pii nizké teploté v pfitomnosti tetrachloridu titanicitého
(TTC) a isopropanolu (ISP). Syntetizované vzorky byly charakterizovany metodami XRD,
SEM, EDX a ICP-AES. Déle byly sledovany funk¢ni vlastnosti jako ultrafialovy ochranny
faktor (UPF), samocistici schopnosti, stalost v prani, antimikrobidlni vlastnosti a pevnost CT
nanokompozitd v tahu. Pro vyhodnoceni vybranych vlivi byly vyuzity metody CCD a RSM.
Vysledky potvrzuji souc¢asné vznik a inkorporaci anatasového TiO; s primeérnou velikosti
krystali 4 nm na bavlnénou tkaninu, vznika materidl s vynikajicimi fotokatalytickymi

vlastnostmi. Samocistici ucinnost CT nanokompozitl 1 po 30 cyklech prani naznacuje jejich



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

vynikajici zivotnost. Pfi statistické analyze vybranych proménnych v ptipravé a fixaci TiO2 na

bavlnu byly ovéfeny jejich vyznamné u¢inky na fotokatalytické vlastnosti CT nanokompoziti.

Klicova slova

TiO2; Anatas; Fotokatalyza; Sonochemickd syntéza; Degradace barviv; Ultrazvukové
ozafovani; Etylenglykol; Odpovidajici povrchy; Samostabilizace; Samocisténi; Nanocastice;

Ultrazvukové akustické metody; Faktor ochrany proti ultrafialovému zatreni; Nanokompozity
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Beeoenue

HanouacTuipl ¢ MEHBIIMM pPasMEPOM U BBICOKOM KpPUCTAJUNIMYHOCTBIO OKa3bIBaOT
BBIJIAIOIIEECS] BIMAHUE HAa (HOTOKATAIUTHUECKYIO aKTUBHOCTh (oTokaranusza. [lanHas
JMCCepPTALUs PACCKa3bIBAECT O CUHTE3€ U CTAOMIIM3alUU HEW3BEAAHHOTO (OTOKATaIU3aTopa
JUIL TIOBBINIEHUS (PYHKIIMOHAIBHBIX CBOWCTB TeKcTwis. bomee Toro, mist pa3paboTku
MYJIbTU(QYHKIIMOHAIBHBIX HaHOKOMIO3uTOB Cotton-TiO2 (Ximomok [Iuokcun Turana)

UCIIOJIb3YETCsl YIIBTPA3BYKOBOW aKyCTUYECKUI METO/ in-Situ.

Bricoko ¢oro aktuBHas umcras aHatasHas ¢opma HanHoudactul] TiOz ([dmokxcun Turana),
pa3Mep 4acTull KOTOPBIX COCTaBJII€T B cpelHeM 4y, ObLIM YCIELIHO CUHTE3UPOBAHBI C
MIOMOUIBIO YJIBTPA3BYKOBOI'O aKyCTHUECKOIOo MeTojAa. Bo3aelicTBUs mepeMeHHBIX Ipolecca,
T.€. KOHIEHTPALUU IPEKYPCOPOB U BPEMsI Pa3pyILICHUs YIbTPa3ByKOM, ObLUIN UCCIIEA0BAaHbI Ha
6aze LleHTpasbHOTO KOMIIO3WIIMOHHOTO IUIaHA W METONOJIOTHM pacyeTa Ha OCHOBE
MOBEPXHOCTU OTKJIMKA. XapaKTePUCTUKHU TMOIYYECHHBIX HAHOYACTHUIL] ObUIM aHAJIM3UPOBAHBI C
MOMOUIbI0 PacTpoBOro 3JaeKTPOHHOTO MHKpOCKomna, JIMHamMHueckoro paccesHus CBeTa,
[IpocBeunBaroIEro AEKTPOHHOI0 MUKpOCKoNa, JInppakMOHHOTO PEHTT€HOBCKOTIO aHaIN3a
u PamanoBckoil criekTpockonuu. @OToKaTaTMTHYECKHE SKCIIEPUMEHTHI ObUIM BBITIOJHEHBI C
KpacuTesneM MeTuIeHOBbIl CUHUIM, KOTOpBI cuuTaercss OOpa3LOBBIM OPraHUYECKUM
3arpsi3HUTENIEM B TEKCTWIbHOW HMHAYCTpuu. CpaBHUTENbHBIN aHAIU3 IOJYYEHHOTO
(dboTokaTanmza U KOMMEpYECKH JocTynmHOro ¢oTokaTanu3a Degussa P25 Obut nmpoBenéH ms
(OTOKATATUTUUECKOTO JEUCTBUS MPOTHUB 3(PPEKTUBHOCTH ylaleHMsI KpacuTens. beictpoe
yaaneHue kpacurtensi MeTUIeHOBbIM CHHUHN B cllydae MOoJIy4YeHHbIX HAHOYACTHUI] YKa3bIBaeT Ha
ero Oosee BBICOKYIO (DOTOKATATUTHYECKYIO aKTHBHOCTh, yeM uMmeeT P25. MakcumanbHas

s dexTuBHOCTS yraneHus Kkpacurens 99% Oblia JOCTUTHYTa B ONTHUMAJIbHBIX YCIOBUSX, T.€.

Xl
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koHUeHTpaT Terpansonponokcuaa Turtana 10mi, KOHIEHTpAT DTUIEHIPUKOIS 4MI1 U BpeMs
paszpyuieHust yapTpasBykom | uac. MHTepecHO, HO 3HAUMUTEIbHOM pa3HULBl B
(OTOKATATUTUYECKOM JACUCTBUH MOIYUYECHHBIX YaCTHUI] TIOCIIEe O0XKHUTaHMs BBISIBICHO HE OBLIO.
Bosee Toro, 3ppeKTHBHOCTH CAMOOUHUIIICHHUS MTOTYYEHHBIX HAHOYACTHUI], ISTIOHUPOBAHHBIX HA
xJionke, 6buta onienena B K3C (Kpacuebiit, 3enensrii, Cunuii) uBeroBoit Mojaenu. [lonydeHHbie
pe3yabTaThl YKa3bIBAIOT HA 0OJiee CYIIECTBEHHOE BIMSHUE YIbTPa3BYKOBOTO OOJIyueHHs Ha
(doToKaTamUTHYECKOE JIEHCTBHE YHCTOW aHAaTa3HOW (OPMBI, YeM Yy JAPYrHX THOPUIOB

Ha"ouactul Jlnokcuaa Turana.

B pesymnbrare npyroro 3KCnepHMEHTa OBLIO JOCTHUTHYTO JETKOE BHEIPEHHE TOTYyYCHHBIX
HAaHOYACTHI] B XJIONKOBYIO TKaHb C IMOMOIIBIO YJIbTPa(HOIETOBOTO CBETOBOIO OOJIyUEHHS.
CrerieHre HAHOYACTHI] C MTOBEPXHOCTHIO BOJIOKHA, PACTSHKUMOCTh U (PH3UKO-XUMUYECKUE
W3MECHCHHS N0 W Tocie oOOnmydeHus ObUIM WCCIEAOBAaHBI PacTpOBBIM  3JIEKTPOHHBIM
MHUKPOCKOTIOM,  PeHTreHOCHeKTpalibHBIM  aHAIW3aTOPOM U ATOMHO-dMHCCHOHHOM
CIEKTPOCKONUEN ¢ MHAYKTUBHO CBSI3aHHOM IMJ1a3MOM. DKCIIepUMEHTAIbHbIE IEPEMEHHBIE, T.€.
no3upoBka Hanouactuil 1102, TeMmmepaTypa CHCTEMBI W Bpems YJIbTpadHOIETOBOTO
o0ydeHust, ObITM ONTUMU3UPOBAHBI C MOMOIIBI0 [[eHTpasbHOTO KOMITO3UITMOHHOTO TIIaHa
u Meroonorud pacueTa Ha OCHOBE IIOBEPXHOCTH OTKJIWKA. boiee TOro, sl CHIIbI
pacTshkuMocTH xJionka mocie Y@ o6mydenus u TiOz, BHEAPEHHOTO B XJIONOK, OBUIM
pa3paboTaHbl IBE pa3HbIe MATEMATUYECKHE MOJIENN, KOTOPHIE B TaJIbHEHIIIEM UCIIOIh30BAITUCH
JUIsL  TeCTUpOBaHUsS pe3ynbTaToB. CamMoouumiaromascs TKaHb W3 CHHEPreTHYECKOU
KOMOWHAIMH XJIONKA C BBICOKO (POTO aKTHBHBIMH HaHO4acTuiiamu 1102 ObUTa pou3Be/icHa,

€€ yCTOMYMBOCTH TPOTHUB Y D 00IYyICHHIO U CAMOOYHUIIIAIONINECS CBOMCTBA MTOTBEPKICHBI.

Xl
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Haxkonen, nanokommno3utel Cotton-TiO2 0 ¢ MylnbTH()YHKIIMOHAIEHBIMU CBOWCTBAMH OBLIN
CHHTE3UPOBAaHBl  yJIbTPA3BYKOBBIM aKyCTHMYECKHM METOAOM in-situ. YIIbTpa3BYKOBBIE
U3IYYCHUS] UCIOJB30BAINCH KaK MOTEHIMAJIbHOE CPEICTBO Pa3pabOTKH HAHOKOMITO3UTOB
Cotton-TiO2 mpu Huzkoit Temneparype ¢ Terpaxmopuaom THTaHa u M30mpONMIOBHIM
cuptoM. CHHTE3upOBaHHbIE  O0Opa3mbl  OBUIM  OXapaKTEpU30BaHBl C  TOMOIIBIO
JudpakmmoHHOTO PEHTTEHOBCKOTO aHajin3a, PacTpoBOr0 3JIEKTPOHHOTO MHKPOCKOIA,
PeHTrenocnexkTpajJibHOro  aHaiau3zaTopa U ATOMHO-3MUCCHOHHOH  CIIEKTPOCKONHMHU €
WHAYKTHBHO CBSI3aHHOW IU1a3MOl. (DyHKIMOHAJIBHBIE CBOWCTBA, T.€. YIbTPadUOIETOBBINA
KOX(PHUIHMEHT 3aIUThI, CAMOOYHIIIAEMOCTh, CTOMKOCTh K CTHPKE, aHTUMUKPOOHBIH (akTop u
npenea NpOYHOCTH, OBLIM OLIEHEHBI pa3HbIMU MeToAaMu. LleHTpanbHbI KOMIIO3ULIMOHHBIN
wiaHa 1 Merozonorusi pacyera Ha OCHOBE IOBEPXHOCTH OTKJIMKA OBLIM MPUMEHEHBI JUIS
oueHKd 5((eKToB BHIOPAaHHBIX TEPEMEHHBIX OT peakuui. Pe3ympTaThl MOATBEPIMIIN
OJHOBpEMEHHOe oOpa3oBaHue MU oObeanHeHue aHataza 1102 CO CpemiHUM pa3MepoM
KpUCTAIIUTa 4HM C XJIONKOBOM TKAaHbIO C MOTPACAIOUIMMH (POTOKATATUTUYECKUMU
coiictBamu. Camoo4vHIIaronieecs: CBOUcTBO HaHOKoMIo3uToB Cotton-TiO2 coxpaHsieT CBOIO
a¢dexTuBHOCTD naxe nociae 30 JoOMalIHUX CTUPOK. 3HaUMMBble A(P(GEKThI ObLIN MOTYYEHBI B
TEYEHHE CTATUCTHUYECKOIO aHajiu3a BbIOpAaHHBIX NIEPEMEHHBIX Ha O00pa3oBaHUU U
oObenuHeHnn  HaHoudacTul TiO2c¢  xjomkoM W (OTOKATaJIUTHYECKUX  CBOMCTB

HaHokom1to3utoB Cotton-TiO».
KaoueBnlie cjioBa

TiO2; Amara3; ®orokaranu3; CoHOXUMHUUYECKHWH aHanu3; Jlerpaganus KpacuTelei;

VY apTpa3ByKOBBIE U3TyUCHHs; DTUICHTINKOIE; [loBepxHOCTH oTKiMKa; CaMocTaOMIn3anus;
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ko3¢ durreHT 3ammuThl; HAaHOKOMIIO3UTHI.
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Chapter 1

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 [3-12]. NST encompasses two principal approaches: (1) ‘‘Top-down” approach
through which larger assemblies are reduced to nanoscale by using different techniques i.e.
grinding, milling, drilling, crushing etc. and (2) ‘‘Bottom-up” approach in which products are
engineered through self-assembly of atoms or molecules by wet techniques i.e. sol-gel,

hydrothermal and chemical vapour deposition etc. [13].

Scientists have admitted that Nanomaterials (NMs) play a prominent role in producing products
with novel properties [14-23]. Researchers are successfully using numerous kinds of NMs in
textile industry [24-38]. 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. TiO. is the
only naturally occurring oxide of titanium metal at atmospheric pressure. It has three naturally
existed polymorphic forms i.e. rutile, anatase, and brookite. All three polymorphs have same
chemical structure but differ in their geometry and crystal form. The crystallization temperature

for anatase is 300-400 “C while at high temperatures i.e. 800-1050 'C, it directly transforms
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itself into the rutile phase [39]. Rutile is mostly used in light scattering while anatase is used in
photocatalysis due to its higher photocatalytic activity which is associated to its crystal lattice
[40]. Matthews investigated the phenomenon of higher photocatalytic activity of anatase TiO>
and explained that it happens due to the arrangement of TiOe octahedron. In rutile, TiOs
octahedron shows an irregular orthorhombic distortion while in anatase, octahedron exhibits
its symmetry lower than orthorhombic. Moreover, each octahedron exhibits two sharing edges
in rutile and four sharing edges connection with the neighbouring octahedron in anatase
respectively. These differences in octahedron arrangement make the crystal structures of the
two up given polymorphs different and increases photocatalytic performance of anatase than
rutile [41]. The surface chemistry of anatase and rutile by TiOs octahedron distortion,
difference between lattice parameters and space groups is illustrated in Figure 1-1 [42]. 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 [43-50].

The methods used in the synthesis of NMs have a remarkable role in developing more precise
and robust products with enhanced functional properties. Researchers have used different
methods for the preparation of NMs [51-75]. 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 enhanced local conditions i.e.
temperature (>5000 K), pressure (>20 MPa) and cooling rate (>10*° Ks) induce exceptional
properties into sonicated solutions that diminish metal ions to metals or metal oxides NPs [76].

The key advantages of using this method are its simplicity and energy efficiency. This method
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has been efficiently used as an outstanding tool for low temperature synthesis of

nanocrystalline TiO2 [77; 78].

Figure 1-1 (a) Schematic representation of the distorted TiOs octahedron of TiO; (anatase
and rutile). (b) Tetragonal structure of rutile described by using two cell edge parameters,
a and c, and one internal parameter, d. (c) Tetragonal structure of anatase described by

using two cell edge parameters, a and ¢, and one internal parameter, d. [42].

Photocatalysis is a dynamic mechanism and the most intrinsic feature of TiO2 NMs that triggers
a series of oxidation and reduction reactions. In photocatalysis, materials absorb light energy
and break down the molecules into their fragments i.e. atoms, ions and radicals. The principle
behind photocatalysis is the conversion of light energy into chemical energy to produce radicals

and other unstable chemical compounds. The primary oxidizing species formed during
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photocatalysis are hydroxyl radicals and superoxide anions [79; 80]. The general mechanism

of photocatalysis on the surface of pure TiO is described in Figure 1-2 [17].

Ho
Reduction )
H surface e~ trap
= UV light
band-gap TiO ”

(3.0-3.2 eV)

Organic
compound
OH

Oxidation

Figure 1-2 Mechanism of photocatalysis on the surface of TiO2. Reactions occur in the
following steps: (a) absorption of photon to produce electron-hole pair; (b) migration of

separated charges towards the surface; (c) redox reactions with adsorbed reactants. [17].

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 [81].
The values of surface energy for cotton and TiO, are 40-46 mjm? and 39x103? mjm

respectively. So, the stabilization of NPs on textiles is not permanent particularly against
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washing. Researchers have been utilising different methods that require different steps for the

stabilization of inorganic NMs on textile surfaces that are very time consuming and costly for

large scale production. 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 [25; 82-86].

1.2 Research Objectives

The primary aims and overall objectives of this dissertation are:

R/
o

Synthesize TiO2 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-TiO2 (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.
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X/
°e

A comparative analysis of the developed method with conventional method explains

the benefits of novel Ultrasonic Acoustic Method in textiles and composites industries.

X/
°e

Durability of successfully deposited TiO2 NPs on cotton fabric is evaluated against

washing to investigate the colouring effect of applied materials on fabric.

X/
°e

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.

1.3 Dissertation Outline

Chapter 1 provides a detailed introduction about the dissertation theme that contains current
state of the problem and research objectives. Chapter 2 provides state of the art and discusses
related work in previous literatures. The main body of the dissertation is in chapter 3 and
chapter 4. Chapter 3 describes the experimental conditions, materials, synthesis, design of
experiments, methods, characterizations, modulations and formulas that utilised during the
research work. Chapter 4 explains a detailed chemical, mathematical and statistical analysis
of the results derived from different experiments. In the end, Chapter 5 concludes the

dissertation and suggests some avenues for further research.
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Chapter 2

2 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 TiO>

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 [72; 87-89]. 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 [90-92]. Mo and Chen described the role
of EG as a cross-linking reagent to permit the formation of crack-free films in sol-gel process
[93]. Kakihana et al. have synthesized powders of LaMnOs.q through in-situ polyesterification
between citric acid and EG [94]. Lee et al. investigated the role of EG in the synthesis of barium

titanate and barium orthotitanate powders through complex polymerization [95].

Hassani et al. investigated the sonocatalytic degradation of ciprofloxacin by utilizing
synthesized TiO2 NPs on montmorillonite and concluded that sonocatalytic process affects the
degradation efficiency of ciprofloxacin and hydroxyl radicals produced by TiO> NPs play a
major role in sonocatalytic phenomenon [96]. Fathinia et al. investigated the photocatalytic
ozonation Kinetic characteristics under different operational parameters and developed

different kinetic models with TiO2, NPs thin film for photocatalytic ozonation of
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phenazopyridine in a mixed semi-batch photoreactor and found significant results among the

predicting capability of all proposed models [97].

Abidi et al. reported sol-gel stabilization of TiO2 on cotton fabric that improves UV scattering
properties of cotton. They further used curing process to stabilize the developed nanosol on
cotton [25]. Perelshtein et al. reported an ultrasonic assisted stabilization of TiO2 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 [86]. EI-Rafie et
al. and Hebeish et al. incorporated green synthesized silver NPs on cotton fabric in the presence
of a binder by using a simple pad-dry-cure process. Their results revealed that cotton fabrics
incorporated with silver NPs synthesized by green materials exhibit significant antimicrobial
effects against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) [82; 98]. Karimi
et al. reported the fixation of nano TiO2 and graphene oxide onto cotton fabric through oven
heating and explained the synergetic effects of TiO/graphene nanocomposites on the
photocatalytic efficiency of cotton fabric [84]. Long et al. developed fabrics with self-cleaning
properties by stabilizing platinum modified TiO2 NPs on cotton through dip-coating method
that displayed significantly higher photocatalytic performance for methyl orange and coffee

stain [85].

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 [99]. 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 [100]. Maleki et al. investigated the

photodegradation of humic substances with zinc oxide (ZnO) NPs stabilized on glass plates
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under UV irradiations. They used chemical precipitation method for the synthesis of ZnO NPs.
They concluded that acidic conditions are more favourable than alkaline conditions for the
photodegradation of humic substances and the photocatalytic performance can be enhanced by

increasing the power of UV lamp and surface area of glass plates [101].

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 [102]. Guo et al. harnessed high intensity ultrasonic waves for the synthesis of
TiO2 NPs at 90 'C and explained that ultrasonic waves can use as an efficient tool for low
temperature synthesis of nanocrystalline TiO2 [62]. Ghows and Enterazi used low intensity
ultrasonic waves at low temperature for the synthesis of TiO2> NPs by the hydrolysis of titanium
precursor [103]. Prasad et al. reported ultrasonic assisted sol-gel synthesis of nano size TiO>
[104]. Their study showed that ultrasonic acoustic waves reduces the crystallite size and
temperature for anatase-rutile phase transformation [105]. Babu et al. investigated the effects
of electron transferring of graphene oxide on copper doped TiO2 nanocomposites via ultrasonic
assisted wet impregnation technique and found that copper oxide doping increases the
photocatalytic activity of TiO by reducing the band gap energy and the loading of graphene
oxide extends the lifetime of photo-generated charge carriers [106]. Vinoth et al. reported that
the absorption capacity of TiO; is extendable to visible light region by loading graphene oxide
which prevents electron-hole pair recombination rate by changing the optical band gap. They
synthesized Agl-Meso TiO2 on reduced graphene oxide sheets by ultrasonic assisted method

[107].

Karthik et al. developed a visible light active catechol-TiO> carbonaceous polymer by a simple

photosynthetic process that exhibits superior photocatalytic efficiency for H, production and
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Cr(vi) reduction via ligand to metal charge transition which leads to fabricate stable inorganic-
organic hybrid materials for light harvesting till visible region for energy applications [108].
Xu et al. prepared hollow TiO2 microtubes with assembled radially aligned nanowires by using
polyester fibers via multistep process i.e. sol-gel, solution preparation and calcination. They
reported that photodegradation of Rhodamine B for nanowires assembled hollow structures is
significantly higher as compared to TiO> NPs prepared by sol-gel method and it happened due
to the presence of abundant surface hydroxyl groups [109]. Zhang et al. reviewed the one-
dimensional hybrid heterostructures TiO for photocatalytic applications and summarized their
potential in heterogeneous photocatalysis, hydrogen production, photo electrocatalysis and

COg2 reduction [110].

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. Many researchers have reported the low temperature nucleation and growth
of anatase TiO2 on cotton fabrics. They concluded that cotton fabric with TiO> NPs in anatase
form produces multifunctional properties such as self-cleaning, UV protection and
antimicrobial properties [31; 111]. With sol-gel method, Uddin et al. deposited TiO2 NPs on
cotton fabric at low temperature which induced UV protecting and self-cleaning properties to
cotton fabric [112]. All reviewed paper discussed above involved two-step developments
initiated with synthesis and followed by deposition procedure. However, Pereleshtein et al.

reported a one-step synthesis and deposition of TiO2 NPs on cotton fabric. They concluded that

10
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ultrasonic irradiations have ability to produce crystalline form of TiO, without subsequent

heating [86].

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 TiO2> 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 TiO2 NPs on cotton by UV light is investigated in the

second section.

An in-situ method for the development of cotton-TiO2 (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 TiO2 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.

11
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Chapter 3
3 Materials and Methods

This Chapter consists the materials and methodology for the synthesis of TiO2 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.

3.1 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.

3.1.1 Materials for the Synthesis of TiO2> NPs

Titanium Tetraisopropoxide (TTIP) with chemical formula Ti(OC3zH7)s, Ethylene Glycol (EG)
with chemical formula HOCH>CH>OH, Methylene Blue (MB) dye with chemical formula
C16H18CINsS and Ethanol with chemical formula C2HsOH were received from Sigma-Aldrich.
Commercially available photocatalyst named 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.

3.1.2 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

12
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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 (x1), centre point (0) and

axial/star points (o) is illustrated in Figure 3-1. For 3 factors CCD, the value of a is 1.68.

A
£+1.68,{},0}
(+1,+1,—-1) (+1.+1,

1) B
/(.U,-I-/].GS,U}
(0,0,—1.68) (0,0,+1.68

o E Jii &Y

(=1,+1.+1)

(—1,-1,+1)

(-1 .%810,0)

Figure 3-1 General form of a three factors central composite design with coded values.

Table 3-1 shows the input variables (factors) with their coded values (minimum, maximum)
and their central points whereas Table 3-2 illustrates the factors level setting in their coded

form based on CCD.

13
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Table 3-1 The 3-factors CCD matrix for experimental variables with coded values for the
synthesis of TiO2 NPs

Factor Name Unit Coded Central Mean  Std. Dev.
Values 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 = by + ZbiXi +Zbi_jxl-xj +Zbi_in-2 i>j ij=123 [1]

Where bo is the coefficient of constant term, b; represents the coefficient of linear term that
explains the persuade of the variables, bii is the coefficient of quadratic term and bjj represents

the coefficient of two factors interaction [78; 113; 114].

14



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

Table 3-2 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 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -0l 0 0
10 o 0 0
11 0 -ol 0
12 0 a 0
13 0 0 -0
14 0 0 a
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
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3.1.3 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 purpose of continuous
mixing was to homogenize the solution throughout the experiment. TTIP was a slightly viscous
alkoxide and tried to settle down. 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 in which EG was added to a solution containing TTIP
and ethanol under same experimental conditions. The same procedure was repeated without
sonication. The XRD analysis of this sample exhibited an amorphous nature as no characteristic
peaks obtained so the results of this sample are not included in the results and discussions

section. The experimental setup is shown in Figure 3-2,

3.1.4 Characterization of Resulting Nanoparticles (RNP)

Scanning Electron Microscopic (SEM) images were processed by Vegas-Tescan microscope
with an accelerating voltage 2 kV. SEM images were developed at high magnifications 5.0 kX
for investigating the morphological changes. All samples were first covered with gold coatings

to increase the quality of the image. Transmission Electron Microscopy (TEM) study was

16
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carried out with a JEOL (JEM-2000CX) microscope with an accelerating voltage 200 kV. The
samples were developed by putting a drop of suspension onto a carbon coated copper grid
which is further dried in air to eliminate the solvent. Powder X-ray Diffraction (XRD) patterns
were collected by X’Pert PRO X-ray diffractometer using Cu Ko radiation A=0.15406 nm with
a scanning angle (26) range 10-70°, under voltage and current of 40 kV and 30 mA respectively.
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:

KA

_ 2
b= LCosb .

Where D represents the crystallite size and 4 is the wavelength of the X-ray radiations. K is the
shape constant with a constant value i.e. 0.89 and g is the full line width at half-maximum
height [112; 115]. Malvern zeta sizer nano ZS was used to determine the size distribution of
the Resulting Nanoparticles (RNP) through Dynamic Light Scattering (DLS) technology. The
specific surface area was measured by BET (Brunauer, Emmett, Teller) method using
Micromeritics Gemini V11 2390. Raman method was used to identify the molecular vibrational
scattering of a material when it is subjected to laser light that further explain the purity of a
material. Thermo scientific DXR Raman spectroscope was used to detect the purity of anatase
form for RNP. It should be noted that all results discussed here bonded with RNP under optimal
conditions TTIP 10 mL, EG 4 mL and sonication time 1 h. The UV-Vis absorption spectrum of
RNP was measured on UV-1600PC Spectrophotometer to calculate the absorption intensities.
The experiment was performed in liquid form as 0.1 g of RNP was mixed in 100 mL of distilled
H20 and sonicated for 5 min to make a homogenous solution. The experiment was also repeated

for P25 to make a comparison.

17
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3.1.5 Photocatalytic Performance of RNP

The photocatalytic performance of RNP and P25 was studied by decolouration of MB solution
under UV irradiations. In this experiment, 0.5 gL of RNP was mixed with 100 mL solution
containing 50 mgL™* MB. The suspension was magnetically stirred in the dark for 30 min to
reach an adsorption equilibrium. The results of initial experiments demonstrated that the
adsorption equilibrium of MB with RNP takes place in 30 min. The UV light source was a 500
W UV lamp. The intensity of UV light was 30 Wm2 based on distance (10 cm) from lamp to
the surface of solution. The residual concentration of MB in the solution was measured by
using spectrophotometer at a maximum wavelength of 668 nm. The colour removal efficiency
(CR%) was calculated by Equation 3:

Co = €1 100 [3]

CR% = [

o

Where Co, and C represents the initial and final concentration of MB in the solution,
respectively. Experiment was repeated three times and mean values were taken for precision
of the results. The initial spectrum of dye solution without RNP was taken as standard or
controlled sample. After adding RNP, the suspension was kept under the influence of UV light
for a specific period of time. An aliquot was pulled out by a syringe after a fix time interval to

measure the CR%. The same experiment was performed with P25 to compare the photoactivity.

3.1.6 Self-cleaning Efficiency of RNP

Self-cleaning efficiency of RNP deposited on cotton fabric was evaluated on the basis of colour
change and degradation activity of MB stain under daylight irradiations for 24 h. Cotton fabric
was immersed in RNP solution and pad-dry method was used to develop samples. Moreover,

the experiment was conducted by taking swatches (5x5 cm) from each sample as well as P25
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and blank sample (untreated cotton) and placed on a flat surface. All samples were stained by
dropping 0.01 % (w/v) solution of MB and left in the dark for 30 min to achieve adsorption-
desorption equilibrium. Furthermore, all stained samples were dried in air and then self-
cleaning efficiency was evaluated by the removal of MB stain at different time intervals of
daylight irradiations. The maximum exposure time for daylight irradiations was 24 h. The
change in colour before and after irradiations was considered as self-cleaning efficiency which

was evaluated in RGB colour space according to Equation 4:

4
ARGB = [AR? + AB? + AG?] /2 4]

The lower ARGB value corresponds to lower self-cleaning efficiency and vice versa.

3.2 Experiments for the Stabilization of TiO2 NPs onto Cotton
This section explains the experimental part for the stabilization of TiO2> NPs (RNP) onto cotton

fabric by UV light irradiations and the characterization techniques used in this study.

3.2.1 Materials for the Stabilization of TiO2 NPs onto Cotton

100 % pure cotton fabric (plain weave with fabric mass 115 gm2) was used as received from
Department of Material Engineering, Technical University of Liberec, Czech Republic. The
fabric was first washed with 1 gL non-ionic detergent in a washing bath with fabric-liquor
ratio 1:40. The fabric was then cut into (12.5x12.5 cm) uniform samples. TiO> 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 [116]. Distilled water was used

throughout the study.
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Figure 3-2 Schematic representation of the synthesis of TiO2 nanoparticles via Ultrasonic

Acoustic Method.

3.2.2 Design of Experiment for the Stabilization of TiO> NPs onto Cotton

The experimental design for the stabilization of TiO2 NPs onto cotton is based on CCD. The
general form of CCD is discussed in detail in the section 3.1.2. 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 3-3 whereas the factors level setting in coded form based

on CCD for the stabilization of TiO2 NPs onto cotton is illustrated in Table 3-4.

Table 3-3 The 3-factors CCD matrix for experimental variables with coded values for the
stabilization of TiO> 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 Irradiation Time min -1=40 1=120 80 80 33.9
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3.2.3 Suspension and Deposition of TiO2 NPs onto Cotton

A suspension of TiO2 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 TiO2 NPs onto cotton fabric. All samples were immersed in
suspension for 2 min, squeezed on padder (Mathis, Switzerland) under pressure 3 kN with
velocity 1 mmin™ and finally dried in an oven at 60 "C for 30 min. These samples were named
as TiO> treated samples whereas pristine samples (untreated cotton) were called untreated

samples.

3.2.4 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. An open system was developed consisting a polypropylene box and a
special holder for samples enclosed in it as shown in Figure 3-3. To find out the crucial role to
UV light, TiO treated samples without UV irradiations were also used in leaching and self-

cleaning processes for comparison.

3.2.5 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 accelerating voltage 2 kV
equipped with an Energy Dispersive X-ray (EDX) Spectrometer Oxford X-max 20. The
charging effect was eliminated by the use of charge compensator (local N2 injection). EDX
analysis of the samples was performed at 10 kV accelerating voltage to confirm the elemental
configuration of the embedded materials on the surface of cotton. The incorporated amount of

TiO2 NPs on cotton surface after UV irradiations was estimated by Inductive Couple Plasma-
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Atomic Emission Spectroscopy (ICP-AES) elemental analysis. Tensile strength of all samples
was measured on TIRA test 2300 with CRE (Constant Rate of Extension) according to standard

test method 1SO 13934-1.

~ Transparent foil

Metallic holder for samples —,_

Iy

i\

1

Figure 3-3 Schematic illustration of the experimental setup for embedding of TiO> NPs onto

cotton.

3.2.6 Durability of Stabilized TiO2 NPs against Washing and Leaching

The durability of embedded TiO> NPs onto cotton fabric against washing was evaluated
according to 1ISO 105 C06 (B1M) standard test method. 4 gL detergent was used for each
washing cycle at 50 ‘C for 45 min time interval. The washed specimens were 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. 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 NaCl solution at laboratory conditions for 6 h. Later, the samples were

removed from leaching solution and the amount of Ti** was estimated by ICP-AES analysis.
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Table 3-4 The 3-factors general CCD matrix for experimental variables with coded values
and factors level setting for the stabilization of TiO2 NPs onto cotton

Experimental Factors Level Setting
Trial A B C
1 -1 -1 -1
2 1 1 1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -0l 0 0
10 a 0 0
11 0 -0l 0
12 0 o 0
13 0 0 -0
14 0 0 a
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
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3.2.7 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 5:

5
AE = [AL? + Aa? + Ab?]'/2 [5]

Where L refers to lightness of the fabric, a and b stand for red-green colour and yellow-blue

colour respectively.

3.3 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.

3.3.1 Materials for Multifunctional CT Nanocomposites

100 % pure plain cotton fabric with mass 115 gm was used. The fabric was first washed with
detergent in a washing bath containing 1 gL nonionic detergent with fabric-liquor ratio 1:60.
Temperature of the bath was set at 60 "C by digital heating system. After 30 min of continuous
heating and stirring, the fabric was rinsed with H.O and dried at 60 "C for 30 min. 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. All chemicals were used without any further processing.
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3.3.2 In-situ Synthesis and Deposition of TiO2 NPs on Cotton

TiO2 nanocrystalline particles with smaller size have been simultaneously synthesized and
deposited on cotton surface by Ultrasonic Acoustic Method (UAM). Distilled water was used
throughout the experiments. 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. TTC was hydrolyzed in the presence of ISP and water.
The effective power of ultrasonic waves emitted in the solution was 100 Wem2 experimentally
determined by calorimetric measurement. The detailed mechanism for the development of
Cotton-TiO2 (CT) nanocomposites is described in Figure 3-4. In this unique study, varying
amount of ISP (0.5-8 mL) was dissolved in 100 mL of distilled H.O by v/v percentage under
continuous stirring in order to make homogeneous solution. The final volume of the running
solution was 100 mL adjusted by decreasing the amount of water simultaneously with increased
amount of ISP. 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 system
temperature was maintained from room temperature to 70 “C by using hot plate. In order to get
maximum photocatalytic efficiency of the CT nanocomposites, TiO2 NPs with anatase form
were required which were obtained successfully through an In-situ UAM. Some preliminary
experiments were performed to find out the optimal values of the variables for the success of
this study. According to initial assessment of the preliminary results, we came to know that the
temperature of the system increased from room temperature (22 +2 °C) to 70 ‘C during the
whole experiment. Interestingly, ultrasonic irradiations have no negative effect on the color
fastness properties of cotton fabric as the fabric sustained its natural color even at 70 “C with

longer ultrasonic irradiations time. The treated samples were dried in oven for 2 hat 70 °C. To
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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. The proposed

mechanism of photocatalysis on the surface of CT nanocomposites is described in Figure 3-5.

3.3.3 Solid Powder Extraction
After removing the fabric, the solution was centrifuged at 6000 rpm for 5 min to separate the
solid particles from the liquid. The centrifuged solid was washed five times with ethanol to

remove trashes and impurities.

3.3.4 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 3.1.2. The input variables (factors)
with their coded values (minimum, maximum) and central points for the development of CT
nanocomposites are given in Table 3-5 whereas the factors level setting in coded form based

on CCD for the development of CT Nanocomposites is illustrated in Table 3-6.

Table 3-5 The 3-factors CCD matrix for experimental variables with coded values for the
development of CT nanocomposites

Factor Name Unit Coded Central Mean  Std. Dev.
Values 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
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Figure 3-4 (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.

3.3.5 Characterization of CT Nanocomposites

The morphological changes on the surface of cotton fabric after in-situ deposition of TiO2> 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. The charging effect was
eliminated by the use of charge compensator (local N2 injection). EDX analysis of the resulting
CT nanocomposites was performed at 10 kV accelerating voltage to confirm the elemental
configuration of the deposited materials on the surface of cotton. Perkin Elmer Optima 2100
was use to estimate the relative amount of deposited TiO2 NPs on cotton surface by ICP-AES
elemental analysis. In order to identify the crystal size and crystal structure, XRD patterns were

collected by X’Pert PRO X-ray Diffractometer using Cu Ka radiation A=0.15406 nm with a
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scanning angle (26) range 10-70°, voltage and current of 40 kV and 30 mA respectively. The
observed patterns were analysed and compared with standard patterns of JCPDS card no. (21-
1272). The crystallite size was calculated through Equation 2. The UV-Vis absorption spectrum
of the solid powder was measured on UV-1600PC Spectrophotometer in order to investigate

the photocatalytic activity of the extracted solid powder.

3.3.6 Photocatalytic Activity of the Resulting Solution

After extracting the developed CT nanocomposites from the solution, photocatalytic activity
of the resulting solution was evaluated by MB colour change before and after artificial daylight
irradiations. For this purpose, 0.01 % (w/v) MB was mixed with 100 mL of the resulting
solution containing 1 gL TiO, NPs. Before irradiations, the suspension was magnetically
stirred in the dark for 30 min in order to achieve adsorption-desorption equilibrium. After
equilibrium, the suspension was exposed to 500 W xenon lamp for 2 h. The distance between
suspension and lamp was 20 cm. An aliquot was taken out after a pre-set time interval and UV-
Vis absorption spectrum of the extracted aliquot was recorded on UV-1600PC
Spectrophotometer. The residual concentration of MB was measured at a maximum
wavelength of 668 nm. The colour removal efficiency was calculated by Equation 3. For

precision of results, experiment was repeated five times and mean values were used for results.
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Table 3-6 The 3-factors general CCD matrix for experimental variables with coded values
and factors level setting for the development of CT nanocomposites

Experimental Factors Level Setting
Trial A B C
1 -1 -1 -1
2 1 1 1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -0l 0 0
10 a 0 0
11 0 -0l 0
12 0 a 0
13 0 0 -0
14 0 0 a
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0
20 0 0 0
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Figure 3-5 Photocatalytic degradation of pollutants on the surface of CT nanocomposites.

3.3.7 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. All the treated
samples along with sample C and blank sample were placed at the entrance of 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 6.

_ X230 aEala [6]

UPF =
Y30 SAEA A,

In Equation 6, S is the solar spectral irradiance, E;is the relative erythemal spectral response,
T,is the average spectral transmittance of the sample and A, is the measured wavelength

interval in nanometres.
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3.3.8 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. The
experiment was conducted by taking swatches (5x5 cm) from each sample as well as sample C
and blank sample and immersed in 0.01 % (w/v) of MB solution and left in the dark for 30 min
to achieve adsorption-desorption equilibrium. Moreover, all samples were dried in air and then
exposed to daylight irradiations for different time intervals and colour change was estimated in

RGB colour space according to Equation 4.

3.3.9 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. This test was employed to measure the ability of
nanocomposites to prevent the growth of microorganisms over a 24 h period of contact or kill
them [117]. The number of viable cells was recorded by counting the bacteria colonies in agar
plate before and after treatment and antimicrobial efficiency of the developed CT

nanocomposites was reported as percentages of bacteria reduction according to Equation 7.

R% = [@] x 100 [7]

In Equation 7, P and Q represents the total numbers of bacteria colonies recovered from

untreated and treated specimen and R% is the percentage reduction of bacteria colonies.
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3.3.10Washing 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
ISO 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 [33].
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.

3.3.11Tensile 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.
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Chapter 4
4 Results and Discussions

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.

4.1 Results and Discussions for the Synthesis of TiO2 NPs
This section explains the results for the synthesis of TiO2 NPs (RNP) and discusses their

applications in details.

4.1.1 Characterization of Resulting Nanoparticles (RNP)

In Figure 4-1, 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 4-1. The average particle size for P25 and RNP
were 18 nm and 4 nm respectively confirmed by particle size distribution as presented in Figure

4-2.

TEM analysis of RNP and P25 is described in Figure 4-3. 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.
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Figure 4-1 SEM images (a) P25, (b) RNP with optimal conditions TTIP 10 mL, EG 4 mL,

Sonication time 1 h.

Surface area and volume distribution are two important microstructural parameters depend on
the geometrical shape and porosity of the NPs. The up given characteristics of the RNP are
investigated by BET method under N2 atmosphere and the results are written in Table 4-1. It
should be noted that the surface area of RNP without calcination is 149 m?g experimentally

determined by BET method.

These results indicate a linear relationship between temperature and surface area of the RNP.
A large surface area enables RNP to provide more surface-active sites to dyes for the adsorption
of reactive molecules on the surface of RNP which enhances the photoactivity of the RNP and

leads the photocatalytic process to be more efficient. Table 4-1 describes that the surface area
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of RNP is very high as compare to P25. The surface area of P25 is 59 m?g™ as mentioned in the

experimental part.
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Figure 4-2 Particle size distribution obtained by DLS (a) P25, (b) RNP with optimal

conditions TTIP 10 mL, EG 4 mL, Sonication time 1 h.

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 4-4, 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.
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Figure 4-3 TEM images (a) P25, (b) RNP with optimal conditions TTIP 10 mL, EG 4 mL,

Sonication time 1 h.

Table 4-1 Summary of microstructural characteristics of RNP

Calcination  Surface Area  Pore Volume  Anatase phase Rutile phase

Temp [m?gY] [cm3g?] purity purity
[C] [%] [%]

300 149 0.21 100 Not found
400 153 0.18 100 Not found
500 156 0.16 100 Not found
600 158 0.13 100 Not found
700 161 0.10 92 8

Raman spectrum of RNP is presented in Figure 4-5. It is observed that the spectrum of the
RNP is quite similar to the standard spectrum of the pure anatase TiO>. The inset is the standard
spectrum obtained from spectra library of Raman spectroscopy. Factor group analysis with

vibrational modes of crystals explains that pure anatase phase consists of given Raman active
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modes i.e. (144 cm™, 197 cm™, 399 cm?, 513 cm™ and 639 cm™). In Figure 4-5, a strong peak
at 144 cm™ which is the metaphor of anatase phase can be observed. The Raman spectrum of

RNP is consistent with XRD results.
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Figure 4-4 XRD pattern (a) P25, (b) RNP with optimal conditions TTIP 10 mL, EG 4 mL,

Sonication time 1 h.

The optical photon with energy equal to or more than the band gap of TiO2 jumped into higher
energy state to produce electrons and holes (band gap). This property enables TiO, as a
photocatalyst under UV irradiations. The effective results are obtained below 400 nm as shown
in Figure 4-6. The maximum absorption efficiency is obtained at 320 nm lies in the UV region
of the electromagnetic light. The average band gap energy of RNP calculated by Tauc’s
formula is 3.26 eV. We observed same behaviour for P25 and RNP but RNP absorbs more
quantity of UV light than P25 as they possess larger surface area confirmed by BET analysis.
This spectrum indicates that the behaviour of RNP as a photocatalyst under UV light is much
quicker and more precise than P25. It could be due to smaller particle size and larger surface

area of RNP. These results are consistent with BET and XRD results. So, RNP can be
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considered as a good choice for photocatalyst in UV protecting devices, self-cleaning materials,

sunscreens, cosmetics and many other applications etc.
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Figure 4-5 Raman Spectrum of RNP with optimal conditions TTIP 10 mL, EG 4 mL,

Sonication time 1 h.

4.1.2 Effect of Calcination on RNP

In this stage, sample 4 of RNP was selected and the effect of calcination temperature on
photocatalytic activity was optimized and comparison was made with non-calcined sample and
P25. Sample 4 before and after calcination is named as non-calcined and calcined sample
respectively. Figure 4-7 illustrates that the non-calcined sample provides approximately two
times higher photoactivity than P25. However, there was only 1 % increase in the
photocatalytic performance of calcined sample than non-calcined sample. We observed that

during calcination, organic substances and other impurities were removed from RNP which
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were present as a result during the preparation process. These impurities block the active sites
of RNP to some extent and prevent dye molecule from attaching to the active site. This leads
to a decrease in photocatalytic degradation process when compared to the calcined samples. It
can be seen (Figure 4-7) that the maximum dye removal efficiency was attained by samples
calcined at 600 "C as it provides more surface area for the dye molecule to adsorb on it. We
found a small portion of rutile phase above 600 ‘C as mentioned in Table 4-1. This result
indicates that EG controls the anatase to rutile phase transformation to a certain temperature.

We couldn’t find any improvement in the dye removal efficiency above 600 'C.
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Figure 4-6 UV-Vis absorption spectrum, P25 and RNP with optimal conditions TTIP 10 mL,

EG 4 mL, Sonication time 1 h.
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4.1.3 Optimization of Experimental VVariables 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 4-2. To optimize the
effects of independent variables; TTIP, EG and ultrasonic irradiations time were selected as
experimental variables and MB removal as a response. Total 20 experimental CCD designed
samples were developed as illustrated in Table 4-2. 3D surfaces and contour plots are helpful

in identifying the effect of tested variables and the type of interactions between them.
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Figure 4-7 Comparison of calcined sample, non-calcined sample and P25 at different

temperatures and their effects on photocatalytic activity.
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Table 4-2 The 3-factors CCD matrix based on actual values for experimental variables and
response, Y=MB Removal, for the synthesis of TiO2> NPs

TTIP Conc. EG Conc. Sonication Time ME Removal - MB Removal

Sample [mL] [mL] [h] Expeﬁ/:r:!ental Pre[dO/iogtEd
. 6 4 2 67 64
, 6 4 0.25 57 58
3 A 3 1 33 32
. 10 4 1 99 98
; A 5 3 47 46
6 o 3 1 72 73
. o 3 3 91 91
g 6 4 2 63 64
5 ) 4 2 21 23

10 6 6 ) 81 81
1 6 4 2 62 64
1 6 4 2 62 64
13 6 4 2 63 64
y A 5 1 50 49
15 8 5 3 74 74
16 A 3 3 72 71
. 6 4 4 72 73
18 6 ) 2 81 81
19 6 4 2 64 64
20 o 5 2 85 86
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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 4-8.

The CCD results indicate that the photocatalytic activity of RNP increased with the increase in
TTIP and EG concentrations up to 10 mL and 4 mL respectively. It can be seen in Table 4-2
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 %.

A mathematical model (Equation 8) was developed in order to evaluate the obtained results
and the relationship between independent variables and response surfaces. The related response
of the model was a function of independent variables. This model is useful in predicting the
responses for a given value of independent variables i.e. TTIP conc., EG conc. and ultrasonic
irradiations time. Based on this model, response surfaces and contour plots were drawn as
illustrated in Figure 4-8. MB removal on the basis of developed model is calculated by

Equation 8:

Y = —30.2 + 14.8(TTIP) — 20.5(EG) + 60.9(Time) + 1.0(TTIP  EG)
— 2.6(TTIP % Time) — 10.6(EG  Time) — 0.4(TTIP)? [8]
+ 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 4-2) and results were analysed to
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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 4-3. R-
squared coefficient is used to predict the fit of the model. ANOVA results indicate that only
0.04 % of total variables for MB removal cannot be explained by this model [118; 119]. Low
Coefficient of Variation (CV%) values of the employed model describe the precision and

reliability of the experiment.

A plot of actual vs predicted values is presented in Figure 4-9. This plot explains the effects of
fitted model and compares it with the null model. It can be observed that all values are very
close to the fitted line indicating a good fit of the model. The optimal design points on the basis

of Table 4-2 and Equation 8, were 10 mL TTIP, 4 mL EG and 1 h sonication time.

4.1.4 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
4-10 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. It may be due to the fact that P25
is a mixture of rutile and anatase with a wide band gap that directed to a low photocatalytic
activity. 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 even after longer irradiations time. These results
confirm that the higher photo activity of RNP originated due to anatase form induced by
ultrasonic irradiations. So, these results revealed that RNP synthesized by Ultrasonic Acoustic

Method (UAM) are more photoactive than commercially available Degussa P25 as their
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minimal quantity removes dye from the dye solutions in a very short span of time. UV-Vis

spectral changes in MB dye solution as a function of UV light irradiations time are illustrated

in Figure 4-10.

Table 4-3 ANOVA results for MB removal for the synthesis of TiO2 NPs

Sum of Mean p-value

Source 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
A2 62.6 1 62.6 23.6 0.0007 Significant
B2 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 17.5 5 3.5
Cor Total 6563.2 19

R-squared: 0.9960, adjusted R-squared: 0.9923, CV%: 2.47
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Figure 4-8 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.

45



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

Anatase and rutile forms of TiO2 NPs have been used in major practical applications. Zhang
and Banfield reported that TiO2 NPs in their anatase form are most stable with size less than
11 nm while rutile is stable above 35 nm [39]. So, anatase form is considered to be a better
choice as a more active photocatalyst than rutile. This is also because rutile has a very lower
surface affinity to most of the organic compounds as well as a high electron-hole pair
recombination rate. When a photon with energy greater than the band gap energy of TiO>
strikes its surface, electrons are released and combine with oxygen to become super oxide anion
(*O2). Furthermore, the surface becomes positively charged (holes) and takes electron from
moisture present in the air. The moisture that has lost electron convert into hydroxyl radical
(OH?®). These superoxide anion (*O2") and hydroxyl radical (OH*®) are highly reactive species
and with their strong power of oxidation, decompose organic compounds that cause staining.
Agustina et al. studied heterogeneous photocatalysis and explained that hydroxyl radicals
(OH*) are responsible for the degradation of pollutants. High production of radicals on the
surface of photocatalyst increases its power to degrade the organic pollutants [120]. The

proposed reaction mechanism is shown in Figure 4-11.

4.1.5 Self-cleaning Efficiency of RNP

For self-cleaning evaluation, all samples were stained in 0.01 % (w/v) solution of MB and
colour change was calculated in RGB colour space after 24 h daylight irradiations as presented
in Table 4-4. Significant change in colour was observed in case of RNP deposited samples as
illustrated in Figure 4-12. However, slight colour change was observed in case of P25 treated
sample and no change in untreated sample. Moreover, the values of ARGB were higher for
samples 1-20 as compared to P25 treated sample. The results indicate that ARGB values are

dependent on ultrasonic irradiations time and TTIP and EG concentrations. Higher colour
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difference leads to better self-cleaning efficiency obtained by sample 4 with optimal conditions
as illustrated in Table 4-4.

The content of UV present in sunlight triggers the photocatalytic activity of TiO> NPs and
decompose MB stains [121]. The significant influence of ultrasonic irradiations on self-

cleaning property arises due to the formation of crystalline anatase phase.
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Figure 4-9 A plot of actual vs predicted responses for RNP.

4.1.6 Reusability and Sequential Application of RNP
Reusability of a catalyst is a very important property for its application point of view. The
reusability of RNP and P25 was estimated in the photocatalytic removal of MB. In each cycle,

photocatalysts were extracted by centrifuge process from the treated solution and washed with
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distilled water. After drying at 100 'C for 1 h, they were reused again and again in the
photocatalytic removal of fresh MB solution. As shown in Figure 4-13, after 10 reused cycles,
the photocatalytic removal rate of MB had lost about 8 % and 21 % for RNP and P25
respectively. These results confirmed that the RNP with pure anatase form have much

improved reusability and stability as a photocatalyst than P25 during the dye removal

processes.
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Figure 4-10 UV-Vis spectral changes in MB solution as a function of UV irradiations time.
(@) 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.
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Table 4-4 Self-cleaning (ARGB) results for Resulting Nanoparticles (RNP)

Sample ARGB Sample ARGB

Blank 8.2 10 89.4
P25 59.4 11 88.5
1 78.1 12 87.2

2 83.2 13 914

3 89.5 14 86.5

4 96.6 15 90.2

5 85.2 16 87.7

6 77.1 17 93.8

7 924 18 90.6

8 89.8 19 85.6

9 93.2 20 91.1

4.2 Results and Discussions for Stabilization of TiO2 NPs onto
Cotton

This section explains the results for the stabilization of TiO2 NPs (RNP) onto cotton fabric by

UV light irradiations in details for further applications.

4.2.1 SEM Analysis and EDX Spectra of TiO, NPs Stabilized by UV
Irradiations

The morphology of developed samples was investigated by SEM and EDX analysis. In Figure
4-14, a comparison of pristine cotton (untreated sample) with sample 14 is presented as we
obtained highest incorporated amount of TiO2 NPs for this sample (Table 4-5). In Figure 4-14
(a), a clean and smooth surface of pristine cotton can be observed as no treatment was applied
on it whereas a huge cluster of TiO2 NPs deposited as a homogeneous thick layer on the surface

of cotton fabric after padding can be seen in Figure 4-14 (b). We also observed that the particles
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are evenly distributed on the surface of cotton Figure 4-14 (b). In Figure 4-14 (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 4-14 (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
4-14 (e-f) respectively. EDX spectra confirm the existence of TiO2 NPs on cotton surface.
Moreover, higher weight percentage of Ti element in sample 14 indicates higher loading of

TiO2 NPs. These results are in good agreement with SEM results.
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Figure 4-11 Proposed reaction mechanism on the surface of RNP under UV light (e,

electron; h™, hole).

50



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

Figure 4-12 Self-cleaning efficiency after 24 h daylight irradiations for RNP.

4.2.2 ICP-AES Analysis of TiO2 NPs Stabilized by UV Irradiations

ICP-AES analysis of samples 1-20 confirmed the presence of TiO2 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 4-5. The incorporated amount of TiO2 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 TiO2 NPs during padding results in more loading on cotton. These results

are in good agreement with SEM and EDX results.
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Figure 4-13 Reusability comparison of RNP vs P25 as a photocatalysts against MB removal.

4.2.3 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.
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Figure 4-14 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.
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4.2.4 Washing Durability

Washing effluent analysis was used to evaluate the embedding of TiO2 NPs on cotton fabric
that provides an excellent evaluation of washing durability. The existing amount of TiO2 NPs
in the effluent is considered as durability against washing. More amount indicates lower
durability. The effluent was evaluated by spectrophotometer during 6 washing cycles. During
initial washing cycle, an absorption peak at 289 nm indicates the presence of TiO2 NPs as
illustrated in Figure 4-15. It happened because some of the physically attached and unstable
NPs were migrated into effluent during initial washing. The results confirmed that no
absorption peak was observed during subsequent washing cycles showing the absence of TiO>
NPs in washing effluent. Furthermore, the results reveal that TiO2 NPs are strongly attached to
cotton indicating the formation of covalent bond between TiO2 NPs and cotton fibre. TiO2 NPs
have strong affinity towards carboxyl and hydroxyl groups. The bonding between TiO2 NPs
and hydroxyl groups present in cotton play a significant role in washing durability. These
results are in good agreement with the findings of Daoud et al.; Montazer et al.; and Pakdel and

Daoud respectively [30; 122; 123].

4.2.5 Self-cleaning Efficiency of TiO2 NPs Stabilized by UV Irradiations

Figure 4-16 illustrates that coffee stains were decomposed completely after 12 h of sunlight
irradiations through photocatalytic action of TiO2. The colour difference was calculated and
the results were reported in Table 4-6. Significant colour change was observed for samples 1
to 20 as presented in Figure 4-16. 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. In addition, the colour values were higher for samples 1 to 20

as compared to TiO; treated sample and untreated sample respectively. These results indicate
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the self-cleaning efficiency of UV treated samples (samples 1 to 20) was significantly higher
than TiO: treated sample (without UV treatment). This happens because of embedded TiO-
NPs on cotton fabric as UV irradiations produce a covalent linkage between the OH group of
TiO2 and the OH group of cellulose that increases the durability of the treatment to impart
functional properties. These results are in good agreement with the findings of Abidi et al. [25].
Moreover, the results reveal that more amount of TiO2 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

4-5.
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Figure 4-15 Washing effluent absorbance spectra of sample 14 during different washing

cycles for the stabilization of TiO> NPs by UV irradiations.
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4.2.6 Statistical Analysis of TiO2 NPs Stabilized by UV Irradiations

The experimental design with different dosage of TiO2> Nanoparticles (NPs) under varying
temperature and UV irradiations time based on actual values of CCD is illustrated in Table 4-5.
The results include: Yi=Incorporated amount of TiO2 NPs onto cotton after UV irradiations

and Y2=Tensile strength of cotton after UV irradiations were adjusted by Equation 1.

CCD and RSM were used to optimize the experimental variables i.e. TiO2 dosage, temperature
and UV irradiations time. In total, 20 CCD designed samples were developed as described in
Table 4-5. For the evaluation of obtained results and the relationship between independent
variables and response surfaces, different mathematical models (Equation 9-10) were
established. In order to predict the responses for a given value of variables, the developed
models are useful for further utilization. In Figure 4-17 and Figure 4-18, response surfaces
were drawn based on the developed mathematical models for incorporated amount of TiO2 NPs

and tensile strength respectively.

ANOVA was conducted to evaluate the interaction between the variables and the responses of
the designed samples and the results are presented in Table 4-7 and Table 4-8. Goodness of fit
was evaluated on the basis of responses analysed by ANOVA. The lack of fit explains the data
variations close to the fitted model and will be significant if the proposed model unable to fit
the data well. 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 4-7. Furthermore, the developed model for tensile strength is

significant at F-value 43.1 and p-value <0.0001 as described in Table 4-8.
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Table 4-5 The 3-factors CCD matrix based on actual values for experimental variables and
responses, Y1= Incorporated amount of TiO> NPs after UV irradiations, Y.= Tensile strength
after UV irradiations, for the stabilization of TiO2 NPs by UV irradiations

T S TR i el i

Time [min] [ppm] [N]

Usr';;f;fgd 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
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
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Figure 4-16 Self-cleaning efficiency after 12 h sunlight irradiations.

R-squared coefficient was used to evaluate the fit of the developed models. The results
presented in Table 4-7 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 4-8).
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Table 4-6 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

The incorporated amount of TiO2 NPs on cotton after UV irradiations according to the

developed model is calculated by Equation 9:

Y; = 3311.8 —310.9 X (Dosage) — 89.3 X (Temperature)
—13.5x (UV Time) + 1.4 X (Dosage X Temperature)
+ 1.8 X (Dosage x UV Time) [9]
+ 0.08 X (Temperature X UV Time) + 31.0 X (Dosage)?
+ 0.8 X (Temperature)? + 0.07 x (UV Time)?

The tensile strength after UV irradiations according to the developed model is calculated by

Equation 10:
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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) [10]
+ 0.01 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 4-5), 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 Y2 under optimal conditions (Sample

14) are 3312 ppm and 488 N respectively.

The response surfaces are presented in Figure 4-17 and Figure 4-18 for incorporated amount
of TiO2 NPs on cotton after UV irradiations and tensile strength after UV irradiations
respectively. It can be seen in Figure 4-17 and Figure 4-18 that increasing TiO2 NPs dosage in
the suspension results in more incorporated amount of TiO2 NPs on the surface of cotton.
Moreover, prolonged UV irradiations time leads to a higher fixation of TiO2 NPs on cotton.
This happened because UV irradiations provide most of the NPs a path to penetrate deep inside
the fibre structure and strongly attached to them. The results revealed that the incorporated

amount of TiO2 NPs on cotton strongly depends on dosage of TiO2 and UV irradiations time.

The plot of actual vs predicted values is presented in Figure 4-19. This plot statistically
explains the effects of the fitted model and compares it with the null model. It can be observed

that all the values are very close to the fitted line indicating a good fit of the model.
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Figure 4-17 Response surfaces for incorporated amount of TiO2 NPs on cotton after UV

irradiations as a function of (a) TiO, dosage, Temperature, (b) TiO. dosage, UV time., (c)
Temperature, UV time.

4.3 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.
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4.3.1 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
4-20. In Figure 4-20 (a-c), SEM images are showing a smooth and clean surface of blank
sample as no treatment was applied on it. Figure 4-20 (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 4-20 (f). In Figure 4-20 (g-1), it can be seen that TiO2 NPs covered
the surface of sample 9 as a condense layer and strongly aggregated. The aggregation of

nanoparticles could be due to longer ultrasonic time.

Elemental analysis and detection of involved elements in developed CT nanocomposites were
characterized by EDX spectroscopy. The EDX spectrum of blank sample and sample 9 are
illustrated in Figure 4-20 (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 TiO2 NPs. The EDX results are in good agreement with SEM

results.

The difference in average particle size in the developed CT nanocomposites estimated by SEM
images and in crystallite size calculated by Equation 2 was due to the aggregation of TiO2 NPs
on cotton surface due to its roughness as confirmed by Zhang et. al. [124]. Wu et.al reported
that the aggregation of TiO2 NPs on cotton occurred more quickly and easily due to its
roughness [125]. These results indicate that synthesis conditions such as ultrasonic irradiations
time has a substantial impact on the morphology of fabric and aggregation of deposited

particles on it.
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Figure 4-18 Response surfaces for tensile strength of cotton after UV irradiations as a

function of (a) TiO2 dosage, Temperature, (b) TiO2 dosage, UV time., (c) Temperature, UV

time.
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Table 4-7 ANOVA results for incorporated amount of TiO2 NPs on cotton after UV

irradiations
Source Ss;lggs df S“éll(j:pe F Value Ppr-(;/l:? Ig ?: Remarks
Model 10727146 9 1191905 105929 <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
B? 563422.6 1 563423 5007.3 <0.0001 Significant
C? 227357.4 1 227357 2020.6 <0.0001 Significant
Residual 1125.1 10 112.5
Lack of Fit 902.3 5 180.4 4.05 0.075 Not significant
Pure Error 222.8 ) 44.5
Cor Total 10728271.2 19

R-squared: 0.9999, adjusted R-squared: 0.9998, CV%: 0.62
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Table 4-8 ANOVA results for tensile strength of cotton after UV irradiations

Source Ss;lggs df Sl\éljgpe F Value Ppr-(;/t? I;J eF 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
B? 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 21.5
Cor Total 17780.5 19

R-squared: 0.9749, adjusted R-squared: 0.9523, CV%: 1.47
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Figure 4-19 A plot of actual vs predicted responses; (a) Incorporated amount of TiO2 on

cotton after UV irradiations (b) Tensile strength of cotton after UV irradiations.

4.3.2 XRD Analysis

XRD analysis is a useful technique to determine the crystallite size and structure of the samples.
The XRD patterns for extracted solid powders are described in Figure 4-21. 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 26=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 TiO> NPs was experienced by comparing sample C with
sample 9 (Table 4-9). Ultrasonic waves are the only difference between these samples as

ultrasonication plays a vital role in the crystallization mechanism of the synthesis of TiO2 NPs.
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The crystallite size of the NPs obtained from solid powder was calculated by Scherrer’s
equation and reported in Figure 4-21 (a). The average crystallite size of all the specimen was
equal to 4 nm. Moreover, the effect of reactants concentration (TTC and ISP) and sonication
time on crystallite size and on crystallization was evaluated by XRD analysis through intensity
of the peak and width of the longest peak. Comparison of XRD patterns of sample 1, 6 and 18
described that the increase in reactants concentration slightly increased the peak intensities of
pure anatase form of TiO2 NPs. Furthermore, XRD pattern and peak intensities of samples 1,
6, 9 and 18 demonstrated that an increase in sonication time led to sharper peaks. The above
two discussed parameters are the signs of improved crystallinity in the synthesized TiO2 NPs.
These results indicate that more TTC and ISP concentration with prolonged sonication time
have positive effects on crystallinity of NPs. However, a decrease in crystallite size was
observed by increasing the sonication time Figure 4-21 (a). These results are consistent with
the findings of Ghows and Entezari [103]. The XRD analysis of sample 9 and untreated cotton
(blank sample) is illustrated in Figure 4-21 (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. [112].

Sample 9 reports a broad peak at 25.4° which confirms the XRD pattern of pure anatase form
in accordance to JCPDS card data base for pure anatase phase of TiO.. XRD is useful in
determining the phase changes in crystal structures of a sample before and after treatment. In
case of blank sample, the characteristic peaks or XRD pattern was not changed by
ultrasonication which shows ultrasonic acoustic synthesis of TiO2 NPs on cotton had no
significant effect on phase assembly of cotton fibre. The width of the peak in XRD pattern

indicates the particles size. Lower FWHM explains small particle size and vice versa. The
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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 TiO2 NPs on cotton fabric by Ultrasonic Acoustic Method have no

significant differences.

4.3.3 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 TiO2 NPs on treated samples.
However, in blank sample, Ti element was not detected. In order to estimate the synthesized
and deposited amount of TiO2 NPs on cotton fabric, the characteristic peak of titanium observed
in emission spectra was counted and the response was reported in Table 4-9. The loaded
amount of TiO2 NPs for sample 9 and sample C were 1587 ppm and 411 ppm respectively.
More loading of TiO2 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 TiO2 NPs on cotton as reported in section 4.3.12.

4.3.4 UV-Vis Spectra

UV-vis spectra of sample 9 and blank sample after 30 washing cycles is illustrated in Figure
4-22. Sample 9 shows a transmittance level close to zero which confirms the excellent ability
of developing CT nanocomposites as a UV absorbers or UV blocking agents. These results are
consistent with the findings of Nazari et. al. [126]. Yang et. al. concluded that electronic band
gap structure of TiOz is responsible for UV absorbance property [127]. No significant change
observed on blank sample after washing Figure 4-22. There is a small increase in transmittance
of sample 9. It could be possible that some of the deposited TiO2 NPs are removed from cotton.

So, the quantity of reactive species decreases resulting a slight increase in transmittance of
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sample 9. However, UV absorption property of the developing CT nanocomposites is almost
permanent even after 30 washing cycles indicating a strong bonding between cotton fabric and

TiO2 NPs. These results are in good agreement with the findings of Xin et al. and Uddin et al.

[111; 112].
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Figure 4-20 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).
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Figure 4-21 XRD pattern for (a) extracted TiO2 NPs powder (b) blank sample and sample 9.
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Figure 4-22 UV-Vis spectrum of (a) blank sample before washing (b) blank sample after 30

washing cycles (c) sample 9 before washing (d) sample 9 after 30 washing cycles.

4.3.5 Photocatalytic Activity of the Resulting Solution

The photocatalytic activity of the resulting solution was estimated against discoloration of MB
under artificial daylight irradiations. 0.01 % (w/v) MB was mixed with the resulting solution
containing 1 gL TiO2 NPs and exposed to Xenon lamp with 500 W power for 2 h. All solutions
except solution obtained by sample C exhibited excellent photocatalytic activity as MB

discoloured completely after irradiations. However, an incomplete discolouration was
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observed in case of sample C as presented in Figure 4-23. This result is reasonable because
Sample C was prepared by conventional stirring method having amorphous structure
confirmed by XRD study. These results are in good agreement with the findings of Kaur et. al.

[128].

In order to confirm the MB discolouration was due to the presence of TiO2 NPs, a controlled
0.01 % solution of MB (without TiO2 NPs) was exposed to irradiations. This solution showed
no change in its colour even after long time of irradiations. It is confirmed through the results
that photocatalytic activity of samples 1-20 was due to the presence of TiO2 NPs induced by
Ultrasonic Acoustic Method. The C/C, plot against irradiation time for the photodegradation
of MB is presented in Figure 4-24. In controlled sample (without TiO2 NPs), the concentration
of MB is not changed while sample C showed only 40 % change as it is prepared by
conventional method. However, all other samples showed noticeable change in MB
degradation. Sample 9 and sample 18 showed 100 % MB degradation as illustrated in Figure

4-24.

4.3.6 In-situ Synthesis and Deposition of TiO2 NPs on Cotton
During In-situ process, TiO2 NPs were synthesized and deposited on cotton by Ultrasonic
Acoustic Method according to the following reactions as illustrated in Equations (11-12) [62;

105].

TiCl, + 4CsH,0H - Ti(0C3H,), + 4HCl [11]

Ti(0C3H,), + 2H,0 - TiO, + C3H,0H [12]
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In ultrasonic system, an acoustic cavitation phenomenon produce a local hot spot with extreme
conditions of temperature and pressure [129]. These conditions generate free H®* and OH®
radicals [130]. These radicals promote the reaction mechanism and generate TiO> NPs at low

temperature.

In ultrasonic acoustic synthesis of CT nanocomposites, the process of acoustic cavitation takes
place in bulk liquid; between boundary layer of liquid and fabric and inside the yarn [131].
During the ultrasonic irradiations, fluid flow accelerates and leads to a better adsorption of
TiO2 NPs on cotton fabric [132]. Moreover, cotton fibre swelling during ultrasonic irradiations
leads to the formation of TiO2 NPs in intramolecular chain of cotton. TiO2 NPs have a strong
affinity to hydroxyl group of cotton which results in good adhesion of TiO2 NPs on cotton

surface [32].

4.3.7 UPF Efficiency of CT Nanocomposites

The absorption of UV radiations is a natural characteristic of TiO2. 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 4-9. 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 TiO2 content deposited on textile.

4.3.8 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 in RGB colour space for all samples after 24 h daylight irradiations and
presented in Table 4-9. Significant change in colour was observed in case of sample 1-20 as

presented in Figure 4-25. However, slight colour change was observed for sample C and almost
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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. The results indicate that ARGB values were dependant on ultrasonic irradiation time,
TTC and ISP concentrations. Higher colour difference leads to better self-cleaning efficiency

that was obtained by sample 9 with optimal conditions as illustrated in Table 4-9.

The content of UV present in sunlight triggers the photocatalytic activity of TiO> NPs and
decompose MB stains [121]. The significant influence of ultrasonic irradiations on self-

cleaning property arises due to the formation of crystalline anatase phase.

Before

After

Before

After

10 " 12 13 14 16 16 17 18 19 20

Figure 4-23 Photocatalytic efficiency of the resulting solutions against MB, before and after

2 h irradiations.
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Figure 4-24 Photocatalytic degradation of MB under artificial daylight irradiations. C, and

C are the initial and final concentrations of MB at reaction time.

4.3.9 Antimicrobial Efficiency of CT Nanocomposites

The antimicrobial efficiencies of the developed CT nanocomposites are presented in Table 4-9.
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

75



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

sample C. It could be possible that sample 9 possess more amount of TiO2 NPs as illustrated in
Table 4-9 or the larger surface area of NPs on cotton might enhance the contact area between
TiO2 and bacterial cells, which may result in a higher antimicrobial efficiency. Same results
were reported by Qi et. al. [48]. Overall, the results showed excellent antimicrobial properties

of CT nanocomposites synthesized by Ultrasonic Acoustic Method.

Controlled Sample C 1 2 3 4 5 6 7 8 9

Figure 4-25 Self-cleaning efficiency of CT nanocomposites after 24 h daylight irradiations.

4.3.10Washing Durability of CT Nanocomposites

Washing effluent analysis was used as a direct approach to evaluate washing durability besides
UV-Vis absorption analysis as illustrated in section 4.3.4. 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 [33]. So, the effluents were evaluated by spectrophotometer
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during 30 consecutive home launderings. An absorption peak at 280 nm during initial washing
cycle indicating the presence of TiO2 NPs as presented in Figure 4-26 [133]. It can be possible
that some of the physically attached unstable NPs were migrated into effluents during primary
washing [122]. The results confirmed that no absorption peak was observed during subsequent
washing cycles showing the absence of TiO2 NPs in washing effluents. Moreover, the results
show that TiO2> NPs are strongly attached to cotton fibres. The good washing durability
indicating the formation of covalent bond between TiO2 NPs and cotton fibre [31; 123]. TiO>
NPs have strong affinity towards carboxyl and hydroxyl groups [30; 123]. The bonding
between TiO2 NPs and hydroxyl groups present in cotton play a significant role in washing

durability.

4.3.11Tensile 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 [86]. The results indicate that synthesis and deposition of TiO>
NPs on cotton by Ultrasonic Acoustic Method have no significant damage effect to cotton fibre

structure.
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Figure 4-26 Washing effluent absorbance spectra of sample 9 after different washing cycles.

4.3.12 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 4-9. The responses of the variables including:
Y3=Synthesized and deposited amount of TiO2 NPs on cotton fabric; Y4=UPF of the CT
nanocomposites; Ys=Self-cleaning efficiency after 24 h irradiations; Ys=Antimicrobial

efficiency of the CT nanocomposites, were adjusted by Equation 1.

78



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering |

Table 4-9 The 3-factors CCD matrix based on actual values for experimental variables and
responses, Ys=Synthesized & loaded amount of TiO, NPs on cotton fabric, Ys=UPF
efficiency of CT nanocomposites, Ys=Self-cleaning efficiency of CT nanocomposites,
Ys=Antimicrobial efficiency of CT nanocomposites

Sample  TTC ISP Sonication Ys=Synthesized Ys=UPF  Ys=Self- Ys=Antimicrobial

Name [mL] [mL] time & loaded TiO2 Efficiency  cleaning Efficiency
[h] [ppm] [-] Efficiency [%]
[-]

Si'rf]g‘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
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In total, 20 samples based on CCD were developed as shown in Table 4-9. The obtained
responses including Yas: Synthesized & loaded amount of TiO2 NPs on cotton fabric, Y4: UPF
efficiency of developed CT nanocomposites, Ys: Self-cleaning efficiency of developed CT
nanocomposites, Ys: Antimicrobial efficiency of developed CT nanocomposites, were

evaluated and discussed.

For the evaluation of obtained results and the relationship between independent variables and
response surfaces, several mathematical models (Equations 13-16) were established. In order
to predict the responses for a given amount or value of TTC and ISP and/or ultrasonic
irradiation time, these models could be useful and further utilised. In Figure 4-27 to Figure

4-30, contour and response surface plots were drawn based on the mathematical models.

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 4-10 to Table 4-13.
Goodness of fit was evaluated on the basis of responses analysed by analysis of variance
ANOVA. The lack of fit explains the data variations close to the fitted model and will be
significant if the proposed model unable to fit the data well. The results indicate that the
designed model for the synthesized and deposited amount of TiO2 NPs on cotton is statistically
significant at F-value 103.6 and p-value <0.0001 as presented in Table 4-10. 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 4-11. Moreover, the developed model for
self-cleaning efficiency and antimicrobial efficiency of the developed CT nanocomposites
were significant at F-value of 65.1 and 25.1 and p-value of <0.0001 and <0.0001 respectively

as presented in Table 4-12 and Table 4-13.
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R-squared coefficient was used to evaluate the fit of the developed models. The results
presented in Table 4-10 indicate that only 1.06 % of the total variables cannot be explained
through this model for synthesized and deposited amount of TiO2 NPs on cotton fabric [118;
119; 134]. 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 4-11 to Table

4-13).

The synthesized and deposited amount of TiO> NPs on cotton according to the developed

model is calculated by Equation 13:

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)? [13]
— 26.9(ISP)? — 14.8(Time)?
The UPF efficiency of the developed CT nanocomposites is calculated by Equation 14:
Y, = 36.6 — 0.7(TTC) + 2.6(ISP) — 11.4(Time) + 0.6(TTC * ISP) [14]

+ 1.4(TTC * Time) + 0.09(ISP = Time) — 0.07(TTC)?
— 0.6(ISP)? + 0.6(Time)?

The self-cleaning efficiency of the developed CT nanocomposites is calculated by Equation
15:
Ys = 62.1 + 1.2(TTC) + 4.7(ISP) — 10.8(Time) + 0.4(TTC * ISP)

+ 1.2(TTC = Time) — 0.05(ISP * Time) — 0.1(TTC)?
— 0.7(ISP)? + 1.1(Time)?

[15]
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The antimicrobial efficiency is of the developed CT nanocomposites is calculated by Equation

16:

Y, = 78.0 — 0.4(TTC) + 1.9(ISP) — 12.9(Time) + 0.6(TTC x ISP)
+ 1.2(TTC = Time) + 0.5(ISP = Time) — 0.09(TTC)?
— 0.6(ISP)? + 0.6(Time)?

[16]

According to the above equations and obtained results (Table 4-9), 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, Y3, Ys and

Y respectively.

The response surfaces and contour plots are illustrated in Figure 4-27 to Figure 4-30 for
synthesized and deposited amount of TiO2 NPs on cotton, UPF, self-cleaning and antimicrobial
efficiencies of the developed CT nanocomposites respectively. It can be seen in Figure 4-27 to
Figure 4-30 that increasing the TTC amount results in more increment in synthesized and
deposited amount of TiO2 NPs on cotton as well as other functional properties. Moreover,
increasing ISP led to a higher deposition of TiO2 NPs on cotton. In addition, with optimal TTC
and ISP concentrations, prolonged ultrasonic irradiation time leads to a lower deposition of
TiO2 NPs on cotton. This is because cotton fibre provides limited surface for adsorption to
TiO2 NPs after a certain ultrasonic irradiation time. After a certain time, some of the aggregated
particles were removed from cotton surface by bubble collapse but some particles penetrated
deeply in the fibre and strongly attached to them. More TTC and ISP amount with a controlled

irradiation time lead to more deposition of TiO>, NPs on cotton and vice versa. Thus, the
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synthesized and deposited amount of TiO2 NPs on cotton depends on precursor concentration

and ultrasonic irradiation time. These results are supported by Perelshtein et al. [86]. The

functional properties i.e. UPF, self-cleaning and antimicrobial efficiencies of the developed CT

nanocomposites depend on the deposition of TiO2> NPs on cotton. These results are similar to

the observations reported by Nazari et al. and Montazer et al. [126; 135].

Table 4-10 ANOVA results for synthesized and deposited amount of TiO2 NPs on cotton

fabric
Source Ss;lj?arc:efs df sl\élﬁgpe F Value Ppr-:k? I;J ?: 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
A? 18357.3 1 18357.3 10.6 0.008 Significant
B? 233198 1 233198 134.8 < 0.0001 Significant
C? 4453.5 1 4453.5 2.5 0.139 Not significant
Residual 17294.6 10 1729.4
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
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Table 4-11 ANOVA results for UPF efficiency of the developed CT nanocomposites

Source Ss;lggs Sl\éljgpe F Value Ppr-(;/t? I;J eF 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 1.4 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
B? 130.8 1 130.8 42.8 <0.0001 Significant
C? 7.6 1 7.6 25 0.144  Not significant
Residual 30.5 10 30.5
Lack of Fit 24.5 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

4.3.13Reusability 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 4-31, after 7 reuse cycles, the removal rate of MB had lost only 7.5 % for sample 9
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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 4-32. Under dark conditions and in the absence
of TiOz, the MB colour remained unchanged, while with TiO, only 8 % change in MB colour

was found. Whereas 99.6 % results were obtained with TiO2 under light.

Table 4-12 ANOVA results for self-cleaning efficiency of the developed CT nanocomposites

Source Ssc:Jl;er%fs df Sl\éljgre F Value Ppr_c\Jls IS ?: 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
B? 163.6 1 163.6 60.1 <0.0001 Significant
C? 24.9 1 24.9 9.1 0.0127 Significant
Residual 27.2 10 27.2
Lack of Fit 13.6 5 2.7 1.01 0.494 Not significant
Pure Error 13.5 5 2.7
Cor Total 1621.8 19

R-squared: 0.9832, adjusted R-squared: 0.9681, CV%: 2.08
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Table 4-13 ANOVA results for antimicrobial efficiency of the developed CT nanocomposites

Sum of

Mean p-value

Source Squares Square F Value Prob > F 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 23.5 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 4-27 Response surfaces and contour plots for synthesized and deposited amount of
TiO2 NPs on cotton as a function of (a) TTC conc., ISP conc., (b) TTC conc., Sonication

time, (c) ISP conc., Sonication time.
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Figure 4-28 Response surfaces and contour plots for UPF efficiency of developed CT
nanocomposites as a function of (a) TTC conc., ISP conc., (b) TTC conc., Sonication time,

(c) ISP conc., Sonication time.
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Figure 4-29 Response surfaces and contour plots for self-cleaning efficiency of developed
CT nanocomposites as a function of (a) TTC conc., ISP conc., (b) TTC conc., Sonication

time, (c) ISP conc., Sonication time.
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Figure 4-30 Response surfaces and contour plots for antimicrobial efficiency of developed

CT nanocomposites as a function of (a) TTC conc., ISP conc., (b) TTC conc., Sonication

time, (c) ISP conc., Sonication time.
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Figure 4-31 Reusability of the developed CT nanocomposites.
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Figure 4-32 Behaviour of MB degradation under different conditions i.e. Under dark; Under

light; Under TiO2; Under light and TiOx.
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Chapter 5
5 Summary of the Results

The overall summary of this dissertation comprises the conclusion of the obtained results and

the recommendations for future work.

5.1 Conclusion
After a comprehensive introduction and discussion about the related work, Chapter 3
explained the bulk of the work deriving important materials and used methods. The data was

further used in Chapter 4 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 TiO2 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
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efficiency. Washing and leaching durability of UV treated samples (samples 1 to 20) confirmed
the role of UV light irradiations for the stabilization of TiO> NPs onto cotton through covalent
bonding. 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 TiO2, 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 covalent 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.
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5.2 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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