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a  b  s  t  r  a  c  t

The  TiO2 nanowire  (TiO2 Nw)  was  successfully  prepared  via  hydrothermal  method  through  TiO2 nanopar-
ticle  (TiO2 Np).  TiO2 Np  doped  silver  and  TiO2 Nw  doped  silver  were  prepared  via  photo-reducing  Ag+ ions
to  Ag  metal  on the  TiO2 Np  or  TiO2 Nw surfaces.  The  prepared  nanomaterials  were  evaluated  using  X-ray
(XRD)  diffraction  pattern,  scanning  electron  microscopy  (SEM),  and  transmission  electron  microscopy
(TEM).  Bleached  untreated  cotton  fabric  and  PVP  treated  cotton  fabrics  were  coated  with  the  synthesized
nanomaterials  using  pad-dry-cure  method.  Photocatalytic  activity  of untreated  and  coated  cotton  fabrics
with TiO nanomaterials  was  investigated  through  the  fabric  self  cleaning  of MB dye  stains.  Also,  the
VP
otton fabric
iO2 nanoparticles
iO2 nanowires
elf cleaning
hotocatalytic activity

2

PVP  finished  cotton  fabric  modified  by  nanomaterials  demonstrated  antimicrobial  activity  against  Gram
positive  bacteria,  Gram  negative  bacteria  and fungi.  The  mechanical  properties  of  coated  cotton  fabric
(tear  strength,  surface  roughness,  tensile  strength  and  elongation  at break)  were  examined.

© 2012 Elsevier Ltd. All rights reserved.
ntimicrobial activity

. Introduction

Textile industry holds a vast potential in the commercialization
f nano technological products. Especially, self cleaning textiles
ave been holding great promise for military applications, where
here is a lack of time for laundering at severe conditions. Also in
usiness life self-cleaning textiles are very helpful for preventing
tains on the clothes that would ruin the day. Furthermore, UV radi-
tion that comes from the sun could be very dangerous for human
ealth. UV radiation causes the generation of free radical chemical
pecies (Black, 2004) that are supposed to participate in the devel-
pment of various pathologies such as cancer, aging, Alzheimer’s
isease, inflammatory disorders and other ailments (Liebler,
006). Therefore, protection of body from harmful UV portion of
he sunlight is another important attractive area. Many scientists
ave been working on self cleaning and UV blocking textiles (Elif

 Husnu, 2012). Silver nanoparticles (Ag-NPs) are a powerful

ntimicrobial agent that deactivates several microorganisms, for
xample Escherichia coli, Staphylococcus aureus,  and Pseudomonas
eruginosa (Nassar & Youssef, 2012). Recently, nanocomposites

∗ Corresponding author at: Packaging and Packing Materials Department,
ational Research Center, P.O. Box 12622, Dokki, Cairo, Egypt. Tel.: +20 2 33322418;

ax: +20 2 33370931.
E-mail address: amyoussef27@yahoo.com (A.M. Youssef).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.08.068
containing silver nanoparticles have been intensively considered
for packaging applications and promising biomedical applications,
such as wound dressings, tissue scaffolds and antimicrobial filters
(Rodrigo, Caue, & Luiz, 2010).

Titanium dioxide (TiO2), the most promising photocatalyst
because of its potential application in the decomposition of pollut-
ants in water and air, has attracted much attention for the past few
decades. However, the effective photoexcitation of TiO2 requires
the radiation of light with energy higher than the titania band gap
energy (Chan & Barteau, 2005).

TiO2 is also considered to be the most suitable catalyst for envi-
ronmental applications owing to its nontoxicity, strong oxidizing
power and the long-term stability against corrosion (Varghese,
LaTempa, & Grimes, 2009; Wu,  Lin, & Lai, 2005). Therefore, a great
effort has been spent on revealing and improving its photocatalytic
activity for practical applications (Chang, Lin, Chan, Hsu, & Chen,
2006; Kim et al., 2003; Sobana, Muruganadham, & Swaminathan,
2006). It is well known that the photocatalytic activity of titania
depends on its crystalline structure, doping, surface area, surface
hydroxyl group, etc. Recently, much scientific attention has been
attracted by the effect of doping (Herrmann et al., 1997; Liu,
Wang, Yang, & Yang, 2008; Yu, Xiong, Cheng, & Liu, 2005). Silver

among the other metals thanks to its high stability and excellent
electrical and thermal conductivity seems to be promising titania
dopant. For those reasons a doping effect of silver on the titania
photocatalytic efficiency in decontamination processes has been

dx.doi.org/10.1016/j.carbpol.2012.08.068
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:amyoussef27@yahoo.com
dx.doi.org/10.1016/j.carbpol.2012.08.068
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ntensively studied (Akpan & Hameed, 2009). Moreover, the silver
bility to prevent the backward recombination of a promoted
lectron (e−) and a generated hole (h+) can positively effect the
hotocatalytic activity of titania (Krejckov et al., 2012).

With the above in mind, we undertake this work with a view
o enhance the photocatalytic and antimicrobial activities of TiO2
anomaterials. Thus our research was designed to achieve three-

old objective: (1) to synthesize TiO2 nanowires and TiO2 nanowires
oped Ag; (2) to make a comparison among essential characteris-
ics and basic features of TiO2 nanoparticles, TiO2 nanowires, TiO2
anoparticles doped Ag, and TiO2 nanowires doped Ag; (3) to study
he impact of application of these nanomaterials when included
n PVP-treated cotton fabrics on the newly imparted properties
rought about thereof. It is understandable that inclusion of afore-
entioned nanomaterials in PVP yields nanocomposites that coat

he cotton fabric and therefore, would be reflected on the properties
f the fabrics, notably antimicrobial and self cleaning.

. Experimental

.1. Materials

The bleached plain woven 100% cotton fabric (138 g/m2)
as kindly supplied by Misr Company for spinning and weav-

ng Mehalla El Kobra, Egypt. Poly-N-vinyl-2-pyrrolidone (PVP)
0,000 Da, was supplied by Sigma–Aldrich. Methylene blue was
upplied by Ciba. TiO2 nanoparticles (P25, Degussa), with about
0 nm cross-sectional dimension, silver nitrate and sodium hydrox-

de were of laboratory grade chemicals.

.2. Methods

.2.1. Synthesis of TiO2 nanowires
0.2 g of titanium nanoparticles (P25) in strong alkaline aque-

us solution of NaOH (10 M,  40 ml)  was placed into a Teflon-lined
utoclave. The mixture was stirred to form a milky suspension,
ealed and hydrothermally treated at 230–250 ◦C for three days.
he precipitate formed was separated by filtration and washed
ith de-ionized water until a pH value near 8 was reached. Up to

his stage, the precipitate denoted hydrogen form NaxH2−xTi3O7
x = 0.75) (Haroun & Youssef, 2011). The suspensions were then
ltered, washed several times with sodium chloride solution
o replace Na instead of H to form sodium form (Na2Ti3O7)
f TiO2 nanowires, and oven-dried at 70 ◦C for more than

 h.

.2.2. Synthesis of TiO2 nanowires/TiO2 nanoparticles doped
ilver

In typical method Ag doped TiO2 nanoparticles and/or TiO2
anowires were prepared via photo-reducing Ag+ ions to Ag metal
n theTiO2 nanoparticle or TiO2 nanowire surface as per the fol-
owing technique (Vamathevan, Amal, Beydoun, Low, & McEvoy,
002). First pH of the TiO2 nanoparticle or nanowire suspension
as adjusted to 3.5 proceeding to reaction using perchloric acid.
liquots of various amounts of Ag+ ions, prepared by dissolving sil-
er nitrate salt (AgNO3) in deionized water, were added into the
uspension of TiO2 such that the Ag+ concentration was  5% in rela-
ion to TiO2 nanoparticles or nanowires. Then, the mixtures were
xposed to irradiation using UV light by four mercury lamps (8 W)
or 6 h with continuous air supply. The suspensions were then fil-
ered, washed and dried to give Ag doped TiO2 and Ag doped TiO2
anowires.
.2.3. Treatment of cotton fabric with PVP
Bleached cotton fabric was immersed in two different aqueous

olutions of PVP 1% and 3% (w/v). The treated samples were then
olymers 91 (2013) 549– 559

padded in two  dips and nips to a wet  pick-up of 80–85%. Treated
samples were dried at 85 ◦C for 5 min  and then washed twice with
hot water at 50 ◦C for 15 min. Finally the samples were dried at an
ambient condition.

2.2.4. Coating of TiO2 nanowires/TiO2 nanoparticles/TiO2
nanowires doped silver/TiO2 nanoparticles doped silver on cotton
fabric

Bleached untreated cotton fabric and PVP treated cotton fab-
rics were coated with nano solutions using pad-dry-cure method.
2% (w/v) suspended solutions of nanoparticles were prepared and
sonicated for 10 min. Fabrics were immersed in presuspended solu-
tions and kept for 5 min. The samples were then padded in two  dips
and nips to a wet pick-up of 100%. After padding the cotton fabrics
were dried at 80 ◦C for 5 min  and cured at 130 ◦C for 3 min. Finally
the samples were washed with distilled water and finally dried at
ambient conditions.

2.3. Testing and analysis

2.3.1. Characterization of synthesized nanoparticles
The nanoparticles were characterized using the following tech-

niques:

2.3.1.1. X-ray diffraction (XRD). XRD patterns recorded on a Philips
PW 3050/10 model. The samples were recorded on a Philips X-
Pert MMP  diffractometer. The diffractometer was  controlled and
operated by a PC with the programs P Rofit and used a MoK  source
with wavelength 0.70930 Å, operating with Mo-tube radiation at
50 kV and 40 mA.

2.3.1.2. Transmission electron microscopy (TEM). The nanostructure
of different samples was  elucidated by JEOL JEM-1230 transmis-
sion electron microscope (TEM) with acceleration voltage of 80 kV.
The microscopy probes of TiO2 nanowires and silver nanoparti-
cles doped TiO2 nanoparticles and/or nanowires were prepared by
adding a small drop of the water dispersions onto a Lacey carbon
film-coated copper grid then allowing them to dry in air.

2.3.1.3. Scanning electron micrograph SEM/EDX analysis. Samples
for SEM/EDX were taken using FEI INSPECTS Company, Philips,
Holland environmental scanning without coating. Elemental
micro-probe and elemental distribution mapping techniques were
used for analyzing the elemental constitution of solid samples. An
elemental analysis of the particles was implemented by a SEM
equipped with an energy dispersive spectroscope (EDX), which can
provide a rapid qualitative and quantitative analysis of the elemen-
tal composition.

2.3.2. Characterization of coated cotton fabric
2.3.2.1. Evaluation of antibacterial activity. Antibacterial activity
of treated cotton fabrics was  evaluated using Agar Plate Method
(AATCC Test Method 147-1988). The coated fabrics were performed
to Gram positive bacteria (S. aureus and Bacillus cereus),  Gram nega-
tive bacteria (E. coli and P. aeruginosa) and fungi (Candida albicans).

2.3.2.2. Photocatalytic studies.
2.3.2.2.1. Evaluation of photocatalytic degradation of methylene

blue (MB). Degradation of adsorbed MB  on cotton fabric coated
with TiO2 nanoparticles, TiO2 nanowires, TiO2 nanoparticles doped
Ag and TiO2 nanowires doped Ag has been investigated. Also
degradation of MB  on PVP treated cotton fabric coated with the

prepared nanoparticles has been investigated. In detail, eight pieces
of treated cotton fabric (0.5 g) were placed in four 100 ml beakers
containing 50 ml  of aqueous solutions of MB  (10 mg/l). The beakers
were then exposed to normal laboratory environmental conditions
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Fig. 1. XRD pattern of (a) TiO2 nanoparticles, (b) TiO2 nanowires, (c) TiO2 nanopar-
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icles doped by Ag nanoparticles and (d) TiO2 nanowires doped by Ag nanoparticles.

or 2 h and 10 h under shaking. The rate of decolorization of col-
rant solutions was recorded to the change in the intensity of
bsorption peak of MB  in visible region. UV–vis absorption spec-
ra of the colorant solutions treated cotton fabric were recorded
sing Perkin Elmer Lambda 3B UV–vis spectrometer. For compar-

son the same test was also performed using untreated cotton
abric.

2.3.2.2.2. Evaluation of photocatalytic degradation of MB coated
otton fabric. Photocatalytic activity of treated cotton fabric with
iO2 nanoparticles, TiO2 nanowires, TiO2 nanoparticles doped Ag
nd TiO2 nanowires doped Ag was also investigated through the
abric self cleaning of MB  dye stains. Self cleaning takes place at the
urface of cotton fabric exposed to direct sunlight for 2 h and 12 h.

.3.3. Mechanical properties of treated cotton fabric

.3.3.1. Tensile strength and elongation at break. Tensile strength
nd elongation at break were determined by the strip method
ccording to ASTM D1682-64.

.3.3.2. Surface roughness. Surface roughness was  monitored
ccording to JIS 94 standard, using surface roughness measuring
nstrument, SE 1700� made in Japan.

.3.3.3. Tear strength. Tear strength was measured according to
STM D2261-96.

. Results and discussion

.1. X-ray diffraction

The TiO2 nanoparticles and white crystalline nanowires of Na-
itanate were premeditated first by means of XRD. This is because
he titanate (Na2Ti3O7) nanowire possesses a clay-like layered crys-
al lattice. The XRD pattern (Fig. 1a) shows the d-space diffraction

eak (3.5 Å, or 0.35 nm)  for the titanium nanoparticles, and (Fig. 1b)
emonstrates the formation of Na-titanate after hydrothermal pro-
ess of nanoparticles and washing by sodium hydroxide until
he pH 8 which suggests a uniformity of the crystal phase. The
olymers 91 (2013) 549– 559 551

washing in NaCl solution has greatly discouraged the ion exchange
by proton (H+) in the de-ionized water, otherwise a smaller d-space
corresponding to the smaller interlayer-proton should be seen.
This NaCl-washing is crucial, simply because the smaller inter-
layer space can hinder the intercalation of large organic cation.
The d-spacing of Na-titanate increases to 7 Å (or 0.7 nm) due to
the intercalation of Na+ cation between the interlayer spacing of
titanium nanowires.

XRD was  also used to determine the phase structure of the sam-
ples. Fig. 1c and d shows XRD pattern of TiO2 nanoparticles and
TiO2 nanowires doped by silver nanoparticles respectively. The XRD
pattern shows that all peaks in the pattern can be allocated to the
diffraction of (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes of face cen-
tered cubic (fcc) silver, which are marked with Ag in Fig. 1c and
d. Also, this pattern demonstrates that additional peaks appear,
which can be attributed to the anatase phase of TiO2 suggesting
that the samples c and d contain anatase TiO2 and metal Ag two
phases, and this is reliable with the following SEM and TEM obser-
vations.

3.2. TEM

TEM studies were done for investigating detailed structural and
surface information on the nanowires. Fig. 2b suggests that the bun-
dled Na-nanowires mostly stay in a stacked and twisted form owing
to an interfacial bonding that holds all the nanowires together in
a bundle, and the recognizable space in-between the nanowires in
the bundles is due to the interfacial bonding as weak as, likely, a
H-bonding. However, transmission electron microscopic analysis
provides information on the size and shape of primary particles
and state of agglomeration (Fig. 2a). The general morphology of
the TiO2 nanoparticles doped Ag is observed in Fig. 2c. It is clear
that the primary particles have diameters <15 nm, small weak
agglomerates are formed that increase with increasing Ag content.
To get more information about the structure of TiO2 nanowires
doped Ag, it was further investigated in Fig. 2d which provides
a typical TEM image of TiO2 nanowires doped Ag, thus confirm-
ing further the core–shell structure of TiO2 doped Ag. The TEM
image shows that the TiO2 nanowires are coated by a layer of Ag
nanoparticles. This close interconnection between Ag shells and
TiO2 cores is believed to favor the transfer and separation of photo-
generated electrons from TiO2 cores to the silver shells (Zhang et al.,
2003).

3.3. SEM and EDX

Most recently, one-dimensional (1D) TiO2 nanostructures (e.g.
nanowires and nanotubes) have been synthesized to possess var-
ious sizes and morphologies in nanoscale. As another family of
relatively new nanomaterials, single-crystal TiO2 nanowire, typ-
ically in a diameter below 100 nm and length up to cm level,
which can be prepared from the TiO2 nanoparticles via a sim-
ple hydrothermal synthesis (Adachi, Okada, Ngamsinlapasathian,
Murata, & Yoshikawa, 2002) reported to show novel properties for
advancing a wide range of important technologies.

The Na-titanate nanowire’s morphology was characterized by
the SEM. In Fig. 3a, the SEM photograph demonstrates well-grown
TiO2 nanowires; it can be seen that the surface of TiO2 nanowires is
very smooth, each with an average length >10 �m and an average
diameter 30–50 nm.  Most of the Na-titanate nanowires are well-
separated singles even though some in aggregated bundles, all of
which nonetheless possess a smooth surface typical for single crys-

talline in structure, which highly supports the data of Fig. 3a. The
SEM pictures of pure TiO2 nanoparticles and Ag doped TiO2 are
also shown in Fig. 3b and d. Fig. 3b depicts that the size of titanium
dioxide particle is mostly uniform. But in Fig. 3d the distribution of
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Fig. 2. TEM images of (a) TiO2 nanoparticles, (b) TiO2 nanowires, (c) TiO2 nanoparticles doped Ag, and (d) TiO2 nanowires doped Ag.
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ilver on the surface of TiO2 nanoparticles is not uniform and con-
ains unequal shaped particles which are the aggregation of tiny
rystals. While, in case of TiO2 nanowires doped Ag (Fig. 3c), the
g doped TiO2 nanowires display very rough surface morpholo-
ies, and a layer of tiny Ag nanoparticles is uniformly deposited on
he surface of TiO2 nanowires. On the other hand, Fig. 3e repre-
ents the SEM image of untreated cotton fabric in which surface of
he fabric appears smooth in comparison with Fig. 3f in which thin
ayer of TiO2 doped Ag is deposited on its surface and distributed
niformally without any aggregation at higher magnification of

mages. Fig. 3g shows the distribution of TiO2 nanowires doped
g on surface of cotton fabric which appears porous and rough at
igher magnification. EDX analysis of coated cotton fabric is also
hown in Fig. 3f and g. Titania and silver contents on the cotton
abric were identified by EDX spectrum. On the basis of the results,
he higher peaks of titania observed in Fig. 3f related to higher
mount of nano TiO2 adsorbed on the surface of the fabric. But the
igher peak of silver observed in Fig. 3g related to higher amount
f doping in case of TiO2 nanowires which are adsorbed on the
abric.

.4. Antibacterial activity
The originality of this work is the synthesis of two nano forms
f TiO2, their doping with silver nanoparticles and determination
f their antimicrobial properties when intercalated with PVP.
oating the cotton fabrics that is, TiO2 in the form of nanoparticles
as well as in the form of nanowires along with their corresponding
mates doped by Ag nanoparticles inserted in PVP gives rise to
nanocomposites. By virtue of its application to the fabrics before
the nanocomposite formation, nanocomposites coat the fabric.
Results of antimicrobial activity are summarized in Table 1 and
Fig. 4. Results of table reveal that:

(1) At zero concentration of PVP, all cotton fabrics treated with
nanomaterials under investigation exhibit noticeable antimi-
crobial activity as indicated by the clear inhibition zones against
Gram positive bacteria, Gram negative bacteria and fungi. Nev-
ertheless the antimicrobial efficiency relies on nano form of
TiO2 used. Killing mechanism of the microorganisms originally
involves degradation of the cell wall and cytoplasmic mem-
brane under the influence of reactive oxygen species such as
hydroxyl radicals and hydrogen peroxide produced by TiO2.
This initially leads to leakage of cellular contents e.g. cations,
RNA and protein, then cell lysis and may  be followed by com-
plete mineralization of the organism (Matsunaga, Tomoda,
Nakajima, Nakamura, & Komine, 1988; Matsunaga, Tomoda,
Nakajima, & Wake, 1985).

(2) An excellent antimicrobial effect as evidenced by the higher
increase in the values of inhibition zones could be achieved

when samples were treated with nano TiO2 (particles or wires)
doped silver. This could be attributed to the fact that silver
nanoparticles can interact with sulfur-containing proteins from
cell membrane and phosphorus containing compounds in cells,
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attacking the respiratory chain, with cell division leading to cell
death (Rai, Yadav, & Gade, 2009; Zhang & Chen, 2009).
It is as well to emphasize that Ag nanoparticles can also
enhance photocatalysis by enhancing charge separation at
the surface of the TiO2 (Kubacka, Ferrer, Martínez-Arias, &
Fernández-García, 2008; Musil et al., 2009). Ag+ is antimicro-

Fig. 3. SEM and EDX analysis of cotton fabric coated with na
olymers 91 (2013) 549– 559 553

bial and can enhance generation of reactive oxygen species (Eqs.
(1)–(3)).
Ag+ + O2
•− → Ag0 + O2 (1)

Ag0 + O2
•– → Ag+ + O2

2− (2)

no TiO2 (particles and wires) and its doping with Ag.



554 A.A. Hebeish et al. / Carbohydrate Polymers 91 (2013) 549– 559

(Cont

(

Fig. 3. 

H2O2 + Ag0 → HO− + •OH + Ag+ (3)
3) Increasing the concentration of PVP to 1% (w/v) is accom-
panied by higher enhancement in value of inhibition zones
against all the organisms studied. This could be ascribed to
inued)

the point that the PVP used in coating fabric acts as dispers-

ing as well as stabilizing agent and prevents the aggregation
of nano TiO2 on cotton fabric coated with nanocomposites
(Gupta, Jassal, & Agrawal, 2008). Different values of clear inhibi-
tion zones could be associated with the differences in cell wall



A.A. Hebeish et al. / Carbohydrate Polymers 91 (2013) 549– 559 555

Fig. 4. Photographs of inhibition zones against Bacillus cereus and Pseudomonas for the treated cotton fabric.
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Table 1
Effect of concentration of PVP on antimicrobial properties of treated cotton fabric.

Treatment of cotton fabric Inhibition zone (mm/1  cm sample)

Pseudomonas aeruginosa (G−)  Staphylococcus aureus (G+) Escherichia coli (G−)  Bacillus cereus (G+) Candida albicans

Blank cotton fabric 0 0 0 0 0

0%  PVP
2% TiO2 (nanoparticles) 11 11 11 11 0
2% TiO2 (nanowires) 12 11 11 11 0
2%  TiO2 (nanoparticles) doped Ag 14 13 14 13 11
2%  TiO2 (nanowires) doped Ag 18 15 15 19 11

1%  PVP
2% TiO2 (nanoparticles) 11 11 12 11 11
2%  TiO2 (nanowires) 12 12 12 13 12
2% TiO2 (nanoparticles) doped Ag 18 15 17 15 13
2%  TiO2 (nanowires) doped Ag 23 17 18 23 15

3%  PVP
2% TiO2 (nanoparticles) 13 12 13 11 12
2%  TiO2 (nanowires) 13 13 12 12 13

a
a

F
c
t
T
(

2%  TiO2 (nanoparticles) doped Ag 19 15 

2%  TiO2 (nanowires) doped Ag 24 18 

structures. Further increase in concentration of PVP 3% (w/v)
causes insignificant effect on antimicrobial efficiency of cotton
fabric coated with nanocomposite.
Based on the above results, it is clear that 1% PVP constitutes
n optimal concentration for PVP coating. The latter refers to TiO2
nd TiO2 doped Ag-PVP nanocomposites. This coating imparts
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ig. 5. UV–vis absorption spectra of degradation of methylene blue (MB) under normal l
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antimicrobial activity to cotton fabric (TiO2 nanowires) and its
doping with silver nanoparticles of treated cotton fabrics.

3.5. Photocatalytic studies
3.5.1. Photocatalytic degradation of methylene blue (MB)
The spectral changes brought about by degradation of

MB  adsorbed cotton fabric, MB/TiO2 (nanoparticles)/cotton
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noparticles) doped Ag/PVP treated cotton fabric. Photodegradation of MB on the

) MB/untreated cotton fabric, (b) MB/TiO2 (nanowires)/cotton fabric, (c) MB/TiO2

 MB/TiO2 (nanowires) doped Ag/PVP treated cotton fabric.
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abric, MB/TiO2 (nanoparticles) doped Ag/cotton fabric, MB/TiO2
nanoparticles)/1% PVP treated cotton fabric and MB/TiO2
nanoparticles) doped Ag/1% PVP treated cotton fabric are shown
n Fig. 5A and B. As is evident reaction of TiO2 (through the reactive
xygen species on its surface) with MB  dye causes changes in the
ate of degradation of the latter. The rate of degradation is recorded
ith respect to the change in the intensity of absorption peak in vis-

ble region. The major peak is observed at 623 nm.  In Fig. 5A (for a
iven time of exposure of 2 h) the observed peak decreases gradu-
lly. Increasing time of exposure to 12 h (Fig. 5B) enhances the rate
f photocatalytic degradation of MB  dye and follows the order:

MB/TiO2 (nanoparticles) doped Ag/1% PVP treated cotton fab-
ric > MB/TiO2 (nanoparticles) doped Ag/cotton fabric > MB/TiO2
(nanoparticles)/1%PVP treated cotton > MB/TiO2 (nanoparti-
cles)/cotton fabric > MB  adsorbed cotton fabric.

The photocatalytic process involved several numbers of possible
eactions. TiO2 is a semiconductor. The adsorption of a photon with
ufficient energy by TiO2 promotes electrons from the valence band
evb

−) to the conduction band (ecb
−), leaving a positively charged

ole in the valence band (hvb
+; Eq. (4)). The band gap energy (energy

equired to promote an electron) of anatase is approx. 3.2 eV, which
ffectively means that photocatalysis can be activated by photons
ith a wavelength of below approximately 385 nm (i.e. UVA). The

lectrons are then free to migrate within the conduction band and
he holes may  be filled by an electron from an adjacent molecule.
his process can be repeated. Thus, holes are also mobile. Electrons
nd holes may  recombine (bulk recombination) a non-productive
eaction, or, when they reach the surface, react to give reactive oxy-
en species (ROS) such as O2

•− (Eq. (5))  and •OH (Eq. (6)). These in
olution can react to give H2O2 (Eq. (7)), further hydroxyl (Eq. (8))
nd hydroperoxyl (Eq. (9)) radicals. Reaction of the radicals with
rganic compounds results in mineralization (Eq. (10)) (Howard,
oster, Sajnu, & Alex, 2011).

iO2 + h� → ecb
− + hvb

+ (4)

2 + ecb
− → O2

•− (5)

vb
+ + H2O → •OH + H+ (aq) (6)

OH + •OH → H2O2 (7)

2
•− + H2O → •OH + OH− + O2 (8)

2
•− + H+ → •OOH (9)

OH + organic + O2 → CO2 + H2O (10)

It is observed from the above results that TiO2 doped Ag is more
fficient in enhancing photocatalytic degradation of MB adsorbed
n cotton fabric than pure TiO2. This may  be explained as fol-
ows. Ag nanoparticles deposited on the nano TiO2 surface can act
s electron–hole separation centers (Henglein, 1979; Herrmann,
isdier, & Pichat, 1986). The electron transfer from the TiO2
onduction band to metallic silver particles at the interface is ther-
odynamically possible because the Fermi level of TiO2 is higher

han that of silver metals (Sclafani & Herrmann, 1998). This results
n the formation of Schottky barrier at the metal–semiconductor
ontact region, which improves the charge separation and thus
nhances the photocatalytic activity of TiO2.

It is also clear from the previous order that inclusion of TiO2
nanoparticles) doped Ag in PVP treated cotton fabric causes the
ighest photodegradation of MB  dye as compared with all other

reated samples. This could be associated with the role of PVP in
nhancing the efficiency of photodegradation of adsorbed dye by
ncreasing the transportation of photo-induced electrons and holes
n the photocatalyst (Wang, Gu, & Jin, 2003). Ta
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Fig. 5C and D shows the spectral changes due to degrada-
ion of MB  adsorbed on cotton fabric, MB/TiO2 (nanowires)/cotton
abric, MB/TiO2 (nanowires) doped Ag/cotton fabric, MB/TiO2
nanowires)/1% PVP treated cotton fabric and MB/TiO2 (nanowires)
oped Ag/1% PVP treated cotton fabric at time of exposure of 2 h and
2 h. it is observed (Fig. 5C and D) that the rate of degradation of
he adsorbed MB  dye increases by increasing the time of exposure
nd the treated samples follow the order:

MB/TiO2 (nanowires) doped Ag/PVP treated cotton fab-
ric > MB/TiO2 (nanowires) doped Ag/cotton fabric > MB/TiO2
(nanowires)/PVP treated cotton > MB/TiO2 (nanowires)/cotton
fabric > MB  adsorbed on cotton fabric.

It is worthy to note that TiO2 (nanowires) is more efficient in
hotodegradation than TiO2 (nanoparticles). It is also observed
hat TiO2 (nanowires) doped Ag is more efficient in photodegrada-
ion than TiO2 (nanoparticles) doped Ag nanoparticles. This could
e interpreted in terms of relatively large surface area of TiO2
nanowires) and hence the dye adsorption increases leading to
igher photodegradation of dye.

.5.2. Photocatalytic degradation of MB  dye coated cotton fabric
Cotton fabric coated with nano TiO2 (particles or wires) doped

g was also evaluated through monitoring the fabric self-cleaning
f MB dye stains. Self-cleaning takes place at the cotton fabric sur-
ace under direct sunlight for 2 h and 12 h as shown in Fig. 5A and
. Fig. 5A shows the self-cleaning and degradation of the dye on the
lank and treated cotton fabric stained with MB dye (10 g/l) when
ubjected to direct sunlight for 2 h. An insignificant degradation of
B dye can be observed. On the other hand, prolonging the expo-

ure time to 12 h (Fig. 5B) is accompanied by enhanced degradation
nd decolorization of the dye on the fabric surface, since under
irect sunlight (UV light) more possible reactions occur between
iO2 surface and MB dye. Fig. 5 illustrates that MB  dye stain on sam-
le 10 (PVP treated cotton fabric coated with TiO2 nanowires doped
g nanoparticles) is completely degraded after 12 h exposure to
irect sunlight.

.6. Mechanical properties of coated cotton fabric

Table 2 shows the effect of concentration of PVP on major chem-
cal properties of the cotton fabrics coated with PVP at different
oncentrations before and after they were injected with nano TiO2
particles and wires) and their doping with silver. It is obvious that
t zero concentration of PVP and under the different treatments
mployed, insignificant change in tear strength and tensile strength
long with an increase in both roughness and elongation at break
s observed. This could be associated with deposition of nano TiO2
nd TiO2 doped Ag nanoparticles on the surface of treated fab-
ics. Increasing the PVP concentrations to 1% and 3% has practically
o effect on roughness, tear strength and tensile strength. On the
ther hand, the elongation at break tends to be higher at higher PVP
oncentrations (i.e. 3%).

. Conclusion

The TiO2 nanowires were effectively prepared through
ydrothermal method by strong alkaline medium using TiO2
anoparticles as precursor. Also TiO2 nanowires doped Ag and
iO2 nanoparticles doped Ag were successfully synthesized using

hoto-reducing Ag+ ions to Ag metal. The XRD, SEM, and TEM
onfirmed the formation of nanomaterials. Cotton fabrics were
oated with TiO2 nanowires and TiO2 nanowires doped Ag-PVP
anocomposites. Coated cotton fabrics show high efficiency in MB
olymers 91 (2013) 549– 559

photodegradation, thus suggesting high photocatalytic self clean-
ing properties under normal laboratory environmental conditions
and direct sunlight. Also treated cotton fabric modified by nanoma-
terials recognized good antimicrobial activity against Gram positive
bacteria, Gram negative bacteria and fungi. Based on the above
results, coated cotton fabrics could be promising for possible med-
ical and industrial applications.
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