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Self-cleaning of modified cotton textiles by TiO2 at low temperatures
under daylight irradiation
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Abstract

This study shows that samples of bleached cotton (C2) and of mercerized cotton (E) textiles can be activated by RF-plasma, MW-plasma and
UV-irradiation introducing functional groups negatively charged to anchor TiO2 on the textile surface. The preparation of the TiO2 colloids
and the cotton surface functionalization are described in a detailed way. The photo-discoloration and mineralization of stains of red wine,
coffee, make up and grease were monitored following the COevolved upon daylight irradiation with 50% full solar light intensity (AM 1).
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or base treated cotton (C2), UV activated textile followed by TiO2 deposition from Degussa TiO2 P25 was the most active sample during
iscoloration of wine and coffee stains under daylight irradiation. In the case of the mercerized cotton samples (E), MW-plasma
f the textile surface followed by TiO2 deposition from a titanium tetra-isopropoxide (TTIP) colloid showed the most favorable discolo
inetics. The images obtained by electron microscopy (TEM) and by (HRTEM) show 5–7 nm TiO2 crystallites for the MW-plasma (E) cotto
amples at time zero and for the same after 20 machine household washings. The coating of TiO2 on the textiles presented variable thicknes
20–300 nm. The TiO2 cluster size and distribution from sol–gel precursors after daylight induced stain discoloration did not vary with

o the TiO2 cluster size before irradiation. This is the evidence the stable nature of the TiO2 cluster deposition on the cotton surface. X-
vidence for rutile formation on the C2 cotton fibers was obtained. Elemental analysis revealed Ti-loadings of 1–1.5% (w/w) for th2
ttached by different techniques. The self-cleaning leading to the stain discoloration was quantified to assess the photo-activity2
lusters prepared under different experimental conditions. This process shows promise for the total removal of stains containin
olored pigments on the cotton fibers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, crystalline TiO2 has received much at-
ention due to their interesting properties as photocatalyst
1–3]. Nano-sized particles show high photoactivity due to
heir large surface area per unit mass and diffusion of the
lectron/holes before recombination. The commercial use of
iO2 as photocatalyst is becoming widespread in the areas
f: (a) for water purification[4]; (b) air purification[5]; (c)
terilization/disinfection[6]; and (d) systems involving ap-
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plications of the recently reported superhydrophilic ef
[7]. Further applications of transparent and antistatic fi
of TiO2 on diverse substrates is beginning to be explo
This study intends to show work in this new direction.

Much work has been carried out depositing TiO2 on hea
resistant surfaces like glass and silica by sol–gel meth
Temperatures up to 500◦C produce anatase or anatase/ru
clusters or films on silica surfaces[1–7]. The present stud
addresses the coating of TiO2 on textiles with poor heat resi
tance. Temperatures up to 100◦C are employed for the dep
sition of TiO2 on the cotton textiles. Recently several stu
report the nucleation of anatase at relatively low temp
tures: (a) from sol–gel coated substrates exposed to b
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water[8]; (b) at 100◦C from sol–gel exposed to water vapor
[9]; (c) at temperatures 60–180◦C from TiO2–SiO2 films ex-
posed to water vapor[10]. In the last case, the treatment with
water vapor reduced the temperature necessary to produce
anatase crystallites in the sol–gel films to temperatures be-
low 100◦C by phase separation of the TiO2 from the SiO2;
(d) anatase nano-crystals were produced more recently on
cotton fabrics from the TTIP alkoxide solution at low tem-
perature by sol–gel process with grain sizes of∼20 nm. The
anatase phase was attained on the cotton textile surface by
boiling the textiles in water for 3 h[11].

Acrylic emulsions of TiO2 have been coated on tex-
tiles with the purpose of inducing self-cleaning effects un-
der daylight irradiation[12], but the coating showed some
degradation after being exposed to the action of daylight.
Another low temperature fixation of TiO2 anatase nano-
crystals on plastic substrates has been carried out recently
from silica–titania gels showing anatase cluster formation
after hot water treatment[13]. The direct preparation of
anatase/polymer nano-composite films from sol–gel titania
on polymer films is generally not possible due to the low re-
sistance of the organic polymers to heat treatment[14,15].
Recently polymers films with negative surface groups have
been exchanged with TiO2 to attach the titania on their surface
by electrostatic attraction[14]. One of the reasons to under-
take the present research is to explore the commercial poten-
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talline and amorphous regions. The C2 and E cotton samples
were pretreated in a conventional RF-plasma cavity (Har-
rick and Co., UK). A variety of functional groups like: CO,

O C O, COH, COOH, CH2 OH were introduced on
the fabric surface through the reaction between the active O-
species (singlet1O2, atomic O, anion-radical O− and cation-
radical O+) induced by the plasma activation of the gas phase
on the carbon textile surface[16]. These oxygen function-
alities obtained in the 0.1 mbar cavity of the RF-plasma at-
tained a higher concentration with longer treatment times up
to ∼30 min. This time has been chosen for RF-plasma pre-
treatment during this study. Recently, the preparation of di-
verse catalysts using plasma technology has been described
[17,18]. The experimental conditions used during the RF-
plasma pretreatment were: plasma generator at 13.56 MHz;
plasma power 100 W and a residual gas pressure of 0.1 mbar.

2.2.2. MW-plasma
The C2 and E cotton samples were also pretreated in a

MW-plasma cavity (Vacotec Corp., Neuchatel, Switzerland).
A schematic representation of the MW-plasma unit is shown
in Fig. 1. Experiments were performed at 2.45 GHz. The
power was varied from 100 to 600 W, the reaction times were
changed from 10 to 180 s, the gas flow was between 20 and
100 ml/min, and the gas pressure varied from 0.02 to 2 mbar.
B r was
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ial of the TiO2 semiconductor on cotton textiles prepare
elatively low temperatures for self-cleaning purposes.
tudy aims at the discoloration of organic materials inc
ng dyes, pigments and grease on the modified cotton te
oaded with TiO2. The use of TiO2 loaded flexible substrat
ill possibly allow their application during the photodegra

ion of micelles, oils, solvents, sooth, aromatic and aliph
ydrocarbons under daylight.

. Experimental

.1. Materials

Base treated cotton (C2) and mercerized cotton samp
E) were used throughout this work. The mercerized
on network contained a variety of stabilizers, oxidants
ensides to eliminate the natural grease, pectine, lignin
tains associated with untreated cotton fibers. Titanium
hloride (TiCl4), titanium tetra-isopropoxide (TTIP), nitr
cid (HNO3) and hydrochloric acid (HCl) were Fluka p
eagents and used as received. Triple distilled water was
n all experiments.

.2. Pretreatment of synthetic textiles fabrics

.2.1. RF-plasma
Cellulose is the main component of wood and plant fib

otton is almost pure cellulose formed byd-glucose unit
nd its macro-structure is heterogeneous consisting of
efore the sample treatments the plasma MW-chambe
vacuated for 2 h up to 0.01 mbar. MW-plasma in air
W-Plasma) was used to oxidize the cotton surface.
retreatment time was varied between 5 and 45 s and
lly 120◦C were not exceeded in this way. This is be

he temperature of 180◦C the upper limit for cotton textile
he ionized gas is composed atomic oxygen, ionic form
xygen (negative and positive), radicals formed due to

nteraction of O-excited species and residual water vap

.2.3. Vacuum–UV (V–UV)
The cotton fabrics were also pretreated using the 18

ine of a low pressure mercury source from Ebara Co
wasaki Electric Co., Shiba, Japan having a power of 2
he scheme of the installation used is shown inFig. 2. The

amp wall consists of synthetic silica able to transmit

ig. 1. Schematic of a microwave-plasma (MW-plasma) unit used to pr
he surface of cotton textiles.
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Fig. 2. Schematic of the V–UV unit used to pretreat the surface of cotton textiles.

184 nm lights. This wavelength comprises 25% of the total
lamp output. 75% of the lamp output consisted of 254 nm bac-
tericide radiation. Since the vacuum–UV activation proceeds
with a lower energy than the plasma activation, no cationic
or anionic oxygen species are formed in the gas phase. Only
atomic and excited oxygen species are formed and this is
the difference with the plasma methods described in section
(a) and (b) above. This leads to a more defined and uniform
modification of the textile surfaces with an increased polar-
ity because it contains a variety of oxygen functional groups
formed by the reactions of free radicals with the O2 in the
gas phase. The upper textile layers are excited by the incom-
ing UV light up to ∼100Å or the equivalent of about 50
atomic layers[17,18]. Either by plasma or by vacuum–UV
pretreatment the residual oxygen at the pressures worked was
sufficient to modify the textile surfaces due to the absorption
cross-section of the O2 for plasma radiation or ultraviolet
light. Fig. 3shows in a simplified way the functional groups
introduced in the cotton fibers by plasma or V–UV treatment.
A significant number of carboxylic, percarboxylic, epoxide

and peroxide groups form upon either pretreatment[17]. The
overall hydrophilicity of the textile surface was observed to
drastically increase due to this pretreatment.

2.3. Preparation of TiO2 colloids

2.3.1. TTIP as colloidal TiO2 precursor
Titanium tetra-isopropoxide (TTIP, 20 ml) was added

drop-wise to 300 ml of 2-propanol acidified by 1 ml of con-
centrated HNO3 and cooled at∼0◦C in an ice bath. The solu-
tion was stirred for∼1 h to attain total dissolution of the poly-
meric chains and produce a transparent colloidal solution.

2.3.2. TiCl4 as colloidal TiO2 precursor
An aliquot of 10 ml TiCl4 were slowly added to 1 L (0.5 M

HCl) aqueous solution. The reaction vessel was immersed in
an ice-bath to prevent precipitation of TiO2 polymeric-sol
during to the kinetically fast and highly exothermic hydrol-
ysis process. The Cl−-ions in the solution were eliminated
by dialysis adding continuously distilled water within 2 days

f cotton
Fig. 3. Diagram indicating the modification o
 textiles induced by plasma or V–UV pretreatment.
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using a cellulose membrane. The Cl−-ions have to be elimi-
nated since they interfere during the photo-catalytic destruc-
tion of the stains by the TiO2 clusters on the textile surface
[16].

2.4. Deposition of colloidal and TiO2 Degussa P25
powder coated textiles

2.4.1. Colloidal TiO2
Pretreated 4× 12 cm textiles samples were immersed in

the chosen TiO2 colloidal suspension and exchanged for
30 min as described in Section2.2. Afterwards, the samples
were dried in two steps: (a) first in air for 24 h at 22◦C (lab-
oratory temperature) and (b) followed by heating at 100◦C
for 15 min. The exchange operation to load the TiO2 on the
textiles was carried out immediately after the fabric pretreat-
ment by any of the three techniques mentioned above. The
reason for this is that the radicals formed at the fabric surface
react with the humidity and oxygen of the air. This deacti-
vates the radicals induced by the pretreatment. The textile
samples were then washed with distilled water under son-
ication to remove the TiO2 particles that did not attach to
the fabric surface. During this study we found that only pre-
treated surfaces were able to fix TiO2 from colloidal solutions
(or powder suspensions or the combination of both. The dyes
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was measured in a GC (Carlo Erba, Milano) provided with a
Poropak S column.

2.6. Elemental analysis

Elemental analysis of the TiO2 loading on the textile fab-
rics was carried out by atomic absorption spectrometry using
a Perkin-Elmer 300 S unit.

2.7. Transmission electron microscopy (TEM)

A Philips CM 300 (field emission gun, 300 kV, 0.17 nm
resolution) HRTEM microscope and a Philips EM 430
(300 kV, LaB6, 0.23 nm resolution), provided with energy
dispersive spectrometers (EDS) were used to measure the
particles sizes of the titania clusters coating the textile fab-
rics. The textiles were embedded in epoxy resin (Embed 812)
and the fabrics were cross-sectioned with an ultra-microtome
(Ultracut E, Reichert-Jung) to a thin section of 50–70 nm.
Magnification from about 1000× to 450,000× were used to
characterize the samples and this allowed the determination
of the TiO2 cluster size up to the nanometer range.

2.8. X-ray diffraction

The crystallographic phase of the TiO2 on the textile sam-
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ith carboxylate groups have been recently reported t
ble to anchor TiO2 via coordination[14].

.4.2. TiO2 Degussa P25 powder
The pretreated cotton textiles were immersed in a p

usly sonicated (30 min) aqueous solution of TiO2 Degussa
25 (5 g/l) and heated for 1 h at 75◦C. The textile was drie

or 1 h at 100◦C and then the unattached TiO2 particles on
he textile surface were washed out in distilled water by 5
onication. A loading of 1.0–1.5% (w/w) for the sample 7
able 3was determined by elemental analysis (see Se
.6).

.5. Irradiation procedure and evaluation of the textiles
leaning action

The photochemical reactor consisted of 80 ml cylindr
yrex flasks containing a strip of textile of 48 cm2 positioned

mmediately behind the wall of the reactor. The wine st
re introduced on the cotton fabric using a micro-syringe
0�l of red wine. The irradiation of samples was carried

n the cavity of a Suntest solar simulator (Hanau, Germ
ir-cooled at 45◦C. The Suntest lamp had a wavelength di
ution with 7% of the photons between 290 and 400 nm.
rofile of the photons emitted between 400 and 800 nm

owed the solar spectrum with a light intensity of 50 mW/c2

orresponding to 50% of AM1 (AM1 is light intensity of t
idday equatorial solar radiation). The radiant flux was m

tored by a LSI Corporation power meter of Yellow Sprin
O., USA. The CO2 volume produced during the irradiati
les was determined by a Siemens X-ray diffractometer u
u K� radiation.

. Results and discussion

.1. Development of CO2 due to the degradation of
ine, coffee, make-up and grease stains on C2 and E
otton textiles prepared by different methods

Table 1shows the values of the CO2 volumes formed dur
ng mineralization of organic various stains by TiO2 under
ight. In practice besides the CO2 a small amount of ino
anic anions and cations are also produced during the
ralization process since the chromophore functional gr
f red wine contain lycopenes, carotenoids and other na
igments besides a small amount of cations and anions
eaction vessel described in Section2.5of the experimenta
art was used for the CO2 determination. The evolution
O2 of a red wine stain on C2 cotton pretreated by RF-plasm
fter 24 h irradiation is shown in the first line ofTable 1to
roduce the highest amount of CO2 (2000�l) under sola
imulated light (50 mW/cm2).

Fig. 4shows the evolution of CO2 as a function of irradi
tion time for wine stains. It is seen that the CO2 evolution

ncreases at a slower pace at the beginning and more s
bove 8 h irradiation (trace c). Very small amounts of C2
ere observed when cotton was irradiated with dayligh

he absence of TiO2 and wine (trace a). Also, small amou
f CO2 were observed when the cotton was stained with w

n the absence of TiO2 (trace b).
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Table 1
Textile type C2

Sample name Pre-treatment Pre-treatment time TiO2 precursor Red wine spot
CO2 (�l)

Coffee spot
CO2 (�l)

Make-up-spot
CO2 (�l)

Grease spot
CO2 (�l)

C2–2 RF-plasma 60 min TiCl4 2000 1800 1350 1900
C2–3 V–UV 15 min TTIP 1700 1430 1050 1270
C2–4 V–UV 30 min TTIP 1000 960 680 860
C2–5 V–UV 15 min TiCL4 1800 1280 880 1010
C2–6 V–UV 60 min TTIP 700 700 530 710
C2–13 MW-plasma 15 s TTIP 1200 1150 550 540
C2–14 MW-plasma 30 s TTIP 1200 1830 890 1330
C2–15 MW-plasma 15 s TiCl4 600 690 720 620
C2–16 MW-plasma 30 s TiCl4 600 790 400 290

Fig. 4. CO2 evolution under Suntest light irradiation (50 mW/cm2 equivalent
to the daylight intensity in Switzerland in an average day) for C2 cotton
samples pretreated for 30 min by V–UV as a function of time: (a) cotton
C2 alone; (b) cotton C2 with wine stain; and (c) cotton sample C2-2 stained
with wine.

Table 2presents the results for the evolution of CO2 from
the discoloring and/or decomposition of the wine stain on
mercerized cotton samples (E). The sample E-19 with a red
wine stain shows the most favorable CO2 evolution after 24 h
Suntest light irradiation. It was prepared using TTIP as the
TiO2 precursor and pretreating with MW-plasma for 15 s. The
MW-plasma treatment that is accompanied by heat seems to
increase the contact between the cotton tissue and the surface

TTIP sol–gel having a favorable action on the TiO2 structure
and dispersion on the textile surface. Generally the amount of
CO2 evolved under Suntest light irradiation on cotton (C2) is
significantly higher than for the mercerized cotton (E) sam-
ples. This is due to the adverse effect of the networking, sur-
face and oxidative additives used to mercerize the cotton (E)
samples. The TiO2 loaded textile allows for bigger time inter-
vals for the cleaning by conventional methods since the red
wine stains are already partially degraded on the TiO2 loaded
textiles due to the action of daylight and will be more recep-
tive towards the application of detergents during household
washing with the accompanying cost saving.

Table 3shows the discoloration of red wine stains pre-
pared from different procedures on the cotton sample (C2)
but pretreating with the UV-irradiation unit shown inFig. 3.
By inspection ofTable 3it is seen that the surface textiles pre-
treated with two UV low-pressure mercury lamps evolved the
highest quantity of CO2 from red wine stains. These quanti-
ties are 5–7 times higher in�l CO2 compared to the to CO2
evolved by red wine stains on textiles not coated with TiO2
(seeTable 1) for textiles pretreated with only one UV lamp.
The results shown inTable 3use the reactor shown inFig. 3
to perform the experiments allowing for a better geometry
and a closer distance between the cotton sample and the light
source. The TiO2 Degussa P25 powder loading of the cot-
ton sample consisting of 80% anatase and 20% rutile having
c itable
t with
r

Table 2
Textile type E

Samples name Pre-treatment Pre-treatment time TiO2 precursor t

E-7 RF-plasma 60 min TTIP
E-8 RF-plasma 60 min TiCl4

E-9 V–UV 15 min TTIP
E-10 V–UV 30 min TTIP
E-11 V–UV 15 min TiCl4
E-12 V–UV 60 min TiCl4
E-17 MW-plasma 15 s TiCl4

E-18 MW-plasma 30 s TiCl4

E-19 MW-plasma 15 s TTIP
E-20 MW-plasma 30 s TTIP
rystalline sizes of 30–40 nm seems to be the most su
itania active in the removal of the pigments associated
ed wine stains.

Red wine spot
CO2 (nl)

Coffee spot
CO2 (nl)

Make-up spot
CO2 (Hi)

Grease spo
CO2 (nl)

200 300 250 360
125 160 150 150
150 150 140 190
140 170 130 120

100 130 160 190
160 220 150 160
550 450 370 460
170 250 330 280

700 800 690 620
600 650 610 640
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Table 3
UV pretreated cotton type C2 red wine stains

Sample name Gas Lighted lamps TiO2 source Stain CO2 after 24 h irradiation (area)

Sample 7 Air 2 lamps Degussa P25 Wine 11807
Sample 14 Argon 8 lamps TiO2 (TTIP 10–15 nm) Wine 11501
Sample 13 Argon 8 lamps Degussa P25 Wine 11112
Sample 10 Air 8 lamps TiO2 (TTIP 10–15 nm) Wine 11064
Sample 3 Vacuum 2 lamps Degussa P25 Wine 9783
Sample 6 Vacuum 8 lamps TiO2 (TTIP 10–15 nm) Wine 9724
Sample 11 Argon 2 lamps Degussa P25 Wine 9391
Sample 5 Vacuum 8 lamps Degussa P25 Wine 8986
Sample 9 Air 8 lamps Degussa P25 Wine 8792
Sample 12 Argon 4 lamps Degussa P25 Wine 7659
Sample 4 Vacuum 4 lamps Degussa P25 Wine 7407
Sample 8 Air 4 lamps Degussa P25 Wine 7003

Table 4
UV pretreated cotton type C2 coffee stains

Sample name Gas Lighted lamps TiO2 source Stain CO2 after 24 h irradiation (area)

Sample 7 Air 2 lamps Degussa P25 Coffee 12308
Sample 14 Argon 8 lamps TiO2 (TTIP 10–15 nm) Coffee 11769
Sample 13 Argon 8 lamps Degussa P25 Coffee 10192
Sample 3 Vacuum 2 lamps Degussa P25 Coffee 9748
Sample 10 Air 8 lamps TiO2 (TTIP 10–15 nm) Coffee 9407
Sample 6 Vacuum 8 lamps TiO2 (TTIP 10–15 nm) Coffee 7682
Sample 8 Air 4 lamps Degussa P25 Coffee 7578
Sample 12 Argon 4 lamps Degussa P25 Coffee 7294
Sample 5 Vacuum 8 lamps Degussa P25 Coffee 7224
Sample 4 Vacuum 4 lamps Degussa P25 Coffee 6530
Sample 9 Air 8 lamps Degussa P25 Coffee 6183
Sample 11 Argon 2 lamps Degussa P25 Coffee 6132

Table 4shows the discoloration of a coffee stain from
different TiO2 precursors on the cotton sample (C2) and pre-
treating with the UV unit shown inFig. 3. By inspection of
Table 4, it is seen that the pretreated cotton with two UV low
pressure mercury lamps evolved the highest quantity of CO2
from the coffee stains.

3.2. Transmission electron microscopy of the most
efficient samples used in red wine discoloration on
cotton textiles

Fig. 5presents the cross section of one cotton fibre on the
sample C2-2 loaded with TiO2 after 20 household washings.
The TiO2 layer was observed to be present in the same form
as before the washing cycles. This lends support to the stable
fixation achieved for TiO2 on the cotton C2-2 fibres. This
sample has been described inTable 1. The TiO2 layer had a
thickness of 180–300 nm. The sample C2-2 shows the highest
CO2 evolution from the decomposition of wine stains under
daylight irradiation. This is the reason why this sample was
selected to perform the TEM observation. These TEM results
strongly suggested that TiO2 crystalline clusters on the cot-
ton surface accounts for only a small amount of the total area
of the textile covered by TiO2. The titania on the textiles was
identified by energy dispersive spectrometry (EDS) showing
that only a fraction of the TiO2 on the cotton was in a crys-
t m
t

only for the absorption of 4% of the incident light[1–4] a
multilayer TiO2 coating would be favourable for the photo-
catalytic activity specially leading to increased or total TiO2
light absorption.

F C2-2
s ntal
d

alline phase. The multilayer TiO2 coating was prepared fro
he TiCl4 precursor. Since one monolayer of TiO2 accounts
ig. 5. Transmission electron microscopy of a cotton textile sample
howing the stable TiO2 coating after 20 washings. For other experime
etails see text.
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Fig. 6. Transmission electron microscopy of a cotton textile sample E19
showing the TiO2 coating around a single cotton fiber. For other experimental
details see text.

Fig. 6shows the TiO2 coating around E-19 single cotton
fiber loaded with TiO2 in the way described inTable 2. A
TiO2 coating of 150–220 nm thick was observed by TEM.
Clusters of TiO2 between 5.77 and 6.80 nm were found by
HRTEM on the E-19 surface and are shown inFig. 7. This

F of a
c is
fi other
e

Fig. 8. Classical scheme for the production of highly oxidative species by
TiO2 under light irradiation with wavelengths <400 nm.

is a confirmation that a high dispersion of TiO2 clusters was
attained on the E-cotton samples.

3.3. Mechanism suggested for the discoloration of stains
on cotton textiles

Fig. 8 shows the accepted mechanism during the last 25
years for the generation of highly oxidative radicals on the
TiO2 surface when light below 400 nm is applied on the pho-
tocatalyst surface[19,20]. Fig. 9a shows the intervention of
TiO2 under daylight irradiation when photo-decomposing
a grease stain. The Suntest light which follows the solar

F under
S ed
s t light
i

ig. 7. High resolution transmission electron microscopy (HRTEM)
otton textile sample E19 showing the TiO2 clusters before washing. Th
gure was Fourier filtered to enhance the atomic lattice constant. For
xperimental details see text.
ig. 9. (a) Suggested scheme for the discoloration of grease stains
untest light irradiation mediated by TiO2 photocatalyis. (b) Suggest
cheme for the discoloration of wine and coffee stains under Suntes

rradiation by TiO2 photocatalyis.
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Fig. 10. Mechanism of photo-discoloration of the tannin pigment of wine
under daylight irradiation.

spectrum is absorbed directly by the TiO2 since the grease
absorbs light only <290 nm.

The mechanism of stains absorbing the incoming daylight
radiation is shown inFig. 9b. This is known from several
studies during the last 20 years suggesting a dye sensitized
process when synthetic dyes like Orange are used[21,22].
Fig. 9b presents the scheme for the discoloration of the natu-
ral colored pigment RH due to the generation of OH◦, HO2

◦
and H2O2 on the TiO2 surface[23]. Fig. 9b suggests that in
the case of synthetic dyes colored pigments sensitize a pro-
cess leading to dye discoloration under daylight irradiation.
The decomposition of the organic compound goes through a
cation intermediate (stain+) leading ultimately to the produc-
tion of CO2. The electron injected into the TiO2 conduction
band starts the oxidative radical-chain leading to stain dis-
coloration.

Fig. 10shows the mechanism for tannin photo-degradation
in analogy with the photo-induced degradation reported re-
cently for the lycopene, a natural pigment[24,25]. The tan-
nins and lycopenes are pigments found in plants and fruits.
Lycopene is a pigment of the carotenoid family. It is not only
found in the red wine used a probe molecule during this study
but it also gives its particular color to tomatoes and other veg-
etables.

3

nk
C
f and
a test
l of
T ote
t TiO
a tain
( and
( O
c the

Fig. 11. (a) X-ray diffraction of (a) cotton C2-13 samples loaded with TTIP
at time zero; (b) cotton C2-13 sample loaded with TTIP after 24 h irradiation
with Suntest solar simulated light (50 mW/cm2); and (c) cotton C2 blank. (b)
X-ray diffraction of cotton C2-2 samples loaded with TiCl4 after RF-plasma
pretreatment after a 60 min photo-discoloration of a wine stain using Suntest
irradiation. The peaks marked with a small arrow correspond to the position
of rutile peaks.

wine stain.Fig. 11b shows the C2-2 sample before irradia-
tion. The position of the rutile peaks is indicated by arrows
in Fig. 11b. The sample C2-2, shows a high stain mineral-
ization efficiency for red wine, coffee, make-up and grease
(Table 1) due to the presence of amorphous and rutile phase
TiO2.

4. Conclusions

Cotton textiles of the type C2 were treated with ammonia
only mineralize more effectively stains of pigmented com-
pounds and grease upon TiO2 loading under daylight than E-
cotton textiles containing several additives and surface form-
ing agents. When light is harvested directly by the TiO2, an
increased CO2 evolution was observed with respect to wine
and coffee stains under similar experimental conditions on
the same TiO2 loaded textile. The surface pretreatment of
the cotton textile used in this study allows to attach TiO2
directly on the textile by functionalization of the cotton tex-
tile with a variable density of functional groups negatively
charged. This pretreatment seems not to degrade the cotton
surface. The pretreatment is applied in dry conditions in the
absence of solvents. Also, the times employed for the cotton
.4. X-ray diffraction studies of loaded TiO2 surfaces

Fig. 11a shows the X-ray diffraction pattern for a bla
2 sample (trace c) and for the samples C2-13 (seeTable 1

or the preparation details). Traces (a) and (b) before
fter discoloration of a wine stain after 24 h with Sun

ight are also shown inFig. 11a. No crystalline phases
iO2 were found in traces (b) and (c). It is interesting to n

hat the cotton sample C2-13 loaded with amorphous2
s shown by trace (b) was able to discolor the wine s
Table 1). No difference is observed between traces (b)
c) in Fig. 11showing the stability of the amorphous Ti2
oating on the cotton during the photo-degradation of
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surface modification were short and involved reduced energy
requirements.

Acknowledgments

This study was supported by KTI/CTI TOP-NANO 21
program under Grant no. 6117.2 TNS (Bern, Switzerland) in
cooperation with AG Cilander, Herisau 9101, CH and COST
D19 under Grant no. C02.0068 (OFES, Bern, Switzerland).

References

[1] A. Mills, S.K. Lee, J. Photochem. Photobiol. A 152 (2002) 233–247.
[2] A. Fujishima, T.N. Rao, D. Tryk, J. Photochem. Photobiol. C: Pho-

tochem. Rev. 1 (2000) 21.
[3] M. Langlet, A. Kim, M. Audier, J.-M. Herrmann, J. Sol–Gel Sci.

Technol. 25 (2002) 223–234.
[4] Th. Oppenlaender, Photochemical Purification of Water and Air,

Wiley-VCH, Winheim, Germany, 2003.
[5] M. Kaneko, I. Okura (Eds.), Photocatalysis Science and Technology,

Kodasha-Springer, Tokyo, 2002.
[6] G. Rincon, C. Pulgarin, Appl. Catal. B 49 (2004) 99–112.
[7] R. Wang, K. Hashimoto, A. Fujishima, M. Cjikuni, E. Kojima, A.

Kitamura, M. Shimohigoshi, Nature 388 (1997) 431.
[8] A. Matsuda, Y. Kotani, T. Kogure, M. Tatsumisago, T. Minami, J.

Am. Ceram. Soc. 83 (2000) 229–231.
04.

[10] M. Noorjahan, V.D. Kumari, M. Subrahmanyan, P. Boule, Appl.
Catal. B 47 (2004) 209–213.

[11] W.A. Daoud, J.H. Xin, J. Am. Ceram. Soc. 87 (2004) 953–955.
[12] M. Noorjahan, V. Durga Kumari, M. Subrahmanyan, P. Boule, Appl.

Catal. B 47 (2004) 209–213.
[13] A. Matsuda, T. Matoda, T. Kogure, K. Tadanaga, T. Minami, M.

Tatsumisago, J. Sol–Gel Sci. Technol. 27 (2003) 61–69.
[14] M. Dhananjeyan, E. Mielczarski, K. Thampi, Ph. Buffat, M. Bensi-

mon, A. Kulik, J. Mielczarski, J. Kiwi, J. Phys. Chem. B 105 (2001)
12046–12055.

[15] L. Xiao-e, A. Green, S. Haque, A. Mills, J. Durrant, J. Photochem.
Photobiol. A 162 (2004) 253–259.

[16] J.M. Grace, L. Gerenser, J. Dispersion Sci. Technol. 24 (2003)
305–341.

[17] C.M. Chan, T.M. Ko, H. Hiroaka, Surf. Sci. Rep. 24 (1996) 1–54.
[18] Ch. Liu, G. Vissokov, B. Jang, Catal. Today 72 (2002) 173–184.
[19] A. Nozik, Photo-Effects at the Semiconductor-Electrolyte Interfaces,

ACS Symposium Series 146, Am. Chem. Soc., Washington, DC,
1981.

[20] S.Roy Morrison, Electrochemistry at Semiconductor and Oxidized
Metal Electrodes, Plenum Press, New York, 1982.

[21] J. Kiwi, in: A. Harriman, M.A. West (Eds.), Photodegradation of
Hydrogen, Academic Press, London, 1982, pp. 119–145.

[22] D. Adams, L. Brus, C. Chidsey, S. Creager, C. Creutz, Ch. Kagan,
P.V. Kamat, M. Lieberman, S. Lindsay, R. Marcus, R. Metzger, M.M.
Beyerle, J. Miller, M. Newton, D. Rolison, O. Sankey, K. Schanze,
J. Yardley, X. Zhu, J. Phys. Chem. B 107 (2003) 6668–6697.

[23] A.Ya. Sychev, V.G. Isak, Russ. Chem. Rev. 64 (1995) 1105–1129.
[24] T. Kornovalova, J. Lawrence, L. Kispert, J. Photochem. Photobiol.

A: Chem. 162 (2004) 1–8.
[25] J. Pan, G. Benk̈o, Y. Xu, T. Pascher, L. Sun, V. Sundström, T.
[9] H. Imai, H. Hirashima, J. Am. Ceram. Soc. 82 (1999) 2301–23
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