TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering [

MULTIFUNCTIONAL COTTON FABRIC WITH
NANO TI1O, LOADED CELLULOSE

Bandu Madhukar Kale

SUMMARY OF THE THESIS



Title of the thesis:

Multifunctional Cotton Fabric with Nano TiO, Loaded Cellulose

Textile Technics and Materials Engineering

Author: Bandu Madhukar Kale

Field of study:

Mode of study: Full-time

Department: Department of Material Engineering
Supervisor: prof. Ing. Jifi Militky, CSc.

Committee for defense of the dissertation:

Chairman:
doc. Ing. Vladimir Bajzik, Ph.D.

Vice-chairman:
prof. Ing. Jakub Wiener, Ph.D.

Members of the corpmittee:

prof. Dr. Ing. Mir. Cernik, CSc. (opponent)
prof. Ing. Jaroslav Sestak, DrSc., Dr.h.c.
doc. Ing. Ladislav Burgert, CSc.

doc. Mgr. B. Lap¢ikova, Ph.D. (opponent)

doc. Mgr. I. Lovétinska Slamborova, Ph.D.
Ing. Jan Marek, CSc.
Ing. Jana Saskova, Ph.D.

FT TUL, Department of Textile Evaluation
FT TUL, Department of Material Engineering

The Institute for Nanomaterials, Advanced
Technology and Innovation TUL

The Czech Academy of Sciences, Institute of
Physics

Univerzita Pardubice, Fakulta chemicko-
technologicka

Tomas Bata University in Zlin, Faculty of
Technology

FP TUL, Department of Chemistry
INOTEX spol. s r.0., Dvir Kralové n. L.
FT TUL, Department of Material Engineering

The dissertation is available at the Dean's Office FT TUL.

Liberec 2017



ABSTRACT

Cotton is a leading textile fibre due to its unique properties such as hydrophilicity,
biodegradability, durability, good dyeability, and relatively low cost. However, now a day’s
people want cotton fabric to be smart, which can give comfort according to weather
conditions. Self-cleaning, antibacterial, antifungal and permanently stiff textiles are becoming
important due to market demand, and broad research is being done in this areas. Nanoparticles
such as Titanium dioxide (TiO,), Zinc oxide (ZnO), Copper oxide (CuO), Silver (Ag), Carbon
nanotubes (Singlewalled carbon nanotubes (SWCNTSs), Multiwalled carbon nanotubes
(MWCNTSs) show excellent functional activity towards light. Nano TiO, is the most
environment-friendly and relatively cheap among all other nano particles. TiO, can be applied
on different substrates such as activated carbon, stainless steel and glass. Researchers have
coated TiO, on cotton fabric by various methods such as in-situ suspension polymerization
with nano TiO,-acrylatecopolymer and functionalizing cotton fabric with nano sized TiO..
However, they do not claim that fabric is stable against washing.

In this thesis, a new route to make cotton fabric self-cleaning and permanently stiff by coating
cellulose-TiO, on its surface is demonstrated. Cellulose solution was prepared by dissolving
10% cellulose in aqueous sulphuric acid (60%) or Sodium hydroxide-Urea-Thiourea solvent
system. TiO, with different concentrations (1, 3, 5 and 10 % TiO, on the weight of cellulose)
was dispersed in cellulose solution and coated on the surface of cotton fabric by padding
machine. The surface morphologies of pure cotton fabric, cellulose and cellulose-TiO, coated
cotton fabric were observed on scanning electron microscope (SEM). Simulation method was
developed to quantify amount of cellulose Il by using X-ray diffraction patterns on Mercury
software. Effect of cellulose coating on dyeing was investigated with Reactive dyes.
Self-cleaning ability of cellulose-TiO, coated cotton fabric was investigated with Orange 11
dye and wine stain under UV light. Antibacterial and antifungal activity was studied
according to international standards. Results revealed that samples coated with more than 3%
TiO, showed strongest inhibition efficiency against Staphylococcus aureus (SA), Methicillin
resistant Staphylococcus aureus (MRSA) bacteria’s. Antifungal testing results showed that the
photo-catalytic activity of titanium dioxide nanoparticles allows a disinfection of cotton fabric
from fungal colonization. The amount of cellulose 1l in cotton fabric increased slightly after
solvent treatment. However, breaking strength also increased by cellulose coating. Air and
water vapor permeability were hardly affected. The stiffness of cellulose coated cotton fabric
increased substantially. Degradation of orange Il dye was increased with increasing TiO;
concentration and irradiation time. The samples coated with 1, 3 and 5% TiO, were stable
against washing up to 20 washing cycles for both self-cleaning and stiffness properties.
However, 10% TiO, coated sample does not show similar stability against washing due to
poor dispersion of TiO; in cellulose solution.

Keywords: Cotton fabric, cellulose, self-cleaning, stiffness, antibacterial, antifungal,
Titanium dioxide.



ABSTRAKT

Bavlna je diky svym jedine¢nym vlastnostem jako je hydrofilita, biodegradabilita, trvanlivost,
dobra barvitelnost a relativné nizka cena vyznamnym textilnim materidlem. Dnes vSak lidé
o¢ekéavaji od bavinéné tkaniny i dalsi vlastnosti, diky nimz poskytuje bavina komfort podle
pocasi. Vzhledem k pozadavkiim trhu roste vyznam samocisticich, antibakterialnich,
antimykotickych a nemackavych textilii, které jsou predmétem rozsahlého vyzkumu.
Nanocastice jako TiO,, ZnO, oxid méd’naty, Ag nebo uhlikové nanotrubice (SWCNTs nebo
MWCNTs) vykazuji vynikajici funkcionaliza¢ni aktivitu na svétle. Nanocastice oxidu
titani¢itého jsou nejSetrnéjsi k zivotnimu prostfedi a ve srovndni s ostatnimi nanoc¢asticemi i
relativné levné. TiO; lze aplikovat na rizné substraty jako je aktivni uhli, nerezova ocel nebo
sklo. Vyzkumnici aplikuji TiO; na bavlnéné tkaniny rtiznymi zpisoby, jako je in situ
suspenzni polymerace s nano TiOj-akrylatovym kopolymerem a funkcionalizace bavinéné
tkaniny nanoc¢ésticemi TiO,. Nicmén¢ tyto tkaniny nejsou odolné v prani.

Tato prace se zabyva pfipravou samocistici ztuzené bavinéné tkaniny potazené celuldézou a
TiO,. Celulézovy roztok se piipravi rozpusténim 10% celuldozy ve vodném roztoku 60%
kyseliny sirové a nebo v rozpoustéci smesi z hydroxidu sodného, mocoviny a thiomocoviny.
TiO, o riznych koncentracich (1, 3, 5 a 10% TiO; z hmotnosti celuldzy) se disperguje v
roztoku celulézy a nanese na povrch bavinénych tkanin klocovanim. Povrchova morfologie
Cisté bavinéné tkaniny a bavinéné tkaniny povrstvené celulozou a celulozou s TiO, byla
pozorovana rastrovacim elektronovym mikroskopem (SEM). Pro kvantifikaci celuldzy 11 byla
vyvinuta simulaéni metoda s pouzitim rentgenové difrakce na softwaru Mercury. Vliv
celuldozového povrstveni na barvitelnost byl zkoumédn pomoci reaktivnich barviv.

Samocistici schopnost bavinéné tkaniny potazené celulézou a TiO; byla zkoumana pomoci
barviva Orange II a skvrn od vina pod UV svétlem. Antibakterialni a protiplisnovy ucinek byl
testovan podle mezinarodnich norem. Vysledky ukazaly, ze vzorky potaZené vice nez 3%
TiO, vykazovaly nejsiln€jsi inhibi¢ni ucinek na bakterie Staphylococcus aureus (SA) a
methicillinu rezistentni Staphylococcus aureus (MRSA). Protiplisiové testy ukézaly, zZe
fotokatalytickd aktivita nanocéstic oxidu titani¢it¢tho umoziuje dezinfikovat bavinénou
tkaninu od kolonii plisni. MnoZstvi celulozy II v bavinéné tkaniné se po oSetfeni
rozpoustédlem mirné zvysilo. Celul6zovy povlak také zvysil pevnost do pifetrhu bavinéné
tkaniny. ProdySnost a paropropustnost prakticky nebyly ovlivnény. Tuhost bavinéné tkaniny
potazené celuldzou se podstatné zvysila. Degradace barviva Orange Il se zvySuje s rostouci
koncentraci TiO; a dobou ozafovani. Pokud jde o tuhost 1 samocistici vlastnosti, vzorky
potazené 1, 3 a 5% TiO, byly odolné v prani do 20 pracich cykli. Nicméné vzorek potaZeny
10% TiO2 nevykazoval podobnou stabilitu v prani v dasledku $patné dispergovatelnosti TiO,
v roztoku celulézy.

Kli¢ova slova: bavinéna tkanina, celuldza, samocisténi, tuhost, antibakterialni, protiplisiiovy,
oxid titanicity
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1.

Introduction

Cotton fibre is one of the most common natural and leading textile fibre due to its unique
properties such as hydrophilicity, biodegradability, durability, good dyeability, and relatively
low cost [1]. Despite the excellent properties of cotton fabrics, some characters like the
inherently hydrophilic property, impotent antimicrobial activity, low strength and poor
sensitivity to the UV light, confine their wide applications, especially in some high-end areas
for medicine, personal healthcare, functional textile and self-cleaning [2-4]. Therefore, value
addition to cotton by functionalization has generated considerable academic and industrial
attention, not only due to their potential use in physical, thermal, biological and medical
protection, but also to meet the constantly evolving demand from consumers for advanced
materials. Self-cleaning fabric materials are a research area that has accumulated huge interest
over the years. The original idea of self-cleaning textiles envisioned a scenario where
tablecloths and men’s suits shrug off coffee, tea, wine and other stains; or where large
awnings, tents and other architectural structures stay spotlessly clean without requiring any
washing or cleaning. Due to the remarkable developments made in this field during the last
few decades, the concept of self-cleaning widened to include apparel that cleanses itself of
body odour, curtains that rid themselves of tobacco odours to stay ‘ever fresh’, and hospital
sheets that disinfect themselves to reduce the incidence of cross infections[5]. A strategy that
is commonly adopted for the purpose of self-cleaning is to modify the textile surface with
photocatalytic nanoparticles such as Titanium dioxide (TiO;) and Zinc oxide (ZnQ) [6, 7].
TiO, as a cheap, nontoxic, highly efficient, stable, and ecologically friendly photo catalyst,
has been proved to be an excellent catalyst in the degradation of organic pollutants [8].

Cotton fabric is widely used in the apparel and household fields because of its good
hygroscopicity, moisture regain and heat-resistant quality [9]. However, because of its poor
stiffness and crease recovery, its application is restricted in some situations. As a differential
fabric, stiff cotton fabric is important to many industries, such as applications to suit jackets,
curtains and luggage. For comfort in hot environment people prefer to have some distance
between skin and cloth and that why most of the Asian and African countries use stiff cotton
fabric due to high temperature. Starch is mainly being used to make cotton fabric stiff.
However, it does not give permanent effect. Cellulose is not soluble in water so it can replace
starch if it is coated on the surface.Antibacterial activity is very interesting and demanding
properties of cotton fabrics [10-13].

In recent years, the commercial market for antibacterial fibers has grown rapidly due to the
increased need of consumers. Polymeric materials, such as cotton, wool and flax, provides an
excellent substrate for bacteria growth because they are contaminated easily with
microorganisms under the appropriate environmental conditions [14]. Microbial proliferation
eventually causes damage to the fiber materials and induces human infections [15]. Nano
particles like TiO,, ZnO, CuO, Ag, carbon nanotubes etc. show excellent antibacterial
activity. TiO, is most environment-friendly [16] among all other nano particles and shows
multifunctional ability, that‘s why it was selected for coating with cellulose. There are several
methods and techniques researchers have introduced to make cotton fabric functional by
coating nanoparticles on the surface, in-situ polymerization, depositing nanoparticles on the
surface etc. However, these methods lacking in durability. To overcome with this proplem,
the new route has been introduced herein to make cotton fabric multifunctional by coating
cellulose-TiO, nanoparticles on the surface of cotton fabric.



2. Purpose and the aim of the thesis

Overall aim of this study is to develop a cellulose-TiO, coated cotton fabric and its
characterization for organic stain degradation, inhibition efficiency against bacteria’s,
disinfection of cotton fabric from fungal colonization, stiffness, mechanical properties, X-ray
diffraction, durability of cellulose-TiO, against washing and comfort properties such as air
and water vapor permeability for multifunctional applications. Orange Il dye and wine have
been selected for investigation of self-cleaning propeties and ImageJ software has been used
to analyze stain degradation under UV light. The bacterias such as Escherichia coli (EC),
Klebsiella pneumonia (KP), Staphylococcus aureus (SA), Methicillin resistant staphylococcus
aureus (MRSA) have been used to study antibacterial activity of coated fabric. X-ray
diffraction patterns based simulation model was used to understand the effect of solvent on
the structure of cellulose.

The specific objectives are as follows,

a) investigation of morphology of cellulose-TiO, coated cotton fabric

b) investigation of photocatalytic self-cleaning ability by degradation of orange Il dye and
wine stain under UV light.

c) evaluation of antibacterial and antifungal properties of cellulose-TiO, coated cotton fabric

d) investigation of stiffness, mechanical and comfort properties of cellulose coated cotton

fabric

e) effect of cellulose coating on dyeing, colour strength and related parameter with reactive
dyes

f) durability of cellulose-TiO, coated cotton fabric against washing.

g) development of simulation method to quantify amount of cellulose I, 1l and amorphous

content by X-ray diffraction.

3. Overview of the current state of the problem

Self-cleaning and permanently stiff textiles are becoming important due to market demand,
and broad research is being done in this area [5, 17, 18]. TiO, can be applied on different
substrates such as activated carbon, stainless steel and glass [19]. TiO, shows extraordinary
photocatalytic activity since it has a high sensitivity to light [20]. Nano TiO; has the ability to
decompose dye pollutant such as Acid Orange [21], Methylene Blue [22], C.l. Acid Blue-9
[23], Methyl Orange [24, 25], Ethyl violet dye [26], C.I. Reactive Red 2 [27] and
photocatalytic decomposition of some air pollutants [28]. Recently some researches have
coated TiO, on cotton fabric by in-situ suspension polymerization with nano TiO,-acrylate
copolymer [29] and functionalizing cotton fabric with nano sized TiO, [30]. However,
durability is major concern with these methods. Starching is commonly used for increasing
stiffness of cotton fabric by applying starch [31, 32] to them. Application of starch is widely
used for increasing the bending rigidity of collars and sleeves of men’s shirts and the ruffles
of girl’s petticoats. However, that notwithstanding, the stiffness arising from starching isn’t
permanent due to the fact that when the fabrics are washed, starch dissolves in water [33]
therefore leading to loss of fabric stiffness, and hence a need to reapply starch after each
washing cycle. Cellulose is insoluble in water, therefore coating fabrics with cellulose leads a
lasting and permanent stiffness effect unlike starch which is soluble in water whose stiffness
is temporary [34].

In recent years, researchers have been trying to make cotton fabric self-cleaning and
antibacterial in different ways such as: antibacterial finishing of cotton by
microencapsulation[12], by synthesizing Photo bactericidal porphyrin-cellulose nanocrystals
[35], Treating cotton fabric by SBA-15-NHj/polysiloxane hybrid containing tetracycline [36],



plasma treatment and ZnO/Carboxymethyl chitosan composite finishing [37], self-cleaning by
copper (I1) porphyrin/ TiO; visible-light photocatalytic system [20], coating with nano TiO,-
acrylate copolymer [29], Nano TiO, coating after treatment of cotton fabric with carboxylic
acids such as oxalic, succinic, and adipic acids [38], functionalizing cotton fabric with p-
BiOl/ n-TiO, heterojunction [39], bleaching and cationized cotton using nanoTiO, [10].
However, these methods do not give durable ability to kill bacteria’s. Research elsewhere has
utilized various cellulose coated substrates for various applications such as high oxygen
barrier and targeted release properties cellulose [34, 40], extension of the shelf life of rainbow
trout fillets [41], bioactive composite coating [42], wood coatings [43] for active packaging
[44] etc. Cellulose does not melt before decomposition and is insoluble in common organic
solvents. Cellulose is a highly stable compound and its stability is primarily attributed to
strong intra- and intermolecular hydrogen bonding leading to a remarkably stable fibrillar
structure [45]. Solvents like 60% Sulfuric acid (H,SO,4) [46], lonic Liquid [47, 48], N-
Methylmorpholine N-oxide (NMMO)[49], Sodium hydroxide-carbon disulfide (NaOH-CS,)
[50], Dimethyl acetate/ Lithium chloride (DMAc/ LiCl) [51] can readily dissolve cellulose.
Thus, there is a scope for cellulose coating on cotton fabric after dissolution since both the
molecules are same and there will be exchange of hydrogen bonding for permanent change.
Due to interlinkage between coated celluose and cotton cellulose, coated cellulose will not be
washed away unlike starch. Hypothesis is that cellulose can carry nanoparticles and hold for
long duration after coating with help of hydrogen bonding between coated cellulose and
cotton fabric cellulose.

Coating with cellulose-TiO, addresses four main uses: self-cleaning, antibacterial, antifungal
and stiffness. For coating cellulose-TiO,, Urea-Thiourea-NaOH solvent system and 60 %
H,SO, solution were selected for cellulose dissolution. Urea-Thiourea-NaOH solvent system
dissolves cellulose directly at -12°C [52] and 60 % H,SO, is powerful and has the ability to
breakdown cellulose chains directly. The Degree of Polymerization of cellulose decreases
after dissolution in 60% H,SO, [46]. This report, therefore, presents the findings of the
investigation of the microstructural, self-cleaning, antimicrobial, stiffness and comfort
properties of cellulose-TiO, coated cotton fabric for possible applications.

Methods used, studied material
4.1 Materials

Cotton plain weave fabric with the 0.28 mm thickness, 125.2 g/cm2, 97.3% porosity, density
of 30warps/cm and 25 weft/cm was obtained from Tepna Nachod, Czech Republic. TiO,
nanoparticles (Degussa-P25) were purchased from Evonik industries with the average particle
size of 50 nm. Vian Biocel V Mg-bisulfite softwood pulp was supplied by Lenzing Biocel
Paskov A.S. Urea was purchased from Pentachem. Thiourea, sulfuric acid, and NaOH were
purchased from Lachner, Czech Republic. Reactive Red 240, Blue 49, and Yellow 95 reactive
dyes were purchased from Synthesia a.s. Sulfuric acid waspurchased from Lach-ner, Czech
Republic. Sodium carbonate wasobtained from P-Lab a.s Czech Republic. The Orange Il dye
was usedas a stain and it was obtained from Sigma Aldrich.



4.2 Methods

4.2 Cellulose Coating

4.2.1 Cellulose dissolution

a) Dissolution in 60 % Sulphuric acid

Viscose fibers were used as a sourse of cellulose to prepare cellulose solution. 60 % of
sulphuric acid soltion was prepared by dissolving 60 g of sulphuric acid in 40 g of water.
Prepared solution allowed to cool down at room temprature (20-25° C). 10 g of viscose fibers
were dissolved in 90 g of 60 % Sulphuric acid solution at room temperature under continuous
stirring for 30 min.

b) Dissolution of cellulose in Urea-Thiourea-NaOH Solvent system

The solvent system was prepared by mixing 8g of Urea, 6.5 g of Thiourea and 8g of NaOH in
77.59 of water by stirring. Various concentrations of cellulose pulp (0, 1, 3, and 5 %) were
dissolved in the urea—thiourea—NaOH-water solvent system at -12° C by mechanical stirring.

4.2.2 Dispersion of TiO, nanoparticles in cellulose solution

Stirring at 25°C
for 30 min

Cellulose + Solvent

ellulose-TiO,

Dispersion

Figure 1. Dissolution and dispersion of TiO;

Cellulose solution was prepared by dissolving cellulose in direct solvents such as 60%
Sulfuric acid and NaOH-urea-thiourea. Figure 1 shows the schematic representation of
dissolution and dispersion process. TiO, nanoparticles with diffrent concentration (1,3,5,and
10% on the weight of cellulose) were dispersed in cellulose solution. Mixture of Cellulose
solution and TiO, nanoparticles were stirred at room temperature for 5 min. Prepared
cellulose-TiO, soltion was used for coating.
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4.2.3 Padding

The cellulose - TiO, solution was applied on the surface of cotton fabric (4g) by roller
padding machine at room temperature (15-20°C). The time used for padding was 20 seconds
and same time used to treat fabric with solvent (60 % H,SO,). Fabric was washed after
padding by aqueous solution of 100 g/l Sodium carbonate, followed by water until
neutralization. The coated fabrics were dried at 60°C for 30 min and pressed using an electric
iron. The concentration of cellulose added is as shown in Table 1. Starching to cotton fabric
was done according to procedure given in US patent no 2,693,042 [53] to compare stiffness
property with cellulose coated cotton fabric.

Table 1. Amount of cellulose coating on 4 g of cotton fabric

o Weight of fabric after Added cellulose-
Sample description

coating [g] TiO,/ g of fabric
0 % (Without TiO5) 4.2415 0.0603
1% TiO, 4.2355 0.0588
3% TiO; 4.2366 0.0591
5% TiO; 4.2383 0.0595
10 % TiO, 4.2392 0.0598

4.3 Dyeing with reactive dyes

Dyeing bath was prepared by dissolving NaCl (50 g/l), Na,CO3 (20 g/l) and reactive dye in
distilled water. The dyeing was done at 70 °C for 60 min with fabric-liquor ratio 1:50. The
dyeing was carried out with 3 %, 9 % and 15 % of dye concentration (%w/w). Then dyed
samples were washed with hot (80 °C) water and dried at 70 °C in hot air convection oven for
30 min.

4.3.1 Effect of cellulose coating on dyeing properties

Reflectance of the coated and uncoated fabric samples were measured on spectrophotometer
(Datacolor 110TM Switzerland) at Amax and Kubalka—Munk equation was used to determine
K/S value of the both fabrics:

K _ (1- R}Lmax)2

—-—— (1)
A) Zleax

where K is the coefficient of absorption; RA is the reflectance of the fabric at peak wavelength
and S is the coefficient of scattering;

The relative color strength and color difference between cellulose coated dyed samples and
uncoated dyed samples were calculated by using following formula:

Relati 1 ¢ th (%) = K/S of coated sample 100 (22)
clative color streng o)~ K/S of uncoated sample

AE = /(AL)? + (Aa)? + (Ab)? (3)

Where AL = LCoat?d' Lyncoateas Aa = Acoated- ‘aur‘LCOated; Ab = beogtea buncoatea; L 1S
lightness, ‘a’ explain redness or greenness and ‘b’ indicate yellowness or blueness [56].
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4.3.2 Fastness properties

The coated samples were washed according to the standard conditions given in the test
method ISO 105-C06 [57] to assess staining of adjacent fabrics and change in the color after
washing. Rubbing fastness of both coated and uncoated samples were evaluated according to
the test method ISO 105-X12 [58]. The coated fabrics were evaluated for their perspiration
fastness using the test method ISO 105-E04 [59].

4.4 Charactrization and measurements
4.4.1 Scanning Electron Microscopy (SEM)

The surface morphologies of the control, cellulose coated and cellulose-TiO, coated cotton
fabric surfaces were investigated using a TS5130 Vega-Tescan Scanning Electron Microscope
with accelerating voltage of 20kV. The samples were sputter coated with gold to increase the
surface conductivity.

4.4.2 Simulation method to calculate amount of cellulose Il by x-ray diffraction

PANalytical X'Pert® X-ray powder diffractometer was used to analyze crystal structure of
coated and control cotton fabric. The fabric samples were run at angle 8° to 70° in steps of
0.017. Cellulose Il was estimated by following AD French’s simulation method [50-52]. The
published coordinates of the asymmetric units of cellulose If and cellulose II containing
crystallographic information file was downloaded from the supplementary material of the AD
French paper [50-52]. The whole contents was copied into a note pad, and a = 7.784° A for I
unit cell was changed to 7.906°A for cotton fabric cellulose and saved in .cif file format. The
Mercury 3.5.1 program [53] was used to simulate diffraction patterns. The Full Width Half
Maximum (FWHM) was set at 1.5° 26 and the CuKa wavelength was set at 1.54056°A. For
the preferred orientation, a March—Dollasefactor of 2.0 [54] was applied to the (0 0 1) plane.
The pattern of cellulose II at 9° FWHM [51] was used to incorporate amorphous fraction of
cellulose.

4.4.3 Mechanical properties

In order to understand the effect of 60 % H,SO, solvent on the mechanical properties of
cotton fabric, samples with dimensions 15 X 5 cm were tested for the breaking strength,
elongation and modulus of control and cellulose-TiO, coated fabrics were measured
according to I1SO 1924-2 [55] standard test method on Testometric M250-2.5 machine (UK).
Five number of samples were tested and statistical treatment was done.

4.4.4 Photocatalytic properties

The Orange Il dye and wine were used as a stain for the experiments. Stained samples were
irradiated under UV light as a function of time to see the effect of TiO, on degradation of
stain. Philips TL 6W/05 CE UV tubes (400-320 nm) were used for irradiation of stain. After
irradiation, the fabric samples were scanned on the scanner at 300 dpi and the scanned images
were analyzed by ‘Image J’ software [54, 55]. Image] is an open source Java image
processing program inspired by NIH Image[55]. It runs on any computer with a Java 1.8 or
later virtual machine. Downloadable distributions are available for Windows, Mac OS X and
Linux. ImageJ has a strong, established user base, with thousands of plugins and macros for
performing a wide variety of tasks. ImageJ can display, edit, analyze, process, save and print
8-bit, 16-bit and 32-bit images. It can read many image formats including TIFF, GIF, JPEG,
BMP, DICOM, FITS and "raw". It supports "stacks", a series of images that share a single

12



window. It is multithreaded, so time-consuming operations such as image file reading can be
performed in parallel with other operations. It can calculate area and pixel value statistics of
user-defined selections. It can measure distances and angles. It can create density histograms
and line profile plots. It supports standard image processing functions such as contrast
manipulation, sharpening, smoothing, edge detection and median filtering [56]. Ten number
of samples were analyased for photocatalytic degradation. Blue colour intensity was taken
into consideration since it was only changing. Figure 2 shows the process to analyze stain
degradation by ImageJ.

Procedure of image analysis by ImageJ software

ImageJ

File

Open

Select image

Select rectangular area

Analyze

Tool

Colour histogram

RBG values

Blue colour intensity

Figure 2. Method to analyze photocatalytic degradation of stain by ImageJ



4.4.5 Stiffness of treated fabric

The bending force of fabric was measured on TH-7 instrument [61]. The device TH-7 (figure
3) was developed in Department of Textile Evaluation at Technical University of Liberec by
Dr. Ludmila Fridrichova. It was developed by means of innovation of device TH-5 on which
only rectangle samples sized 2.5 cm 5 cm could be measured. The differences between model
of device TH-5 and TH-7 and the essential innovations that were realized on the older device
TH-5 is given below.

range
of measuring

Sensor jaw

[ button OF/ ON

Figure 3. Device TH-7 [57].

1. The clamping and sensor jaw was extended so that the device could be used for
measuring rectangular, square and circular samples.

2. The revolving clamping jaw was designed so that it could turn in both directions,
which enabled one to draw the whole hysteresis loop of bending (figure 4).

3. The sensor jaw was adjusted so that the bending power could be scanned in both
directions: face— face and back—back. The sensor jaw is U-shaped.

4. There are Teflon tubes on the sensor jaw that reduces the coefficient of friction
between the tube and the bent fabric.

5. To control the device and store the measured data, new software was developed. The
output of the measuring is a hysteresis loop (curve). The data are stored in a data file
(csv) and at the same time in a graphic file (png), as shown in figure 4.

6. Device TH-7 also enables one to measure the cyclical strain of the sample. It is
possible to set 10 cycles of automatic bending at maximum. The values of every cycle
are recorded, as well as the final average value.
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Figure 4. Hysteresis loop of bending from device TH-7 [57].

The device enables the measuring of non-textile materials, for example paper, foils and
membranes; however, it was constructed mainly for measuring fabrics. It has three ranges of
measured bending force. The range of measuring force of bending is from 40 to 4000 mN.
The output from the device is the value of bending force Fm [mN]. This value can be
measured for various sample widths, with 50 mm being the maximum and the minimum being
unlimited.

C : "l

S] 3 ;""

Figure 5. Scheme and photography of bending sample on device TH-7. [57].

The suggested length of the sample is 50 mm; however, textiles of 25 mm minimum length
can be measured, too. Materials whose thickness does not exceed 1.5 mm can be bent. The
distance between the clamping and the sensor jaws is 14 mm. The scheme and photography of
bending the fabric on device TH-7 is given in figure 5 [Cj: clamping jaw; Sj : sensor jaw, it is
scanning bending force (Fn= Fy horizontal force component); F,: resultant force; F,: vertical
force. (a) Sample in zero position. (b) Sample turned to position +90 face—face. (c) Sample
turned to position -90° back—back]. The output value from device TH-5 or TH-7 is bending
force Fm. The calculation of bending moment Mo [Nm] is described for the older model,
device TH-5, according to the standard C'SN 80 0858, where Mo % Fm k, k % 0.604 for
samples of 2.5 cm width. There is more information in the article by Naujokaityte et al- [58].
If we want to compare the mutual bending behavior of textiles that were measured only on
device TH-7, it is possible to work only with the value of bending force Fm [Nm], so it is not
necessary to convert Fm to the value of bending rigidity B [Nm2 /m], or to the bending
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moment M [Nm]. Stiffness was calculated by multiplying bending force to 0.008. Five
number of samples were tested and standard deviation was calculated.

4.4.6 Quantitative evaluation of anti-bacterial activity (AATCC-100)

American Association of Textile Chemists and Colorists (AATCC) standard methods such as
AATCC 147 and AATCC100 were used to investigate antibacterial activity of cellulose-TiO,
coated cotton fabric. Four different bacterial strains, Escherichia coli (EC), Klebsiella
pneumonia (KP), Staphylococcus aureus (SA), Methicillin resistant staphylococcus aureus
(MRSA) respectively were used.

AATCC 147: The sample with dimensions 18x18 mm was wetted in distilled water and
placed on moist filter paper (in distilled water). Both sample and filter paper were placed
together in petri dish and then dish was closed. After 15 minutes of UV radiation exposure,
the sample was placed on blood agar. The blood agar plates were individually inoculated with
bacterial stains at a concentration of 10° CFU / ml. The samples were cultivated in incubator
at 37 °C for 24 hours.

AATCC100: The sample wetted in distilled water with the dimension of 18x18 mm was
placed on wet filter paper and then together placed in covered petri dish. The sample was
placed into sterile container and exposed to UV radiations for 15 minutes. Thereafter 50ul of
bacterial stain (inoculums) was applied on the sample and allowed to wick through the sample
stack. The inoculated swatches incubated for 24 hours at 37°C; thereafter a neutralizing broth
composed of 50ml of saline was added and container was shaken so as to release the
inoculums from the test swatches and into the neutralizing broth. The bacteria present in this
liquid was obtained as the percentage reduction [59].

The percentage reduction of bacteria was calculated using the following formula:

(B—A)T=R (4)

Where R is the percentage reduction; A and B are the number of bacteria recovered from the
inoculated treated and untreated fabrics.

4.4.7 Evaluation of antifungal properties of coated fabric

The antifungal properties were measured using the following fungi mixture in aqueous
suspension at a concentration of 10° CFU/ml: Penicillium digitatum (CCM F-382), Rhizopus
stolonifer (CCM F-445), Cladosporium sphaerospermum (CCM F-351), Chaetomium
globosum (CCM 8156). Three samples of cotton fabric coated with TiO,, each with area of
about 4 cm?, with different concentrations of TiO, (0, 1, 3, 5 and 10%) were placed on agar
medium [Malt agar, Cadersky-Envitek, Ltd, Brno, Czech Rep.] and inoculated with a
suspension of testing moulds. Incubation of the tested sample was conducted for two weeks at
a temperature of 22 + 3 °C, at daylight (near a window). After the test, evaluation of
antifungal properties was done on the basis of visual assessment according to the EN 14119,
2003 Standard [60] by determining degree of mould growth on the surface of fabric samples.

The rating system for mold growth was as follows:

0 — no visible growth evaluated microscopically,

1 —no visible growth evaluated with the naked eye but clearly visible microscopically,
1 —growth visible with naked eye, covering up to 25% of tested surface,
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2 —growth visible with naked eye, covering up to 50% of tested surface,
3 —considerable growth, covering more than 50% of tested surface,
4 —Very intense growth, covering all tested surface.

4.4.8 Air and water vapor permeability

The air permeability of control and coated cotton fabrics was analyzed using a Textest FX
instrument according to the ASTM D2986 standard test method. The air permeability was
measured at pressure of 200 Pa and range of 3. The measuring principle depends on
measurement of the air flow through the fabric under a certain pressure gradient Dp. The
water vapor permeability was analyzed using a Permetest device (Sensora Instruments) with
the fast skin model according to the 1SO 11092 standard.

4.4.9 Durability of stiffness and photocatalytic properties

Durability of Cellulose-TiO, coated fabrics for stiffness and photocatalytic properties against
repeated washing were evaluated by washing TiO,-Cellulose coated cotton fabrics according
to modified AATCC (American Association of Textiles Chemists & Colorists) test method 61
(2A)-1996 [66]. After washing, samples were analyzed for stiffness and photocatalytic
properties. The fabric was washed with 4g per liter (g/1) detergent at 40 °C for 1hr. Washed
fabrics were further evaluated for stiffness and stain degradation.

Summary of the results achieved

5.1 Morphology of cellulose and cellulose-TiO, coated cotton fabric

To investigate the change in the surface morphology of the coated cotton fabric, scanning
electron microscopy was used to estimate the influence of the modification process on the
fabric. These images (figure 6) are of cellulose coated cotton fabric in which coating was
done with dissolved pulp in NaOH-urea-thiourea solvent system. Cross sectional and surface
images of cellulose-coated and uncoated cotton fabrics are presented in figure 6. These
micrographs reveal that the applied cellulose formed a film on the surface of the cotton fabric,
covering the spaces between yarns. This formed film is attached to the surface of cotton fabric
by intermolecular hydrogen bonding. The hydrogen bonds from between coated cellulose and
cotton fabric cellulose because strong solvent NaOH-urea-thiourea or 60% H,SO, has been
used to dissolve cellulose for coating. Solvent molecules interact with cotton fabric cellulose
and try to dissolve and bring both cellulosic phase together.
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Figure 6. SEM images of (a, ¢) uncoated cotton fabric and (b, d) cellulose-coated cotton fabric

During this process coated cellulose and cotton fabric cellulose form intermolecular hydrogen
bonding. This interchain linkage help coated cellulose to stay attached to fabric. Figure 7 (a—
f) show the morphological changes inducted by the coating of cellulose-TiO; on the surface of
the cotton fabric. It isapparent from the micrographs that coated cellulose forms a thinfilm on
the fiber surface. Figure 7 (c—f) show the white particles on the surface and these white
particles in the micrographs confirm that TiO, was successfully coated with the cellulose on
the surface. Micro-graphs also reveal that coated cellulose holds the TiO, particles by forming
the film on fabric surface. Solvent (60% H,SO,;) molecules interact with cotton fabric
cellulose therefore forming an interchain linkage between dissolved cellulose and coated
cellulose as a result of this linkage, celluloseis not easily washed away by water. It is not
possible to detect the interchain linkage by spectroscopic technique because both
themolecules are same. X-ray diffraction pattern of solvent treated cotton fabric (figure 24)
shows some changes in the structure of cellulose. Cellulose Il content increases slightly and
proves the interaction between solvent and cotton fabric during coating.
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Figure 7. SEM photographs of TiO, - cellulose coated cotton fabric a) Control, b) 0% TiO,, )
1% TiO,, d) 3% TiOy, €) 5 % TiO,, f) 10% TiO..

5.2 Photocatalytic degradation of orange Il under UV light

Cotton fabrics coated with cellulose-TiO, were analyzed for self-cleaning using photocatalytic
degradation of orange Il dye under UV light irradiation. Figure 8 shows scanned images of
TiO, coated cotton fabric with various concentrations after irradiation under UV light at
diffrent time of intervals. In figure 9, the exponential curves are form of the equation
B=By+(B.-Bo) (1"**). Here B is calculated intensity, B, is observed highest intensity, Boo is
the intensity of pure cotton fabric without stain, kis constant and t is time. Significant
discoloration of orange Il dye was observed at 5 and 10 % TiO, coated samples. Evaluation of
Orange Il by ImageJ software is shown in figure 9. ImageJ software measures the intensity of
color by using the color histogram tool. Here when sample becomes whiter, the value (counts)
of color intensity increases that means it is measuring the whiteness of the sample. It is clear
from figure 8 and 9 that degradation rate increases with increasing concentration of TiO, and
time of irradiation. Coated samples with 1 and 3 % TiO, showed some degradation too but
low as compared to 5 & 10 % due to low concentration. Figure 9 also shows that degradation
of orange Il increases with increasing irradiation time and TiO, concentration. Undyed control
sample gave 249.7 counts whereas the dyed sample gave 186.6 counts and all the samples
were compared in this range. All the TiO, coated samples show the photocatalytic properties
and are therefore capable of stain degradation.
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Figure 8. Degradation of Orange Il under UV-visible light irradiation on cellulose-TiO,
coated samples.
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Figure 9. Evaluation of orange Il degradation by ImageJ.
5.3 Wine stain degradation

The photocatalytic self-cleaning ability of TiO,-cellulose coated cotton fabric with red wine
stain was observed by irradiating samples under UV light. Irradiated coated cotton fabric
samples were scanned on the scanner and then evaluated by using ImageJ software. Figure 10
shows the scanned images of control, only cellulose coated and 1, 3, 5 and 10% TiO,-
cellulose coated cotton fabric with red wine stain after 15 minutes of irradiation under UV
light. It is clear from the figure 10 that red wine stain of 3, 5 and 10% TiO,-cellulose coated
samples was degraded whereas control, only cellulose coated samples remained unaffected.
Due to low concentration of TiO; in 1% coating sample shows less degradation of wine stain.

(a) (b) (¢) (d) (¢) (f)

Figure 10. Scanned pictures of (a) Control (b) only cellulose coated and (c) TiO,-cellulose
coated cotton fabric after irradiation of red wine stain under UV light

Effect of TiO, concentration on wine stain degradation was evaluated by using ImageJ
software. It is observed in figure 11 that degradation of stain increases with increasing
irradiation time and concentration of TiO, Samples coated with 3, 5 and 10% TiO, shows
significant discoloration of stain after irradiation under UV light for 15 minute. 1% TiO,
coated cotton fabric shows least amount of degradation after UV light irradiation because of
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less concentration of TiO,. Thus, from these results it is clear that degradation of stain
depends on amount of TiO, in coating.
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Figure 11. Effect of TiO, concentration on wine stain degradation
5.4 Durability of cellulose-TiO; coated cotton fabric for self-cleaning ability
To study the effect of washing on the self-cleaning ability of cellulose-TiO, coated cotton

fabric, the fabric was washed with 4g per liter (g/l) detergent at 40 °C for lhr. Figure 12
shows the effect of washing on self-cleaning ability of coated fabrics.
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Figure 12. Effect of washing on stain degradation
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In figure 12, the exponential curves are form of the equation B=Bo+(B..-Bg) (1"**"). Here B is
calculated intensity, By is observed highest intensity, Boo is the intensity of pure cotton fabric
without stain, k is constant and w is washing cycle. Coated samples with 1, 3 and 5% TiO;
show very good durability against washing up to 10 cycles. The sample coated with 10% TiO,
showed poor durability because TiO, was not dispersed homogeneously in cellulose solution
due to the higher concentration and is illustrated in the SEM images (figure 7 f). It is apparent
from figure 12 that stain degradation starts decreasing after 1st washing for 3, 5, and 10 %
TiO, coated cotton fabric, however, the ability to degrade the orange Il dye stain still persists
upto 10 washing cycles with all cellulose-TiO, coated samples. The fabric ability to degrade
stain dropping after first cycle of washing because loosely attached cellulose was washed
away with water. Therefore, this study confirms that significantly higher level of stain
degradation is preserved as compared to uncoated fabric.

5.5 Rubbing effect on wine stain degradation

Textile materials frequently go through rubbing so it is neccesary to investigate its effect on
self-cleaning ability of cellullose-TiO, coated cotton fabric. The cellulose-TiO, coated cotton
fabric was tetsed against rubbing on abrasion and pilling tester for different cyles such as 0, 5,
10, 50, 100 cyles. Samples coated with 5 and 10% TiO, (on the weigth of cellulose) shows
excellent results againt rubbing upto 100 cyles. 3% TiO, coated sample shows significant
decrease in self-cleaning ability.

0 cycles 5 cycles 10 cycles 50 cycles 100 cycles

1% TiO,

3% TiO,

5 % TiO,

10 % TiO,

Figure 13. Scanned images of wine stain degradation of rubbed samples after 15 minuts of
UV irradidition

The trend show that with increasing concentration of TiO, the stablity against increasing of
coated samples. Figure 13 shows the pictorial images of wine stain degradation after 15
minuts of UV irradiation. Evaluation of waine stain degradation after rubbing 100 cycles by
ImageJ is shown in figure 14. The origin lab software was used to plot this graph and B-spline
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function used to draw curve for smotthness. There is some amount of drop in stain
degradation between 1-10 rubbing cycles in all samples but not very significant. This is
happening because loosely attached cellulose-TiO, ging away at initial abrasion. After 10
cycles of rubbing there is no substantial change on wine stain degradation under UV
irradiation for 15 min. Trend shows that stain degradation decreases with decreasing
concentration of TiO, as rubbing cycles increases. Therefore, cellulose-TiO, coated cotton
fabric is stable against rubbing.
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Figure 14. Evaluation of rubbing effect on wine stain degradation after 15 min of UV
irradiation by ImagelJ

5.6 Stiffness
5.6.1 Stiffness of cellulose coated cotton fabric in Urea—-Thiourea—NaOH solvent system

Different concentrations of cellulose solution were prepared by dissolving cellulose in the
Urea—Thiourea—NaOH-Water solvent system. The cellulose concentration was increased up
to 5 % by decreasing the water concentration. This solvent can clearly dissolve a maximum of
6 % cellulose, but such 6 % solution has very high viscosity and is difficult to apply to fabric.
The prepared cellulose solution was applied on cotton fabric by using roller padding to
increase its stiffness permanently. The stiffness of the control as well as coated cotton fabrics
was measured using a TH-7 instrument [57]. Figure 15 shows the effect of cellulose coating
on the stiffness of the cotton fabric. The cotton fabric with 5 % cellulose coating showed very
high stiffness compared with the other samples. From figure 16 it is also clear that the
stiffness increased with increasing cellulose concentration. The SEM micrographs in figure 6
reveal that the coated cellulose was attached homogeneously to the fabric surface, which is
why the stiffness was high and permanent. The coated cellulose was homogeneously
distributed over the fabric surface because, during coating, the solvent molecules try to
dissolve the fabric cellulose and link cellulose chains together. It is not easy to prove such
linking by spectroscopic methods, because both molecules are the same. However, from the
results of SEM imaging and the washing study, it is clear that there is a link between both
kinds of cellulose chains, which is why the coated cellulose was not removed by the water
during washing.
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Figure 16. Effect of cellulose concentration on stiffness of cotton fabric
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Figure 17. Durability of only cellulose coated cotton fabric against washing

Figure 17 shows the effect of washing on the stiffness of the cotton fabric. In figure 17, the
exponential curves are form of the equation B=Bo+(B.-By) (1-e*"). Here B is calculated
stiffness, By is observed highest stiffness in sample, Boo is maximum stiffness (3 N.m), kis
constant and w is washing cycle. This study was carried out with the 5 % cellulose-coated
sample. Samples were washed with 4-gpl soap detergent at 40 °C. Figure 17 shows that the
stiffness decreased slightly after the first washing, but thereafter there was no drastic change,
and the stiffness remained high even after 10 washing cycles. There was no significant drop in
stiffness after 5 washing cycles, because the stiffness decreased by only 0.29 N m between 5
and 10 washing cycles. This indicates that there is no need to reapply cellulose solution like
starch. This study confirms that the stiffness obtained after applying cellulose to the surface of
cotton fabric is permanent.

5.6.2 Stiffness of cellulose-TiO, coated cotton fabric in 60% Sulfuric acid solution

Stiffness is a special property of the fabric. It is a tendency of the fabric to keep standing
without support. The bending force was measured to calculate the stiffness of the fabric on
TH-7 instrument. Figure 18 compares the stiffness of control fabric with cellulose-TiO,
coated cotton fabric. It is clear from figure 18 that the stiffness increases significantly when
the cotton fabric is coated with cellulose. The stiffness was slightly decreased when TiO, was
added to the cellulose solution because viscosity of cellulose solution decreases after mixing
TiO,. Xu et al explain how viscosity decreases after adding small amount of nanoparticles in
to solution [61]. Viscosity decreases after adding TiO, in cellulose solution because
nanoparticles reduce the polymer chain entanglement. Stiffness of all coated samples was
higher than the control cotton fabric sample and comparable to starched sample. Stiffness of
coated samples is in the range of 1.07 - 1.22 Nm. Solvent treated cotton fabric shows similar
stiffness to control cotton fabric that means there was no effect of solvent treatment on
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stiffness of cotton fabric. Hence, cellulose coating increases the stiffness of cotton fabric
significantly.
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Figure 18. Stiffness of control, Solvent treated (Sol. Tr.), Starched, only cellulose (0% TiO5)
and cellulose-TiO, coated cotton fabric.

5.7 Durability stiffness against washing of cellulose-TiO, coated cotton fabric

To study the effect of washing on stiffness of cellulose-TiO, coated cotton fabric, the fabric
was washed with 4 g/l detergent at 40°C for 1 hr. Figure 19 shows the effect of washing on
stiffness of coated fabrics. Coated samples with 1, 3 and 5 % TiO, show very good durability

against washing up to 20 cycles.
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Figure 19. Durability of stiffness against washing
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It is apparent from the figure 19 that stiffness decreased after 1% washing. However, the
stiffness was stable after first washing with all cellulose-TiO, coated samples as compare to
starched fabric. The fabric stiffness dropped after first cycle of washing by 0.68 Nm because
loosely attached cellulose was washed away with water. There is no significant drop in
stiffness after first washing because the stiffness was slightly decreased until after the 20™
cycle of washing. Therefore, there is no need to reapply cellulose solution unlike starch. This
study confirms that significantly higher level of stiffness is preserved as compared to starched
fabric.

5.8 Antibacterial activity of cellulose-TiO, coated cotton fabric

Effect of TiO, coating on the growth of bacterias such as Escherichia coli G- CCM 2024,
Klebsiella pneumoniae G- CCM 2318, Stapgylococcus aureus G+ CCM 226 a MRSA
(methicillin-resistant Staphylococcus aureus) G+ CCM 4223 were investigated. Figure 20 &
21 show the pictures of bacterial growth on coated and uncoated cotton fabric against S.
aureus (figure 20) and MRSA (figure 21). Table 2 reflects the observation of bacterial
reduction by AATCC 100. Table 2 shows that compact bacteria’s were obtained in case of G-
ve Escherichia coli (EC) and Klebsiella pneumonia (KP) bacterias. Table 3 gives the
percentage reduction/multiplication of the test bacteria (G+ve S. aureus and MRSA)
confirmed quantitatively utilizing the AATCC100 method. It is observed that the coating of
fabrics with TiO,-cellulose had a positive reduction of S. aureus bacteria and MRSA bacteria.
The effectiveness of the anti-microbial activity increased with increase in the concentration of
the TiO, coating.

Table 2. Observation of bacterial reduction by AATCC 100

Method: Cellulose
AATCC100 Control coated 1% TiO, 3% TiO, 5% TiO, 10% TiO,

Compact Compact Compact Compact Compact Compact

Escherichia coli bacteria bacteria bacteria bacteria bacteria bacteria

10° CFU/ml
occurrence  occurrence  Ooccurrence  occurrence  occurrence — occurrence
Klebsiella Compact Compact Compact Compact Compact Compact
pneumoniae bacteria bacteria bacteria bacteria bacteria bacteria
10° CFU/ml OoCcurrence occurrence Occurrence occurrence  occurrence  occurrence

Staphylococcus

aureus 960 900 68 32 22 17
10° CFU/ml

MRSA
10° CEU/MmI 104 120 98 42 34 22
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Figure 20. Antibacterial activity against Staphylococcus aureus bacteria
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10% TiO,
Figure 21. Antibacterial activity against Methicillin-resistant Staphylococcus aureus
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Fabrics treated with 1% TiO; had the lowest S. aureus bacterial reduction. However, with an
increase in the concentration of TiO,, there was a high jump from 6.3% to 96.7% reduction of
S. aureus bacteria on 3% TiO; treated fabrics. These results confirm that sample coated with
3, 5 and 10% TiO,-cellulose show strongest inhibition efficiency against bacteria’s. The
effectiveness of the anti-microbial activity increased with increase in the concentration of the
TiO, coating. Fabrics treated with 1% TiO, had the lowest S. aureus bacterial reduction,
however with an increase in the concentration of TiO,, there was a high jump from 6.3% to
96.7% reduction of S. aureus bacteria on 3% TiO, treated fabrics. Therefore, sample coated
with 3, 5 and 10% TiOz-cellulose show strongest inhibition efficiency against G+ bacteria’s
and compact bacterias occurred against G- bacterias. Same samples were analysed according
to AATCC147 standatrd method to investigate antibacterial activity. Unlike AATCC100, the
results from AATCC147 (Table 4) shows no effect of cellulose-TiO, coating on G-ve
bacterias such as Escherichia coli (EC) and Klebsiella pneumonia (KP). Also there is no effect
of coating on G+ve Staphylococcus aureus (SA) and Methicillin resistant staphylococcus
aureus (MRSA).

Table 3. Quantitative evaluation of bacterial reduction

Bacterial Reduction/Multiplication

S;rf,i,t.e Staphylococcus aureus  Methicillin-resistant Staphylococcus aureus
(SA) (MRSA)

Control - -

1% TiO, 6.3 13.3

3% TiO, 96.7 65.0

5% TiO, 97.7 68.3

10% TiO, 98.2 81.6

Table 4. Evaluation of antibacterial testing by AATCC 147
Method: Control Cellulose
AATCC147 Cotton coated cotton 1% TiO, 3% TiO, 5%TiO, 10% TiO,

fabric fabric

Escherichiacoli ) offect  Noeffect  Noeffect Noeffect Noeffect No effect

10° CFU/ml
Klebsiella 140 20n®
pneumoniae 25174 No effect No effect No effect Noeffect No effect
10° CFU/ml il
Staphylococcus :%Itocfggre
aureus 05493 No effect No effect No effect No effect No effect
10° CFU/mlI e
MRSA
10° CEU/mI No effect No effect No effect Noeffect Noeffect No effect
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5.9 Evaluation of antifungal activity of cellulose-TiO; coated cotton fabric

Antifungal activity of TiO, coated cotton fabric was evaluated with mixture of Penicillium
digitatum (CCM F-382), Rhizopus stolonifer (CCM F-445), Cladosporium sphaerospermum
(CCM F-351), Chaetomium globosum (CCM 8156) fungi’s in aqueous suspension at a
concentration of 10° CFU/ml. Figure 22 (a, b, ¢, d and ) shows the results of antifungal test.
The surface of agar in the Petri dishes was completely covered with fungi (filamentous
hyphae forming the mycelium) in the first 4 days. However, the filamentous hyphae
(mycelium) started to lose from the surface over the second week.
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Figure 22. Antifungal activity of (a) Control (b) 1% TiO, (c) 3% TiO, (d) 5% TiO; and (e) 10
% TiO, coated cotton fabric

Finally, the samples containing the titanium dioxide of 5 and 10% were most cleared. The
reason of this antibacterial activity is photocatalytic effect of TiO,, but this effect occurred
slowly and later (during the second week of cultivation). The amount of fungi decreased with
increasing concentration of TiO, from the beginning. Thus, long-term antifungal effect was
observed on samples of cotton fabrics coated with TiO, at concentration of 5% or higher and
according to the EN 14119, 2003 Standard [60] the grow of fungi ranged between degree 2
(high concentration of TiO,) and 4 (low concentration of TiO,) on the samples.

5.10 Investigation the effect of cellulose-TiO, coating and strong solvent on cellulose
structure by X-ray diffraction patterns

5.10.1 Effect of cellulose-TiO, coating and 60% Sulfuric acid on structure of cellulose

X-ray diffraction patterns were obtained to detect TiO, and to investigate the effect of 60 %
H,SO, solvent on cotton fabric. Figure 23 shows the X-ray diffraction patterns of the control
and cellulose-TiO, coated cotton fabric. The characteristic peak at 20 25.4 shows the
presence of T1O, in 3, 5 and 10 % TiO, coated cotton fabric. 1 % TiO, coated cotton fabric
does not show this peak presumably due to the lower concentration of TiO,. It can be seen
from figure 23 that the peak height of TiO, at 25  increases with increasing concentration of
TiO,. X-ray diffraction spectra of the control and cellulose-TiO, coated cotton fabric
exhibited main characteristic diffraction peaks at 14.7°, 16.3", and 22.4" of cellulose I. The
small peak at 12.3" and the bigger shoulder at 20" confirm the presence of cellulose 11 in both
control and the solvent treated samples. The control cotton fabric (figure 24) shows the peak
of Cellulose Il because of the chemical treatments used during the fabric processing to
improve the properties of cotton, such as dimensional stability, reactivity, luster etc. The
amount of cellulose Il was estimated by simulation method [62-64]. The ‘a’ value (I8 unit
cell) was adjusted to 0.7906 nm from 0.7784 nm, because less perfectly ordered cotton
cellulose.
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Figure 23. X-ray diffraction patterns of cellulose-TiO, coated cotton fabric

Cellulose |

Cellulose 11

10 20 30 40

Figure 24. Diffraction pattern of Control (red curve) and solvent (without cellulose) treated
(blue curve) cotton fabric
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Figure 25. Diffraction pattern of control cotton fabric fitted with simulated pattern
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Figure 26. Diffraction pattern of 60 % H,SO, treated cotton fabric fitted with simulated

pattern.

The basic idea of this simulation is to fit combined x-ray diffraction patterns of cellulose I, 11
and amorphous fractions obtained from Mercury 3.0 program with diffraction pattern of
treated sample to quantify cellulose fractions. Diffraction intensities, output by the Mercury
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program from the Cambridge Crystallographic Data Centre, have several uses including
comparisons with experimental data. Calculated intensities from different polymorphs can be
added in varying proportions using a spreadsheet program to simulate patterns such as those
from partially mercerized cellulose or various composites.Amorphous cellulose significantly
influences the diffraction pattern and that is why it was included in the simulation. To
incorporate amorphous fraction into the simulation, the diffraction pattern of Cellulose Il at 9
deg. FWHM was used [63]. Figure 25and 26 are the diffraction patterns of 60 % H,SO4
solvent treated and control cotton fabrics respectively fitted with corresponding simulated
pattern. Table 5 shows the composition of cellulose in 60% H,SO, solvent treated and control
cotton fabric. Solvent (60 % H,SO,) treated cotton fabric shows 22.2 % cellulose 11, which
slightly higher than the control sample (16.9 %), that means there is an effect of the solvent on
cotton fabric during coating. The effect of solvent on structure of cotton fabric was negligible
because the treatment time was of 20 sec duration at room temperature which was the same
conditions used for cellulose coating.

5.10.2 Effect of NaOH-Urea-Thiourea-Water solvent system on cellulose structure

The effect of the urea—thiourea—NaOH-water solvent system on the cotton fabric was
analyzed using X-ray diffraction analysis. Figure 27 shows an overlay of the X-ray diffraction
spectra of the original (black) and regenerated (red) cellulose pulp, while figure 28 shows an
overlay of the X-ray diffraction spectra of control (black) and urea-thiourea—NaOH-water-
treated (red) cotton fabric. In figure 27, the characteristic peak of cellulose I at 16.20° is
missing for the regenerated pulp cellulose while the peaks at 12.3° and 21.20° show that the
structure of the pulp cellulose has been converted from cellulose | to Il. The X-ray diffraction
spectra and overlapping peak resolution of the control and solvent-treated cotton fabric show
main characteristic diffraction peaks at 14.7°, 16.3°, and 22.4° for cellulose I. The small peak
at 12.3° and larger shoulder at 20° show the presence of cellulose II in both samples (figure
28 ) with slightly more in the solvent-treated (red curve) sample. The control cotton fabric
showed peak of cellulose 11 because of the chemical treatments used during fabric processing
to improve properties of cotton such as its dimensional stability, reactivity, luster, etc. [65].
The amount of cellulose Il was estimated by the simulation method [62-64]. The ‘a‘ value
was adjusted to 0.7906 nm because of the less perfectly ordered cotton cellulose. Amorphous
cellulose significantly influenced the diffraction pattern and was therefore included in the
simulation. The diffraction pattern of cellulose II with FWHM of 9° was used for amorphous
cellulose[63] in the simulation. Figures 29 and 30 show the diffraction pattern of the control
and solvent-treated cotton fabrics, respectively, fit with the corresponding simulated pattern.
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Figure 27. X-ray diffraction pattern and analysis of original (Black) and regenerated (Red)
cellulose pulp.
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Figure 28. X-ray diffraction pattern and analysis of control (black) and solvent treated cotton
fabric (Red).
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Table 5 presents the composition of cellulose in the control and solvent-treated cotton fabric.
Solventtreated cotton fabric showed a slightly greater amount of cellulose Il (21.5 %)
compared with the control sample (16.9 %), indicating a solvent effect on the cotton fabric
during coating. The effect of the urea—thiourea-NaOH-water solvent system on the structure
of the cotton fabric was small because the treatment time was just 20 second at room
temperature, with the same conditions used for cellulose coating.

Table 5. Estimation of cellulose fractions

Sample description Cellulose 1 [%] Cellulose 11 [%] Amorphous
cellulose [%]
Control cotton fabric 47.5 16.9 35.6
NaOH-Urea-Thiourea- 45.2 21.5 33.3
Water
60 % H,SO, treated cotton 447 22.2 33.1
fabric

5.11 Colour strength and related parameter

The K/S value of the dyed fabric was directly proportional to the amount of dye present in the
fabric. The relative color strength (%) and K/S values of the cellulose-coated dyed samples
are presented in Table 6 from which it is clear that the K/S values of the cellulose-coated dyed
fabrics were lower than for control dyed samples. Dye uptake decreased as the cellulose
concentration was increased, as reflected in the observed values. Reactive Blue 49 dye
showed better dyeability than Reactive Red 240 or Reactive Yellow 95. The lower K/S values
for the cellulose-coated cotton fabrics are related to the applied cellulose.

Table 6. Spectrophotometric analysis of dyed sample

C.l. Relative
Dye Cellulose Standard
] o Half color
Content Dye concentration L* ax b* AE KIS Deviation )
size)  strength
[% owf] [%] [o] KIS

K/S [%]

Control 53.22 6115 2.25 0 7.29 0.65 0.81 100
Reactive 1 59.33 6221 275 6.22 2.54 0.38 0.47 34.87
Red 240 3 61.34 6298 3.23 838 2.36 0.25 0.31 32.45
5 63.75 6326 356 10.81 2.25 0.32 0.40 30.97

Control 81.51 16.63 66.91 0 8.15 0.45 0.56 100
Reactive 1 8259 17.26 67.49 137 374 0.85 105 4598

3 Yellow

o5 3 82.87 1514 6193 537 3.07 0.63 0.78 37.72
5 84.32 2128 7346 851 321 0.56 0.70 39.45

Control 24.91 -3.89  -18.1 0 20.47 0.25 0.31 100
Reactive 1 25.12 -3.45 -17.18 1.04 13.72 1.32 1.64 67.03
Blue 49 3 27.25 277 -1599 334 133 1.25 1.55 64.98
5 28.32 245 -1558 447 12.49 1.71 2.12 61.04

9 Reactive Control 4217 5955 13.72 0 20.75 0.61 0.76 100
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Red 240 1 47.26 61.1 5.66 9.65 1214 1.98 2.46 58.51

3 4837 6185 572 1037 8.79 1.59 197  42.36
5 4998 6212 585 1138 7.7 1.92 238  37.15
Control 7332 1553 6991 0 2173 031 0.38 100
Reactive 1 7559 1626 67.49 339 1367  0.92 114 62.92
Yellow

o 3 80.87 1664 66.93 819 121 1.45 180  55.69
5 8232 17.12 62.46 1179 871 2.1 261  40.09

Control 1611 -422 -15.1 0  26.63 121 1.50 100
Reactive 1 1692 -335 -1468 126 23.28 1.82 226  87.41
Blue 49 3 17.25  -3.67 -14.09 1.61 2259 1.61 2.00 84.83
5 1832 -375 -13.78 261 17.12 177 220  64.31

Control 3794 5792 1472 0 2491 1.10 1.37 100
Reactive 1 461 581 556 1226 13.46 1.55 192  54.05
Red 240 3 4721 5898 561 1304 124 1.20 149 4832
5 4742 5923 567 1317 9.14 1.65 2.05 36.7

Control 69.32 1463 6691 0 2574  0.85 1.05 100
Reactive 1 7252 17.26 5949 849 16.13 1.62 201 62.67

15 Yellow

o 3 7438 1514 5893 946 1546 1.23 153  60.05
5 7513 2128 59.46 11.55 11.71 1.10 137 4548

Control 1211 545 -1301 0 2968 052 0.65 100
Reactive 1 1502 -455 -12.88 3.04 256 0.95 118  86.26
Blue 49 3 1595  -4.87 -1219 3.96 24.78 1.09 1.35 83.49
5 1641 -395 -11.78 471 18.69 1.32 164 62,99

The possible cause of this decrease is that the coated pulp cellulose was mercerized after
dissolution, reducing dye uptake by the fabric because it was on the surface. Table 6 shows
that the relative color strength (%) of the dyed samples decreased with increasing cellulose
concentration for each shade % of the dye. These results further indicate that the cellulose
coating decreased the dye uptake by the coated cotton fabric. The Commission Internationale
de I’Eclairage (CIE) Lab system was used to determine the color parameters and color
variation, where L* indicates the darkness—lightness value with 0 to 100 representing black to
white, the a* value goes from negative (green) to positive (red), and the b* value goes from
negative (blue) to positive (yellow); AE gives the total color difference. High L* values
indicate that the dyed coated sample was lighter than the uncoated sample. Reactive Blue 49
dye showed lower L* values (Table 6) than Reactive Red 240 or Reactive Yellow 95.
However, the L* value increased with increasing cellulose concentration, meaning that all the
coated samples were brighter compared with uncoated cotton fabric.

The color difference values (AE) are presented in Table 6, showing that there was a
significant color difference between the uncoated and coated cotton fabric samples with
different cellulose concentrations, even though both samples were dyed with the same dye
concentration. The AE values for the samples dyed with Reactive Blue 49 were better than for
the other two dyes used for dyeing. Hence, Reactive Blue 49 showed better dyeability of
coated cotton fabric compared with Reactive Red 240 or Reactive Yellow 95. AE for Reactive
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Blue 49 dyed samples are better than other two dyes which was used for dyeing. Hence the
Reactive Blue 49 has better dyeability to coated cotton fabric as compare to Reactive Red 240
and Reactive Yellow 95.

5.12 Evaluation of fastness properties

During the use of textiles, they are frequently put through washing, rubbing & perspiration,
therefore durability of coated cotton fabric to these conditions is very important and that's
why it was evaluated and given in Table 7. Washing and rubbing fastness was evaluated for
all the three types of dyed fabric. Washing fastness of cellulose coated cotton fabric for
staining with adjacent fabrics (wool and cotton) for all dyed fabrics are excellent (4-5) & for
change in color are also fine (2-3). Ratings against rubbing for cellulose coated cotton fabrics
are good, 4 at dry rubbing and 3 at wet rubbing conditions. Thus, there is no significant
impact of cellulose coating on washing and rubbing fastness properties of cotton fabric.
Perspiration fastness at acidic & alkaline condition in terms of gray scale ratings for cellulose
coated and uncoated samples are given in Table 8. The gray scale ratings in the case of
cellulose coated dyed samples for change in color are 2-3 at both acidic and alkaline, that
means dyed samples are sensitive towards pH. Rating 4-5 for staining with wool as adjacent
fabrics are excellent and with cotton as adjacent fabric are also good. Perspiration fastness
was observed for all three kind of dyed samples and almost ratings are similar to all dyed
samples. Hence the perspiration fastness after coating cellulose on the surface of cotton fabric
remain good.
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Table 7. Washing and Rubbing Fastness properties assessment of dyed samples

Dye Wash Fastness Rubbing Fastness
Content Cellulose ) . ) .
f Dye Content [%] Evaluation of Evaluation of staining  Evaluation of staining
0/ .
[% owf] change in color Cotton Wool Dry Wet
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4-5 4-5 4-5 3-4
Reactive Red 240
3 2-3 4-5 4-5 4-5 3-4
5 2-3 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4-5 4-5 4-5 3-4
3 Reactive Yellow 95
3 2-3 4-5 4-5 4-5 3-4
5 2-3 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4.5 4.5 4-5 3-4
Reactive Blue 49
3 2-3 4-5 4-5 4-5 3-4
5 2-3 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4.5 4.5 4-5 3-4
Reactive Red 240
3 2-3 4-5 4-5 4-5 3-4
5 2 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4.5 4.5 4-5 3-4
9 Reactive Yellow 95
3 2-3 4-5 4-5 4-5 3-4
5 2 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4-5 3-4
1 2-3 4-5 4-5 4-5 3-4
Reactive Blue 49
3 2-3 45 45 4-5 3-4
5 2 4-5 4-5 4-5 3
Control 2-3 4-5 4-5 4 3-4
Reactive Red 240 1 2-3 4-5 4-5 4 3-4
3 2 4-5 4-5 4 3
5 2 4-5 4-5 3-4 3
Control 2-3 4-5 4-5 4 3-4
1 2-3 45 45 4 3-4
15 Reactive Yellow 95
3 2-3 4-5 4-5 4 3
5 2 4-5 4-5 3-4 3
Control 2-3 4-5 4-5 4 3-4
1 2-3 4-5 4-5 4 3-4
Reactive Blue 49
3 2-3 4-5 4-5 4 3
5 2 4-5 4-5 3-4 3
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Table 8. Perspiration Fastness assessment of dyed samples

Perspiration Fastness

Evaluation of change in

Evaluation of staining

Dye Content Dye Cellulose color
[% owf] Content [%] Acidic Alkaline
Acidic Alkaline With With With With
wool cotton wool cotton
Control 2-3 2-3 4-5 4-5 4-5 3-4
Reactive Red 240 1 2-3 2-3 4-5 45 45 3-4
3 2-3 2-3 4-5 4-5 4-5 3-4
5 2-3 2-3 4-5 4-5 4-5 3-4
Control 2-3 2-3 4-5 4-5 4-5 3-4
1 2-3 2-3 4-5 4-5 4-5 3-4
3 Reactive Yellow 95
3 2-3 2-3 4-5 4-5 4-5 3-4
5 2-3 2-3 4-5 4-5 4-5 3-4
Control 2-3 2-3 4-5 4-5 4-5 3-4
1 2-3 2-3 4-5 4-5 4-5 3-4
Reactive Blue 49
3 2-3 2-3 4-5 4-5 4-5 3-4
5 2-3 2-3 4-5 4-5 4-5 3-4
Control 2-3 2-3 4-5 3-4 4-5 3-4
Reactive Red 240 1 2-3 2-3 4-5 3-4 4-5 3-4
3 2-3 2-3 4-5 3-4 4-5 3-4
5 2-3 2-3 4-5 3-4 4-5 3-4
Control 2-3 2-3 4-5 3-4 4-5 3-4
1 2-3 2-3 4-5 3-4 4-5 3-4
9 Reactive Yellow 95
3 2-3 2-3 4-5 3-4 4-5 3-4
5 2-3 2-3 4-5 3-4 4-5 3-4
Control 2-3 2-3 4-5 3-4 4-5 3-4
1 2-3 2-3 4-5 3-4 4-5 3-4
Reactive Blue 49
3 2-3 2-3 4-5 3-4 4-5 3-4
5 2-3 2-3 4-5 3-4 4-5 3
Control 2-3 2-3 4-5 3-4 4-5 3-4
Reactive Red 1 2-3 2-3 4-5 3-4 45 3-4
240 3 2-3 2-3 4-5 3-4 45 3-4
5 2-3 2-3 4-5 3-4 4-5 3
Control 2-3 2-3 4-5 3-4 4-5 3-4
1 2-3 2-3 4-5 3-4 4-5 3-4
15 Reactive Yellow 95
3 2-3 2-3 4-5 3-4 4-5 3
5 2-3 2-3 4-5 3-4 4-5 3
Control 2-3 2-3 4-5 3-4 4-5 3-4
1 2-3 2-3 4-5 3-4 4-5 3-4
Reactive Blue 49
3 2-3 2-3 4-5 3-4 4-5 3
5 2-3 2-3 4-5 3-4 4 3
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5.13 Mechanical properties

Breaking strength of cotton and cellulose-TiO, coated fabric was measured on Testometric
M250 - 2.5 instrument. Breaking strength of coated and the uncoated cotton fabric is shown in
figure 31. It is clear from figure 31 that the tensile strength increased after coating of
cellulose-TiO, on the surface of the cotton fabric. The breaking strength of cellulose-TiO,
coated fabric is increased by 65-83 N. The strength of coated fabric was increased because
coated cellulose attaches on the surface in the form of thin layer and this attached cellulose
provides additional strength to cotton fabric.
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Figure 31. Breaking strength of control, Solvent treated (Sol. Treat.) and coated cotton

fabrics.

Table 9. Mechanical properties

Sample description Modulus (E) [Mpa] Elongation [%]
Control 121.73 6.23
Solvent treated 121.37 7.33
Only cellulose coated 141.18 8.19
1% TiO, coated 142.17 8.23
3% TiO; coated 140.03 7.99
5% TiO,, coated 137.83 7.40
10 % TiO; coated 140.27 8.39
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Tensile strength was not decreased even though strong solvent was used for coating because
while coating solvent does not interact strongly with cotton cellulose and was confirmed by
analyzing X-ray diffraction patterns of solvent treated cotton fabric. Table 9 shows modulus
and % elogation of coated and uncoated cotton fabric. Rresults show that modulus and
elongation increases after cellulose coating. It also confirms that only cellulose coating
increases the strength, elongation and modulus of cotton fabric. Hence the added strength due
to cellulose made the fibrous material withstand more load with increase in elongation.

5.14 Air and water vapor permeability

Air and water vapor permeability are the important comfort properties of textiles. It is
necessary to analyze the effect of coating on comfort properties of textiles. Figure 32 and 33
shows the effect of cellulose coating on air (figure 32) and water vapor permeability (figure
33) of the cotton fabric.
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Figure 32. Effect of cellulose-TiO; coating on air permeability of cotton fabric

Air permeability of cotton fabric was decreased by 32.5 to 56.1 1/m?/s. However, there was no
significant deterioration of air permeability. Water vapor permeability was also slightly
decreased (3.94 %) but is acceptable. 10% TiO, showed lower air and water vapor
permeability as compared to other samples. Cellulose forms a thin film on the surface of the
cotton fabric and covers the space between two yarns, which is the main cause that
permeability was decreased slightly after cellulose coating. From the results, it can be
concluded that there is no significant drop in both air and water vapor permeability after
cellulose-TiO, coating on the surface of the cotton fabric.
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Figure 33. Effect of cellulose coating on water vapor permeability of cotton fabric

uation of results and new finding

This study has produced new route to make cotton fabric self-cleaning, antibacterial and stiff.
Cellulose-TiO, nanoparticles were coated on the surface of cotton fabric by using roller
padding. Novel method was developed for quantification of cellulose 11 by X-ray diffraction

patter

ns. Degradation of Orange II dye under UV light was evaluated by using “Image J”

software. Effect of cellulose coating on dyeing, color fastness, perspiration fasness, rubbing
fastness and washing fastness was studied by using three reactive dyes. Staphylococcus
aureus and Methicillin-resistant Staphylococcus aureus bacterias were used for evaluation of
antibacterial activity. The following findings were drawn from the results;

7
A X4

X/

Surface morphology showed that coated cellulose is attached to cotton fibres and this
is due to interchain linkage between coated cellulose molecules and cotton fabric
cellulose molecules of cotton fabric by intermolecular hydrogen bonding. Since both
the molecules are same and both have hydrogen bonding, it is difficult to prove by
using spectroscopic measurements. However, SEM pictures and washing study
confirms that coated cellulose is strongly attached to cotton fabric. Coated cellulose
forms thin film on the surface of cotton fabric and it holds the TiO, nanoparticles.

Presence of characteristic peak of TiO, at 25.4° in x-ray diffraction pattern of
cellulose-TiO, coated cotton fabric confirms successful coating process. Since strong
solvent is used for this study, the effect of solvent on cotton fabric has been studied by
developing simulation model on the basis of X-ray diffraction patterns. According to
simulation amount of cellulose 11 was increased slightly after solvent treatment.

Tensile strength increased significantly after cellulose coating without affecting
comfort properties like air and water vapour permeability significantly.
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Reactive Blue 49 dye showed better dyeability towards the coated cotton fabric
compared with Reactive Red 240 or Reactive Yellow 95 dye. However, the decrease
in the K/S values indicates that cellulose coating decreased the dye uptake by the
fabric. The L* value increased in the case of cellulose-coated samples, meaning that
cellulose coating increased the lightness of the cotton fabric. The fastness properties of
both control and coated cotton fabrics against washing, rubbing, and perspiration were
similar and good.

Stiffness increased of cotton fabric significantly after cellulose coating. This new route
has potential to replace traditional starching method to stiffen the clothes. The main
drawback of starching is that it needs to reply after each laundering but in cellulose
coating no need to reapply cellulose after each washing unlike starch and that has been
proved by washing study.

5 % TiO, coated cotton fabric showed excellent self-cleaning ability and was stable
against washing up to 10 cycles. Durability is the key in self-cleaning, stiffness etc.
and this issue is solved by this method.

Samples coated TiO, shows significant reduction of Staphylococcus aureus and
Methicillin-resistant Staphylococcus aureus bacteria under UV light. Degradation of
orange Il and reduction in bacteria were increased with increasing TiO, concentration.

After the success of this coating method, it has opened new doors to incorporate nanoparticles
on cotton fabric for various applications like flame retardant, thermoregulatory, antifungal,
antibacterial, self-cleaning etc. This coating method can be commercialised to make cotton
fabric self-cleaning, antibacterial and stiff permanently. Materials used for this method are not
very expensive and method is quite feasible and easy to commercialise.
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Recommendation of the supervizor

Supervisor’s opinion on PhD thesis of Mr. Bandu Madhukar Kale M.Sc.

Date: 30.03.2017

Thesis title: Multifunctional cotton fabric with nano TiO; loaded cellulose

The PhD thesis titled “Multifunctional cotton fabric with nano TiO; loaded cellulose” is
quite comprehensive and fulfills the objectives outlined in his thesis. The candidate has
done all his work quite systematically, on required scientific level, with specific
objectives. Discussion of the results is comprehensive and logical with citations of
previous work where necessary. The quality of figures and tables is good and

understandable. The language level of the thesis is good and meets the PhD standard.

His publication activities are in very good level. During his research work in TUL on the
PhD theme, he has published 5 papers in impact factor journals, 1 book chapter and 5

paper presented at international conferences.

He has introduced new route to make cotton fabric self-cleaning, antibacterial,
antifungal and permanently stiff by coating cellulose-TiO, nanoparticles on the surface.
From results, it is concluded that functional properties are durable against repeated
washing, tensile strength increases after cellulose coating and comfort properties are
hardly affected. He has developed novel method from X-ray diffraction patterns to
quantify amount of cellulose I, Il and amorphous fractions. The conclusions of the thesis

are interesting and novel. | therefore recommend the thesis for final defense.

Liberec 30/03/2017 Prof. Ing. JiFi Militky,pgc. EURING
Supervisor
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Opponents’s reviews
Opponent’s review

This opponent’s review was elaborated based on Ing. Jana Drasarova. PhD. (dean ol Faculty
of Textile, Technical University in Liberec) assignment for review Ph.D. dissertation thesis
(ref. no. TUL-17/4814/025833. dated 26. 6. 2017) of Bandu Madhukar Kale
“"Multifunctional Cotton fabric  with  Nano TiO: Loadced
Cellulose™. Tutor of the Ph.D. student was Prol. Ing. liiit Militky. CSe.

Thesis presented was studying new route to make cotton fabric self=cleaning. antimicrobial.
antifungal and highly stiff.

The main objective was the preparation of cellulose — TiO2 coated cotton fabric and its
characterization for organic stain removal. inhibition efficiency against bacteria s, and
disinfection of cotton fabric from fungal colonization.

Major results of this thesis was focused on developed of novel method for quantification of
cellulose fractions by simulating X-ray diffraction patterns, degradation ol orange 11 dye
under UV light, effect of cellulose coating on dyeing. color fastness. perspiration fastness.
rubbing and washing fastness. Antimicrobial and antifungal activity was tested as well.
Durability was the major concern with those methods.

The multifunctional cotton fabric was prepared with cellulose - TiO> solution on the surface
by roller padding machine at time 20 s with same time using of sulluric acid (60 %) Tor treat
fabric. The coated fabrics were evaluated tor their perspiration fastness using the test method
ISO 105-FE04. Furthermore, there were applied methods of X-ray analysis. SEM morphology
and colorimetry analysis for optimization of amount surfactants. The chosen methods lully
characterize studied cotton surface for given purposes. Mechanical and photocatalvtic
properties were tested as well.

Stiflness of treated fabric was attected by cellulose concentration. there was no effect of 110
presence, and thus this procedure can replace traditional starching method. In opposite.
antimicrobial and antifungal properties were affected by T10: under 3 %.

Applied methods used by the applicant were modern up to date measuring techniques and
give exhaustive information about the studied material and its usc.

Proposed application of multifunctional cotton fabric can be commercialized 10 make sell-
cleaning suiting. shirting and women wear ctc.

From the formal point of view, results of the theses and the thesis itselt were well written.
results were presented in the form of tables and graphs. Thesis represent typical material
science oriented study focused on treatment cotton fabrics as a self-cleaning material for
textile industry.

Thesis were written in English language in the form of the monograph. Total number of
references cited in the thesis was 132, There were cited tundamental research articles as well
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as the latest publications. However the format of the reference list was not lultilling
requirements ol the citation standard CSN SO 690,

Results of the thesis of the applicant Kale B. M. were published in 3 scienufic papers in
impacted international journals where applicant was fivst author in all cases. He was atiending
several scientific conferences at home as well as abroad.

Questions to be answered during thesis defense:
1) How many washing cyeles will keep modification functional on a fabric?

2) Which mechanism of the attachment of the pigments do you expect to be acting at the
particle solid surface interface?

Based on the latter mentioned facts and by the course of law (Higher Education Law No.
111/71998. Sb.) §47 1 recommend to accept the PhD. dissertation thesis  of
Bandu Madhukar Kale,for defense.

/%‘"‘?z,‘_\ 4
In Zlin, August 1, 2017 Doc. Mer. Barbora Lapcikova. Ph.D.

Associated prolessor for materials science and
engineering
Tomas Bata University in Zlin
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Referee’s report on PhD. thesis of
Bandu Madhukar Kale

», Multifunctional Cotton Fabric with TiO2 Loaded
Cellulose*

Professor Miroslav Cernik

The presented thesis consists of 90 pages divided into 7 major chapters plus References and
List of publications. The thesis deals with cotton fabrics loaded with cellulose - nano TiOs.

Abstract summarizes content of the thesis with major results.

Chapter 1 (Introduction) is about background of the topic — cotton fibres, application on
ZnO and TiO; for self-cleaning of the fibres and antibacterial activity of the fibres. There is
also definition of the problem to be solved — coating of cellulose for use as self-cleaning,
antibacterial, antifungal and stiffness fabric.

Chapter 2 (Aim and objectives) defines objectives of the thesis — investigation of different
properties of cellulose- TiO, cotton fabric.

Chapter 3 (Literature review) is a very illustrative introduction into the topic, cotton, self-
cleaning materials (e.g. example of well-known lotus effect), antibacterial fabric, antifungal
fabric, stiff fabric, functional nanoparticles and fabric materials.

Chapter 4 (Experimental) deals with methods used for preparation of fabrics and
characterization. Major part is a description of measurement of different properties of the
fabrics, e.g. mechanical, photocatalytic, antibacterial and antifungal properties, dyeing
properties.

Chapter 5 (Results and discussion) Besides other characteristics of the fabrics with different
loading of titanium oxide, degradation of Orange II and red wine stain under UV light are the
most interesting.

Chapter 6 (Conclusions) summarizes the determined results of the thesis. The thesis shows
new route to make self-cleaning, antibacterial, antifungal and highly stiff cotton fabric.
Cellulose - TiO, nanoparticles were coated to the surface of cotton by roller padding. All
these properties were evaluated and compared for different content of TiO,. Surface
morphology showed attachment of cellulose to cotton fibres by hydrogen binding. This theory
was not fully confirmed and it is based on strong attachment and resistance against washing
out. Also titanium oxide nanoparticles are hold in a thin coated film on the surface of the
cotton fabric. These theories are not so strong and I am not convinced on these types of
binding together.

The samples have strong resistance against washing, author said, but the results are
disputable. Why the sample with 10% of TiO; lost its blue color intensity strongly than 3 and

61



5% solution and after 10 time washing it is below value for these two concentrations (Figure
29). Even in blue color intensity at different TiO, additions are different on Figure 28 and 29.

There was no effect of TiO, on stiffness of the cellulose fabric. Table 1 which shows amount
of added cellulose-TiO, per gram of cotton fabric shows the same added amount for all TiO,
concentrations. If this is true, the effect of added TiO, on fabric properties cannot be
evaluated.

Other presented results are confirmed by experiments and they are likely right.

Chapter 7 (Applications and future works) contains examples of products which can be
later developed based on tested technology.

Referee remarks, question and conclusions

The thesis is logically divided into chapters, the content is explained illustratively, and all
determined results are simply described.

QUESTIONS

1. 1do understand the weight of fabric after coating in cellulose-TiO, solution as it is
described in Table 1 (p.31). Why the weight after coating in more TiO, concentrated
solution is lower? And what is the content of TiO, on fabric for different TiO,
solution?

2. Who made the antibacterial and antifungal experiments? Could you describe results on
Figures 37, which are not readable in the presented form? Is the reduction of
Staphylococcus Aureus for 3% TiO, really 96.7%? Figure 37a) shows different results,
or at least from bad quality of the picture it looks like?

3. Are the SEM photographs on Figure 24 really representatives? Why figure b) and f)
are similar and the others different?

4. Why Figures 28 and 29 differed. Figure 29 w/o washing should correspond to Figure
28 or not?

Imperfections and recommendations
Language of the thesis is very good and thesis is nicely written. I did not find many errors and
mistypes. Some examples:

1. soltion (p.30), wrong equation (4) (p.18), TiO2 without subscript in whole Abstract.

2. Titanium (Ti*") atoms (and similarly) are not atoms but ions (cations).

3. Some sources of pictures are missing and I do not expect they are drawn by the author

(e.g. Fig. 4, 12)
4. Symbols in eq.10 (p.31) are wrong (what are the indexes?)
5. Figure 27 caption is wrong - e, f are missing.

Referee’s conclusion

The presented thesis is logic, has all necessary parts and show the author understand his work
and he is able to put results logically into appropriate parts. The above mentioned
recommendations and questions are not so significant, that they decrease the scientific merit
of the thesis. There are no significant recommendations for next author’s work. The language
is good and fully understandable.
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The thesis is good and meets all criteria to be taken to the defence.

In Liberec (Czech R.) on October 30, 2017 Prof. Dr. Ing. Miroslav Cernik, CSc.
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