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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 (TiO2), Zinc oxide (ZnO), Copper oxide (CuO), Silver (Ag), Carbon 

nanotubes (Singlewalled carbon nanotubes (SWCNTs), Multiwalled carbon nanotubes 

(MWCNTs) show excellent functional activity towards light. Nano TiO2 is the most 

environment-friendly and relatively cheap among all other nano particles. TiO2 can be applied 

on different substrates such as activated carbon, stainless steel and glass. Researchers have 

coated TiO2 on cotton fabric by various methods such as in-situ suspension polymerization 

with nano TiO2-acrylatecopolymer and functionalizing cotton fabric with nano sized TiO2. 

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-TiO2 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. TiO2 with different concentrations (1, 3, 5 and 10 % TiO2 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-TiO2 coated 

cotton fabric were observed on scanning electron microscope (SEM). Simulation method was 

developed to quantify amount of cellulose II 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-TiO2 coated cotton fabric was investigated with Orange II 

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% 

TiO2 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 II 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 II dye was increased with increasing TiO2 

concentration and irradiation time. The samples coated with 1, 3 and 5% TiO2 were stable 

against washing up to 20 washing cycles for both self-cleaning and stiffness properties. 

However, 10% TiO2 coated sample does not show similar stability against washing due to 

poor dispersion of TiO2 in cellulose solution.  

 

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

Titanium dioxide.  
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ABSTRAKT 

Bavlna je díky svým jedinečným vlastnostem jako je hydrofilita, biodegradabilita, trvanlivost, 

dobrá barvitelnost a relativně nízká cena významným textilním materiálem. Dnes však lidé 

očekávají od bavlněné tkaniny i další vlastnosti, díky nimž poskytuje bavlna komfort podle 

počasí. Vzhledem k požadavkům trhu roste význam samočisticích, antibakteriálních, 

antimykotických a nemačkavých textilií, které jsou předmětem rozsáhlého výzkumu. 

Nanočástice jako TiO2, ZnO, oxid měďnatý, Ag nebo uhlíkové nanotrubice (SWCNTs nebo 

MWCNTs) vykazují vynikající funkcionalizační aktivitu na světle. Nanočástice oxidu 

titaničitého jsou nejšetrnější k životnímu prostředí a ve srovnání s ostatními nanočásticemi i 

relativně levné. TiO2 lze aplikovat na různé substráty jako je aktivní uhlí, nerezová ocel nebo 

sklo. Výzkumníci aplikují TiO2 na bavlněné tkaniny různými způsoby, jako je in situ 

suspenzní polymerace s nano TiO2-akrylátovým kopolymerem a funkcionalizace bavlněné 

tkaniny nanočásticemi TiO2. Nicméně tyto tkaniny nejsou odolné v praní.  

Tato práce se zabývá přípravou samočisticí ztužené bavlněné tkaniny potažené celulózou a 

TiO2. Celulózový roztok se připraví rozpuštěním 10% celulózy ve vodném roztoku 60% 

kyseliny sírové a nebo v rozpouštěcí směsi z hydroxidu sodného, močoviny a thiomočoviny. 

TiO2 o různých koncentracích (1, 3, 5 a 10% TiO2 z hmotnosti celulózy) se disperguje v 

roztoku celulózy a nanese na povrch bavlněných tkanin klocováním. Povrchová morfologie 

čisté bavlněné tkaniny a bavlněné tkaniny povrstvené celulózou a celulózou s TiO2 byla 

pozorována rastrovacím elektronovým mikroskopem (SEM). Pro kvantifikaci celulózy II byla 

vyvinuta simulační metoda s použitím rentgenové difrakce na softwaru Mercury. Vliv 

celulózového povrstvení na barvitelnost byl zkoumán pomocí reaktivních barviv. 

Samočisticí schopnost bavlněné tkaniny potažené celulózou a TiO2 byla zkoumána pomocí 

barviva Orange II a skvrn od vína pod UV světlem. Antibakteriální a protiplísňový účinek byl 

testován podle mezinárodních norem. Výsledky ukázaly, že vzorky potažené více než 3% 

TiO2 vykazovaly nejsilnější inhibiční účinek na bakterie Staphylococcus aureus (SA) a 

methicillinu rezistentní Staphylococcus aureus (MRSA). Protiplísňové testy ukázaly, že 

fotokatalytická aktivita nanočástic oxidu titaničitého umožňuje dezinfikovat bavlněnou 

tkaninu od kolonií plísní. Množství celulózy II v bavlněné tkanině se po ošetření 

rozpouštědlem mírně zvýšilo. Celulózový povlak také zvýšil pevnost do přetrhu bavlněné 

tkaniny. Prodyšnost a paropropustnost prakticky nebyly ovlivněny. Tuhost bavlněné tkaniny 

potažené celulózou se podstatně zvýšila. Degradace barviva Orange II se zvyšuje s rostoucí 

koncentrací TiO2 a dobou ozařování. Pokud jde o tuhost i samočisticí vlastnosti, vzorky 

potažené 1, 3 a 5% TiO2  byly odolné v praní do 20 pracích cyklů. Nicméně vzorek potažený 

10% TiO2 nevykazoval podobnou stabilitu v praní v důsledku špatné dispergovatelnosti TiO2 

v roztoku celulózy. 

 

Klíčová slova: bavlněná tkanina, celulóza, samočištění, tuhost, antibakteriální, protiplísňový, 

oxid titaničitý 
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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 (TiO2) and Zinc oxide (ZnO) [6, 7]. 

TiO2 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 TiO2, ZnO, CuO, Ag, carbon nanotubes etc. show excellent antibacterial 

activity. TiO2 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-TiO2 nanoparticles on the surface of cotton fabric. 
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2. Purpose and the aim of the thesis 

Overall aim of this study is to develop a cellulose-TiO2 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-TiO2 against washing and comfort properties such as air 

and water vapor permeability for multifunctional applications. Orange II 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-TiO2 coated cotton fabric 

b) investigation of photocatalytic self-cleaning ability by degradation of orange II dye and 

wine stain under UV light. 

c) evaluation of antibacterial and antifungal properties of cellulose-TiO2 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-TiO2 coated cotton fabric against washing. 

g) development of simulation method to quantify amount of cellulose I, II 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]. TiO2 can be applied on different 

substrates such as activated carbon, stainless steel and glass [19]. TiO2 shows extraordinary 

photocatalytic activity since it has a high sensitivity to light [20]. Nano TiO2 has the ability to 

decompose dye pollutant such as Acid Orange [21], Methylene Blue [22], C.I. 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 TiO2 on cotton fabric by in-situ suspension polymerization with nano TiO2-acrylate 

copolymer [29] and functionalizing  cotton fabric with nano sized TiO2 [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-NH2/polysiloxane hybrid containing tetracycline [36], 
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plasma treatment and ZnO/Carboxymethyl chitosan composite finishing [37], self-cleaning by 

copper (II) porphyrin/ TiO2 visible-light photocatalytic system [20],  coating with nano TiO2-

acrylate copolymer [29], Nano TiO2 coating after treatment of cotton fabric with carboxylic 

acids such as oxalic, succinic, and adipic acids [38], functionalizing cotton fabric with p-

BiOI/ n-TiO2 heterojunction [39], bleaching and cationized cotton using nanoTiO2 [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 (H2SO4) [46], Ionic Liquid [47, 48], N-

Methylmorpholine N-oxide (NMMO)[49], Sodium hydroxide-carbon disulfide (NaOH-CS2) 

[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-TiO2 addresses four main uses: self-cleaning, antibacterial, antifungal 

and stiffness. For coating cellulose-TiO2, Urea-Thiourea-NaOH solvent system and 60 % 

H2SO4 solution were selected for cellulose dissolution. Urea-Thiourea-NaOH solvent system 

dissolves cellulose directly at -12°C [52] and 60 % H2SO4 is powerful and has the ability to 

breakdown cellulose chains directly. The Degree of Polymerization of cellulose decreases 

after dissolution in 60% H2SO4 [46]. This report, therefore, presents the findings of the 

investigation of the microstructural, self-cleaning, antimicrobial, stiffness and comfort 

properties of cellulose-TiO2 coated cotton fabric for possible applications. 

 

4. 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. TiO2 

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 II dye 

was usedas a stain and it was obtained from Sigma Aldrich. 
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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 

77.5g 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 TiO2 nanoparticles in cellulose solution 

 
Figure 1. Dissolution and dispersion of TiO2 

 

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. TiO2 nanoparticles with diffrent concentration (1,3,5,and 

10% on the weight of cellulose) were dispersed in cellulose solution. Mixture of Cellulose 

solution and TiO2 nanoparticles were stirred at room temperature for 5 min. Prepared 

cellulose-TiO2 soltion was used for coating.  
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4.2.3 Padding 

The cellulose - TiO2 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 % H2SO4). 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 

 

Sample description 
Weight of fabric after 

coating [g] 

Added cellulose-

TiO2/ g of fabric 

0 % (Without TiO2) 4.2415 0.0603 

1 % TiO2 4.2355 0.0588 

3 % TiO2 4.2366 0.0591 

5 % TiO2 4.2383 0.0595 

10 % TiO2 4.2392 0.0598 

 
4.3 Dyeing with reactive dyes 

Dyeing bath was prepared by dissolving NaCl (50 g/l), Na2CO3 (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 λmax and Kubalka–Munk equation was used to determine 

K/S value of the both fabrics: 

  

 
 

         
 

      
 (1) 

where K is the coefficient of absorption; Rλ 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:  

 

 
                             

                    

                      
      (22) 

 

                       (3) 

 

Where           -                        -                       -             L is 

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-TiO2 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 II by x-ray diffraction 

PANalytical X'Pert³ 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 II was estimated by following AD French’s simulation method [50-52]. The 

published coordinates of the asymmetric units of cellulose Iβ 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 Iβ 

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° 2θ and the CuKα 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 % H2SO4 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-TiO2 coated fabrics were measured 

according to ISO 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 II 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 TiO2 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]. ImageJ 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 
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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 

 

                                                    
  

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

 

 
 

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.  

 

 
 

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 (Fm= Fh horizontal force component); Fr: resultant force; Fv: 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 CˇSN 80 0858, where Mo ¼ Fm k, k ¼ 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-TiO2 

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
5 

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 50µl 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
o
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: 

 
     

   

 
   (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
6
 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 TiO2, each with area of 

about 4 cm
2
, with different concentrations of TiO2 (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 ISO 11092 standard. 

 

4.4.9 Durability of stiffness and photocatalytic properties 

Durability of Cellulose-TiO2 coated fabrics for stiffness and photocatalytic properties against 

repeated washing were evaluated by washing TiO2-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/l) detergent at 40 °C for 1hr. Washed 

fabrics were further evaluated for stiffness and stain degradation.  

 

 

5 Summary of the results achieved 

 

5.1 Morphology of cellulose and cellulose-TiO2 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% H2SO4 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, c) 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-TiO2 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 TiO2 was successfully coated with the cellulose on 

the surface. Micro-graphs also reveal that coated cellulose holds the TiO2 particles by forming 

the film on fabric surface. Solvent (60% H2SO4) 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 II content increases slightly and 

proves the interaction between solvent and cotton fabric during coating.   
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Figure 7. SEM photographs of TiO2 - cellulose coated cotton fabric a) Control, b) 0% TiO2, c) 

1 % TiO2, d) 3% TiO2, e) 5 % TiO2, f) 10% TiO2. 

 

5.2 Photocatalytic degradation of orange II under UV light  

Cotton fabrics coated with cellulose-TiO2 were analyzed for self-cleaning using photocatalytic 

degradation of orange II dye under UV light irradiation. Figure 8 shows scanned images of 

TiO2 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=B0+(B∞-B0) (1
-e-kt

). Here B is calculated intensity, B0 is observed highest intensity, B∞ is 

the intensity of pure cotton fabric without stain, k is constant and t is time. Significant 

discoloration of orange II dye was observed at 5 and 10 % TiO2 coated samples. Evaluation of 

Orange II 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 TiO2 and 

time of irradiation. Coated samples with 1 and 3 % TiO2 showed some degradation too but 

low as compared to 5 & 10 %  due to low concentration. Figure 9 also shows that degradation 

of orange II increases with increasing irradiation time and TiO2 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 TiO2 coated samples show the photocatalytic properties 

and are therefore capable of stain degradation. 
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Figure 8. Degradation of Orange II under UV-visible light irradiation on cellulose-TiO2 

coated samples. 
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Figure 9. Evaluation of orange II degradation by ImageJ. 

 

5.3 Wine stain degradation 

 

The photocatalytic self-cleaning ability of TiO2-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% TiO2-

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% TiO2-cellulose coated 

samples was degraded whereas control, only cellulose coated samples remained unaffected. 

Due to low concentration of TiO2 in 1% coating sample shows less degradation of wine stain. 

 

 
 

Figure 10. Scanned pictures of (a) Control (b) only cellulose coated and (c) TiO2-cellulose 

coated cotton fabric after irradiation of red wine stain under UV light 

Effect of TiO2 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 TiO2. Samples coated with 3, 5 and 10% TiO2 shows 

significant discoloration of stain after irradiation under UV light for 15 minute. 1% TiO2 

coated cotton fabric shows least amount of degradation after UV light irradiation because of 
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less concentration of TiO2. Thus, from these results it is clear that degradation of stain 

depends on amount of TiO2 in coating.  
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Figure 11. Effect of TiO2 concentration on wine stain degradation 

 

5.4 Durability of cellulose-TiO2 coated cotton fabric for self-cleaning ability 

 

To study the effect of washing on the self-cleaning ability of cellulose-TiO2 coated cotton 

fabric, the fabric was washed with 4g per liter (g/l) detergent at 40 °C for 1hr. 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=B0+(B∞-B0) (1
-e-kw

). Here B is 

calculated intensity, B0 is observed highest intensity, B∞ is the intensity of pure cotton fabric 

without stain, k is constant and w is washing cycle. Coated samples with 1, 3 and 5% TiO2 

show very good durability against washing up to 10 cycles. The sample coated with 10% TiO2 

showed poor durability because TiO2 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 % 

TiO2 coated cotton fabric, however, the ability to degrade the orange II dye stain still persists 

upto 10 washing cycles with all cellulose-TiO2 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-TiO2 coated cotton fabric. The cellulose-TiO2 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% TiO2 (on the weigth of cellulose) shows 

excellent results againt rubbing upto 100 cyles. 3% TiO2 coated sample shows significant 

decrease in self-cleaning ability.  

 

 
 

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 TiO2 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-TiO2 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 TiO2 as rubbing cycles increases. Therefore, cellulose-TiO2 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 ImageJ 

 

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 15. Stiffness of uncoated and coated samples. 

 

 

 
 

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=B0+(B∞-B0) (1-e
-kw

). Here B is calculated 

stiffness, B0 is observed highest stiffness in sample, B∞ is maximum stiffness (3 N.m), k is 

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-TiO2 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-TiO2 

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 TiO2 was 

added to the cellulose solution because viscosity of cellulose solution decreases after mixing 

TiO2. Xu et al explain how viscosity decreases after adding small amount of nanoparticles in 

to solution [61]. Viscosity decreases after adding TiO2 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.  

 
 

Figure 18. Stiffness of control, Solvent treated (Sol. Tr.), Starched, only cellulose (0% TiO2) 

and cellulose-TiO2 coated cotton fabric. 

 

5.7 Durability stiffness against washing of cellulose-TiO2 coated cotton fabric 

To study the effect of washing on stiffness of cellulose-TiO2 coated cotton fabric, the fabric 

was washed with 4 g/l detergent at 40
0
C for 1 hr. Figure 19 shows the effect of washing on 

stiffness of coated fabrics. Coated samples with 1, 3 and 5 % TiO2 show very good durability 

against washing up to 20 cycles.  

 

 
Figure 19.  Durability of stiffness against washing 
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It is apparent from the figure 19 that stiffness decreased after 1
st
 washing. However, the 

stiffness was stable after first washing with all cellulose-TiO2 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
th

 

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-TiO2 coated cotton fabric 

Effect of TiO2 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 TiO2-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 TiO2 coating.  

 

Table 2. Observation of bacterial reduction by AATCC 100 

 

Method: 

AATCC100 

 

Control 
Cellulose 

coated 
1% TiO2 3% TiO2 5% TiO2 10% TiO2 

Escherichia coli 

10
5 
CFU/ml

 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Klebsiella 

pneumoniae 

10
5 
CFU/ml 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Compact 

bacteria 

occurrence 

Staphylococcus 

aureus 

10
5 
CFU/ml 

960 900 68 32 22 17 

MRSA 

10
5 
CFU/ml 

104 120 98 42 34 22 
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Control 1% TiO2 

  

3% TiO2 5% TiO2 

 

10% TiO2 

Figure 20. Antibacterial activity against Staphylococcus aureus bacteria 
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Control 1% TiO2 

  

3% TiO2 5% TiO2 

 

10% TiO2 

Figure 21. Antibacterial activity against Methicillin-resistant Staphylococcus aureus 
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Fabrics treated with 1% TiO2 had the lowest S. aureus bacterial reduction. However, with an 

increase in the concentration of TiO2, there was a high jump from 6.3% to 96.7% reduction of 

S. aureus bacteria on 3% TiO2 treated fabrics. These results confirm that sample coated with 

3, 5 and 10% TiO2-cellulose show strongest inhibition efficiency against bacteria’s. The 

effectiveness of the anti-microbial activity increased with increase in the concentration of the 

TiO2 coating. Fabrics treated with 1% TiO2 had the lowest S. aureus bacterial reduction, 

however with an increase in the concentration of TiO2, there was a high jump from 6.3% to 

96.7% reduction of S. aureus bacteria on 3% TiO2 treated fabrics. Therefore, sample coated 

with 3, 5 and 10% TiO2-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-TiO2 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 

 

Test 

Sample 

Bacterial Reduction/Multiplication 

Staphylococcus aureus 

(SA) 

Methicillin-resistant Staphylococcus aureus 

(MRSA) 

Control - - 

1% TiO2 6.3 13.3 

3% TiO2 96.7 65.0 

5% TiO2 97.7 68.3 

10% TiO2 98.2 81.6 

 

Table 4. Evaluation of antibacterial testing by AATCC 147 

 

Method: 

AATCC147 

 

Control 

Cotton 

fabric 

Cellulose 

coated cotton 

fabric 

1 % TiO2 3 % TiO2 5 % TiO2 10 % TiO2 

Escherichia coli 

10
5 
CFU/ml

 No effect No effect No effect No effect No effect No effect 

Klebsiella 

pneumoniae 

10
5 
CFU/ml 

Halo zone 

not clear 

 1,74 

mm 

No effect No effect No effect No effect No effect 

Staphylococcus 

aureus 

10
5 
CFU/ml 

Halo zone 

not clear 

 4,93 

mm 

No effect No effect No effect No effect No effect 

MRSA 

10
5 
CFU/ml 

No effect No effect No effect No effect No effect No effect 
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5.9 Evaluation of antifungal activity of cellulose-TiO2 coated cotton fabric 

 

Antifungal activity of TiO2 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
6
 CFU/ml. Figure 22 (a, b, c, d and f) 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.  

 

  
 

  
 

 
 

a) b) 

c) d) 

e) 
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Figure 22. Antifungal activity of (a) Control (b) 1% TiO2 (c) 3% TiO2 (d) 5% TiO2 and (e) 10 

% TiO2 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 TiO2, but this effect occurred 

slowly and later (during the second week of cultivation). The amount of fungi decreased with 

increasing concentration of TiO2 from the beginning. Thus, long-term antifungal effect was 

observed on samples of cotton fabrics coated with TiO2 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 TiO2) and 4 (low concentration of TiO2) on the samples.    

 

5.10 Investigation the effect of cellulose-TiO2 coating and strong solvent on cellulose 

structure by X-ray diffraction patterns 

5.10.1 Effect of cellulose-TiO2 coating and 60% Sulfuric acid on structure of cellulose 

X-ray diffraction patterns were obtained to detect TiO2 and to investigate the effect of 60 % 

H2SO4 solvent on cotton fabric. Figure 23 shows the X-ray diffraction patterns of the control 

and cellulose-TiO2 coated cotton fabric. The characteristic peak at 2θ 25.4
°
 shows the 

presence of TIO2 in 3, 5 and 10 % TiO2 coated cotton fabric. 1 % TiO2 coated cotton fabric 

does not show this peak presumably due to the lower concentration of TiO2. It can be seen 

from figure 23 that the peak height of TiO2 at 25
°
 increases with increasing concentration of 

TiO2. X-ray diffraction spectra of the control and cellulose-TiO2 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 II in both 

control and the solvent treated samples. The control cotton fabric (figure 24) shows the peak 

of Cellulose II 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 II was estimated by simulation method [62-64]. The ‘a’ value (Iβ 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-TiO2 coated cotton fabric 

 

  

 
 

 

Figure 24. Diffraction pattern of Control (red curve) and solvent (without cellulose) treated 

(blue curve) cotton fabric 

 

 

Cellulose I 

Cellulose II 
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Figure 25. Diffraction pattern of control cotton fabric fitted with simulated pattern 

 

 
Figure 26. Diffraction pattern of 60 % H2SO4 treated cotton fabric fitted with simulated 

pattern. 

 

The basic idea of this simulation is to fit combined x-ray diffraction patterns of cellulose I, II 

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 II at 9 

deg. FWHM was used [63]. Figure 25and 26 are the diffraction patterns of 60 % H2SO4 

solvent treated and control cotton fabrics respectively fitted with corresponding simulated 

pattern. Table 5 shows the composition of cellulose in 60% H2SO4 solvent treated and control 

cotton fabric. Solvent (60 % H2SO4) treated cotton fabric shows 22.2 % cellulose II, 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 I to II. 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 II 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 II 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. 

 

 

 

 
 

 

Figure 28. X-ray diffraction pattern and analysis of control (black) and solvent treated cotton 

fabric (Red). 
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Cellulose I 
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Figure 29. Diffraction pattern of control cotton fabric fitted with simulated pattern. 

 
Figure 30. Diffraction pattern of solvent treated cotton fabric fitted with simulated pattern. 
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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 II (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 I [%] Cellulose II [%] Amorphous 

cellulose [%] 

Control cotton fabric 47.5 16.9 35.6 

NaOH-Urea-Thiourea-

Water 

45.2 21.5 33.3 

60 % H2SO4 treated cotton 

fabric 

44.7 22.2 33.1 

 

 

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 

Dye 

Content 

[% owf] 

Dye 

Cellulose 

concentration 

[%] 

L* a* b* ΔE K/S 

Standard 

Deviation 

[σ]  K/S 

C.I. 

(Half 

size) 

K/S 

Relative 

color 

strength 

[%] 

3 

Reactive 

Red 240 

Control 53.22 61.15 2.25 0 7.29 0.65 0.81 100 

1 59.33 62.21 2.75 6.22 2.54 0.38 0.47 34.87 

3 61.34 62.98 3.23 8.38 2.36 0.25 0.31 32.45 

5 63.75 63.26 3.56 10.81 2.25 0.32 0.40 30.97 

Reactive 

Yellow 

95 

Control 81.51 16.63 66.91 0 8.15 0.45 0.56 100 

1 82.59 17.26 67.49 1.37 3.74 0.85 1.05 45.98 

3 82.87 15.14 61.93 5.37 3.07 0.63 0.78 37.72 

5 84.32 21.28 73.46 8.51 3.21 0.56 0.70 39.45 

Reactive 

Blue 49 

Control 24.91 -3.89 -18.1 0 20.47 0.25 0.31 100 

1 25.12 -3.45 -17.18 1.04 13.72 1.32 1.64 67.03 

3 27.25 -2.77 -15.99 3.34 13.3 1.25 1.55 64.98 

5 28.32 -2.45 -15.58 4.47 12.49 1.71 2.12 61.04 

9 Reactive Control 42.17 59.55 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 12.14 1.98 2.46 58.51 

3 48.37 61.85 5.72 10.37 8.79 1.59 1.97 42.36 

5 49.98 62.12 5.85 11.38 7.7 1.92 2.38 37.15 

Reactive 

Yellow 

95 

Control 73.32 15.53 69.91 0 21.73 0.31 0.38 100 

1 75.59 16.26 67.49 3.39 13.67 0.92 1.14 62.92 

3 80.87 16.64 66.93 8.19 12.1 1.45 1.80 55.69 

5 82.32 17.12 62.46 11.79 8.71 2.1 2.61 40.09 

Reactive 

Blue 49 

Control 16.11 -4.22 -15.1 0 26.63 1.21 1.50 100 

1 16.92 -3.35 -14.68 1.26 23.28 1.82 2.26 87.41 

3 17.25 -3.67 -14.09 1.61 22.59 1.61 2.00 84.83 

5 18.32 -3.75 -13.78 2.61 17.12 1.77 2.20 64.31 

15 

Reactive 

Red 240 

Control 37.94 57.92 14.72 0 24.91 1.10 1.37 100 

1 46.1 58.1 5.56 12.26 13.46 1.55 1.92 54.05 

3 47.21 58.98 5.61 13.04 12.4 1.20 1.49 48.32 

5 47.42 59.23 5.67 13.17 9.14 1.65 2.05 36.7 

Reactive 

Yellow 

95 

Control 69.32 14.63 66.91 0 25.74 0.85 1.05 100 

1 72.52 17.26 59.49 8.49 16.13 1.62 2.01 62.67 

3 74.38 15.14 58.93 9.46 15.46 1.23 1.53 60.05 

5 75.13 21.28 59.46 11.55 11.71 1.10 1.37 45.48 

Reactive 

Blue 49 

Control 12.11 -5.45 -13.01 0 29.68 0.52 0.65 100 

1 15.02 -4.55 -12.88 3.04 25.6 0.95 1.18 86.26 

3 15.95 -4.87 -12.19 3.96 24.78 1.09 1.35 83.49 

5 16.41 -3.95 -11.78 4.71 18.69 1.32 1.64 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 l’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); ∆E 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 (∆E) 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 ∆E 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. ∆E 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 

Content 

[% owf] 

Dye 
Cellulose 

Content [%] 

Wash Fastness Rubbing Fastness 

Evaluation of 
change in color 

Evaluation of staining Evaluation of staining 

Cotton Wool Dry Wet 

3 

Reactive Red 240 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2-3 4-5 4-5 4-5 3 

Reactive Yellow 95 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2-3 4-5 4-5 4-5 3 

Reactive Blue 49 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2-3 4-5 4-5 4-5 3 

9 

Reactive Red 240 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2 4-5 4-5 4-5 3 

Reactive Yellow 95 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2 4-5 4-5 4-5 3 

Reactive Blue 49 

Control 2-3 4-5 4-5 4-5 3-4 

1 2-3 4-5 4-5 4-5 3-4 

3 2-3 4-5 4-5 4-5 3-4 

5 2 4-5 4-5 4-5 3 

15 

Reactive Red 240 
 

Control 2-3 4-5 4-5 4 3-4 

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 

Reactive Yellow 95 

Control 2-3 4-5 4-5 4 3-4 

1 2-3 4-5 4-5 4 3-4 

3 2-3 4-5 4-5 4 3 

5 2 4-5 4-5 3-4 3 

Reactive Blue 49 

Control 2-3 4-5 4-5 4 3-4 

1 2-3 4-5 4-5 4 3-4 

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 

Dye Content 
[% owf ] 

Dye 
Cellulose 

Content [%] 

Perspiration Fastness 

Evaluation of change in 
color 

Evaluation of staining 

Acidic Alkaline 

Acidic Alkaline 

With 
wool 

With 
cotton 

With 
wool 

With 
cotton 

3 

Reactive Red 240 
 

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 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 

Reactive Yellow 95 

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 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 

Reactive Blue 49 

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 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 

9 

Reactive Red 240 
 

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 

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 

Reactive Yellow 95 

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 

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 

Reactive Blue 49 

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 

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 

15 

Reactive Red 
240 

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 

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 

Reactive Yellow 95 

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 

3 2-3 2-3 4-5 3-4 4-5 3 

5 2-3 2-3 4-5 3-4 4-5 3 

Reactive Blue 49 

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 

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-TiO2 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-TiO2 on the surface of the cotton fabric. The breaking strength of cellulose-TiO2 

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% TiO2 coated 142.17 8.23 

3% TiO2 coated 140.03 7.99 

5% TiO2 coated 137.83 7.40 

10 % TiO2 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. 

 

Figure 32. Effect of cellulose-TiO2 coating on air permeability of cotton fabric 

Air permeability of cotton fabric was decreased by 32.5 to 56.1 l/m
2
/s. However, there was no 

significant deterioration of air permeability. Water vapor permeability was also slightly 

decreased (3.94 %) but is acceptable. 10% TiO2 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-TiO2 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 

 

6 Evaluation of results and new finding 

This study has produced new route to make cotton fabric self-cleaning, antibacterial and stiff. 

Cellulose-TiO2 nanoparticles were coated on the surface of cotton fabric by using roller 

padding. Novel method was developed for quantification of cellulose II by X-ray diffraction 

patterns. 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; 

 

 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 TiO2 nanoparticles. 

 

 Presence of characteristic peak of TiO2 at 25.4° in x-ray diffraction pattern of 

cellulose-TiO2 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 II 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 % TiO2 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 TiO2 shows significant reduction of Staphylococcus aureus and 

Methicillin-resistant Staphylococcus aureus bacteria under UV light. Degradation of 

orange II and reduction in bacteria were increased with increasing TiO2 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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