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Abstract

Insights are provided into the attachment of TiO2 on cotton surfaces using chemical spacers. The spacers are attached on the cotton by
formation of an ester-bond. The TiO2 binds to the cotton by chemical means and the textiles present self-cleaning properties. The method
to prepare TiO coated cotton surfaces did not employ toxic compounds or solvents. The deposition of TiOon the cotton textile surface is
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on-homogeneous due to the irregular surface of the cotton fabrics used. The TiO2 coating consisted of transparent layers t and did not ch
he ATR-IR spectra of the spacers used to attach the TiO2 on the cellulose hydroxyl groups. The increase of the curing temperature
he esterification of the spacer by the cellulose-OH is shown to increase the amount of spacer that could be bound to the cotton
uring at higher temperature did not always produce the coated cotton textiles with the best self-cleaning properties. The limit
reatment was 210◦C applied for a few minutes. Above this temperature a slight yellowing of the cotton occurred. The self-cleaning
f the cotton loaded titania was evaluated for two cotton samples using different spacers within a 24 h light irradiation period. Stain
ake-up, perspiration and coffee were deposited on the textiles for this purpose. Electron microscopy was able to show the de

overage of TiO2 Degussa P25 on two types of cotton. The self-cleaning action makes possible to space at bigger intervals the c
otton tissues used in the aircraft, clothing and health industry since the self-cleaning is only partially effective in abating complete.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cotton is almost pure cellulose (∼98%), flax contains
bout 80% cellulose and wood contains cellulose up to
0–50%. Cellulose is the most abundant naturally occurring
rganic substance, being found in the cell walls of higher
lants and it is not water soluble. Upon acid hydrolysis the
lucose units of cellulose were shown to bebeta(1–4) linked.
ight scattering methods reveal that the cellulose is made
p from 5000 to 10,000 glucose units. The unique proper-

ies of cellulose result from its ability to form long-chain
bers called micro-fibrils. Thebeta-glucose links allow an

∗ Corresponding author. Tel.: +41 21 6933621; fax: +41 21 6934111.
E-mail address:john.kiwi@epfl.ch (J. Kiwi).

extended rigid conformation. Another consequence of th
ternating top/bottom glucose alignment is that OH-gro
of adjacent chains allow an extensive H-bonding betw
chains. This extensive inter-chain H-bonding provides a
beta-conformation making the cellulose fibers resistant to
action of concentrated NaOH solutions.

This study focuses on the introduction of a spacer on
cotton textile by chemical means. This spacer needs to
at least two free carboxylic groups to be able to bind b
the cotton and the TiO2. The spacer should also have
acceptable chemical and thermal stability. Cotton–cellu
is a polysaccharide with many free hydroxyl groups on
surface. The spacer will be introduced by formation o
covalent ester-bond (Scheme 1). This implies esterificatio
of one carboxylic group of the spacer by a hydroxyl gr
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Scheme 1.

of cellulose. The second spacer carboxylic group is meant
to anchor TiO2 by electrostatic interaction[1,2]. Previous
work in our laboratory showed that TiO2 presents a strong
electrostatic interaction with carboxylic groups[3].

TiO2 has been shown to generate highly oxidative radical
species (HO2•−, HO•) and oxidants (H2O2) from oxygen and
water vapor under band-gap light irradiation. These reactive
species are able to discolor partially or totally organic stains
like wine, coffee and make-up. The spacer sought should
be resistant to the oxidative radical species generated by the
photo-activity of TiO2 during the self-cleaning over long pe-
riods. Additionally, the spacer should present good thermal
stability, since temperatures of up to 200◦C are used during
the linking of the spacers to cotton. In this way an effective
degradation of the stains deposited on the cotton textiles can
be achieved.

During this study commercially available non-toxic and
low cost saturated poly-carboxylic acids1–3 were used as
spacers to attach TiO2 to the cotton (Scheme 2). Succinic
acid (1), 1,2,3-propanetricarboxylic acid (2) and 1,2,3,4-
butanetetracarboxylic acid (3) have been previously reported
to be able to bind to cotton[4]. These spacers have in common
a saturated carbon framework and ester functions resistant to
radical and oxidative species.

Recently, several studies reported the nucleation of anatase
at relatively low temperatures (a) from sol–gel coated sub-
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2. Experimental

2.1. Materials and reagents

The white cotton textiles were supplied by Cilander AG,
Herisau, Switzerland. Two types of cotton textiles have
been used throughout this work. The first type, cotton C2,
with a minimal chemical treatment and the second one cot-
ton E, which had undergone an extensive chemical treat-
ment. The C2 type cotton: refers to the cotton that was
bleached with H2O2 using NaOH to discolor the natu-
ral pigments and stains of the cellulose fibers. Afterwards
this cotton is washed and finally a treatment with ammo-
nia is applied and the ammonia eliminated by evaporation.
The E type cotton: was networked with an adequate cross-
linking agent, followed by softener and a brightener in the
last step. Due to the additional treatment, the OH-groups
of the cellulose are partially blocked for reaction with a
spacer.

Succinic acid (1), 1,2,3-propanetricarboxylic acid (2) and
1,2,3,4-butanetetracarboxylic acid (3) from Fluka, Acros Or-
ganics and Lancaster were p.a. reagents and used as received.
The TiO2 Degussa P25, having BET area 55 m2/g, was pro-
vided by Degussa AG (Hanau, Germany).

The cotton samples of wine, coffee, make-up and per-
spiration have been stained with 50�L of red wine, hot
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trates exposed to boiling water[5], (b) from sol–gel expose
o water vapor[5], (c) from TiO2–SiO2 films exposed to wa
er vapor[6] and (d) from titania tetra-isopropyl orthotitan
TTIP) rendering particle sizes of anatase of∼20 nm. The
natase phase was attained on the cotton textile surfa
oiling the textiles in water for 3 h[7]. The direct prepara

ion of anatase/polymer nano-composite films from sol
itania on polymer films is generally not possible due to
ow resistance of the organic polymers to heat treatment[8,9].
otton presents moderate heat resistance and can be

or a few minutes up to 210◦C. In this study we will show
hat partial discoloration of the natural pigments foun
ed wine is possible by the TiO2 attached through chemic
pacers to cotton textiles.

Sc
d

oncentrated coffee and a make-up solution provide
ilander AG. In the case of the perspiration, the stan

esting solution was been used (Standarization of Tex
ests Leipzig, 1981, p. 148, paragraph 36.3.2). A solu
f 50�L having a composition close to human persp

ion made ofl-histidine-chloride (0.5 g/L), NaCl (5 g/L) an
a2HPO4·12H2O (5 g/L) were used to monitor the discol

ng on the textile.

.2. Attachment of the spacer to the cotton surface

Samples of cotton E or C2 were immersed in an aqueo
olution of the spacer1, 2 or 3 (6%, w/w) in presence o
aH2PO2 as catalyst (4%, w/w) for 1 h. After drying (3 m
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at 80◦C <T< 90◦C), the textiles were cured at different tem-
peratures (2 min at 115◦C <T< 210◦C).

2.3. Loading of TiO2 on the cotton surface

A TiO2 suspension (5 g/L TiO2 P25 Degussa) was soni-
cated for 30 min. The cotton textiles with loaded compounds
1, 2or3were immersed into this aqueous suspension of TiO2
and heated for 1 h at 75◦C. After drying (1 h at 100◦C), the
unbounded TiO2 was washed out under sonication in distilled
water for 5 min.

2.4. 1Irradiation procedure and evaluation of the textiles
cleaning performance by gas chromatography (GC)

The photochemical reactor consisted of 80 mL cylindrical
Pyrex flasks containing a strip of textile of 48 cm2 positioned
immediately behind the wall of the reactor. The irradiation
of the samples was carried out in the cavity of a Suntest solar
simulator (Hanau, Germany) air-cooled at 45◦C for 24 h. The
Suntest lamp had a wavelength distribution with 7% of the
photons between 290 and 400 nm and was provided for with
a cut-off filter at 310 nm. The profile of the photons emitted
between 3100 and 800 nm followed the solar spectrum with
a light intensity of 50 mW/cm2 corresponding to 50% of AM
1 ion.
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to characterize the samples. In this way, it was possible to pro-
vide overview images up to images in the range of resolution
of atomic planes.

2.8. Chemical ionization mass spectrometry (CI-MS)
analysis of the reactive intermediates involved in the
binding of the spacer to cellulose

Intermediate identification of the acidic solutions of each
spacer was performed by CI-MS and the mass spectra were
recorded on a Nermag R 10-10 instrument in chemical ion-
ization mode.

3. Results and discussion

3.1. Identification of the reactive intermediates present
in the solutions used for the binding of the spacers to
cellulose

By CI-MS of the acidic aqueous solutions of1–3 (4%,
w/w of NaH2PO2, 6%, w/w of polyacid) that were used to
bind the spacer on the textiles, it was possible to show that
the carboxylic groups in 1,4-position form intra-molecular
anhydrides (Scheme 3). These anhydrides are more reactive
than the corresponding carboxylic acids towards the forma-
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he CO2 produced during the irradiation was measured
C (Carlo Erba, Milano) provided with a Poropak S colu

.5. Attenuated total reflection infrared (ATR-IR)
pectroscopy

The ATR-IR spectra were measured in a Portman In
ents AG spectrophotometer equipped with a Specac a
ent (45◦ one pass diamond crystal). Spectra were the re
f 256 scans with a resolution of 2 cm−1 in the spectral rang
000–500 cm−1.

.6. Elemental analysis

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

.7. Transmission electron microscopy (TEM)

A Philips CM 300 (field emission gun, 300 kV, 0.17 n
esolution) HRTEM microscope and a Philips EM 4
300 kV, LaB6, 0.23 nm resolution), both provided for w
nergy dispersive spectrometer (EDS) were used to me

he particles sizes of the titania clusters coating the textile
ics. The textiles were embedded in epoxy resin (Embed
nd the fabrics were cross-sectioned with an ultra-micro
Ultracut E, Reichert-Jung) to a thin section of 50–70
agnification from about 1000× up to 450,000× were used
ion of esters with the hydroxyl groups of cellulose. Sim
bservations have been reported previously[10–12].

.2. Characterization of the ester link between the
pacer1–3 and cellulose by attenuated total reflection
nfrared spectroscopy (ATR-IR): effect of the curing
emperature

ATR-IR spectroscopy of the textile samples confirmed
ormation of ester bonds between the hydroxyl group
ellulose and the spacers1–3. The textiles used for ATR
R analysis were prepared according to Section2.2and fur-
her treated with a diluted solution of HCl (0.1N), to ens
omplete protonation of the carboxylic groups. Wherea
haracteristic stretching vibrations of the carbonyl funct
n esters (RCOOR) and acids (RCOOH) are both in the s
ange between 1800 and 1650 cm−1, the stretching vibratio
n the sodium carboxylates (RCOO−Na+) was significantly
hifted to 1610–1560 cm−1. This difference was used to sh
hat the spacer was bound to the cotton and that som
arboxylic groups remained available to bind to the TiO2.

The infrared spectrum of the C2 cotton shows mainly
ide band at 1000 cm−1 due to the vibrational levels of th
ligosaccharide units (Fig. 1, spectrum A). A similar spec

rum was obtained from the E cotton textile. Spectrum
Fig. 1) shows the vibrational band at 1739 cm−1 of the car-
onyl function of the ester formed between the spacer2 and

he cotton after treatment. Spectrum C (Fig. 1) shows the
ffect of a basic treatment with a diluted solution of Na
0.1 N) on the cotton loaded with spacer2. The base additio
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Scheme 3.

leads to complete deprotonation of the carboxylic groups of
the spacer in the reaction RCOOH→ RCOO−Na+. The car-
bonyl functions of the RCOO−Na+ salt on the cotton were
identified by their characteristic stretching vibration bands at
1585 cm−1 with a peak that is different to the one coming
from the ester stretching vibration. Similar shifts of the IR-
bands were obtained for the three spacers1–3on the E and C2
cotton samples. These results show that the spacer is bound
to cellulose and that each spacer has some free carboxylic
acid groups to bind TiO2.

The surface of the band found in the 1700 cm−1 region
is proportional to the amount of ester-bonds formed between
spacer1 and the cotton surface.Fig. 2 shows the ATR-IR
spectra of two textile samples E loaded with the same spacer

F f
t
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w

1, but cured at different temperatures (entry 1 (trace A) and
entry 2 (trace B),Table 2). Trace B shows a ester band at
1717 cm−1 about three times higher compared to the ester
band observed at 1701 cm−1 in trace A, indicating that the
amount of spacer bound to the cotton increases with the cur-
ing temperature (115–230◦C). This trend was observed with
spacers2 and3 as well for both the E and C2 textile. The
curing temperature was limited to 200◦C, as at temperatures
above this limit, the cotton becomes slightly yellow upon
heating.

One can expect the esterification yield to increase with
the curing temperature by shifting the equilibrium towards
the ester, i.e. the binding of the spacer. Our results are in
agreement with recent reports suggesting that the amount
of spacer bound to cotton textiles increases with the curing
temperature[12,13]. On thermodynamic grounds a higher
curing temperature should allow a higher loading, but it has to
be taken in account that the formation of multiple ester bonds

F nt
o . The
p .
ig. 1. Traces: (A) spectra of the untreated C2 cotton textile; (B) spectra o
he C2 cotton textiles loaded with spacer2 and washed with HCl (Table 1,
ntry 3); (C) spectra of the C2 cotton textiles loaded with spacer2and washe
ith NaOH (Table 1, entry 3).
ig. 2. ATR-IR spectra of entries 1 and 2 ofTable 2showing that the amou
f spacer1 bound to cellulose increases with the curing temperature
eak surface at 1724 cm−1 is proportional to the amounts of ester bonds
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with the same spacer molecule and cellulose are possible as
well. In particular with spacers2and3, as after formation of a
first ester bond, at least two COOH groups remain to form an
intramolecular anhydride that undergoes esterification. Only
a few temperatures were tried but no optimization was carried
out during this study.

3.3. TiO2 loading of C2 and E cotton textiles loaded
with spacers1–3

The C2 textile samples were loaded with the spacers1–3
according to the drying and curing temperatures shown in
Table 1. These modified C2 cotton textiles were then loaded
with TiO2 according to the procedure described in Section
2.3. Additionally, three samples were prepared with higher
concentrations of spacer (entries 7–9,Table 1). The TiO2
loadings obtained for all samples were around 1% as the
concentration of spacers were the same (entries 1–6). All
solutions contained 6% (w/w) of spacer, corresponding to a
molar concentration of 0.50 M for spacer1, 0.34 M for spacer
2and 0.25 M for spacer3. Therefore, relative to the number of
carboxylic groups, the normal concentration was observed to
be the same (1N [COOH]). The highest TiO2 loadings were
obtained with spacer1 (1.34%, entry 7) and spacer2 (1.36%,
entry 4). These results show that the highest TiO2 loading
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Table 2
Loading of TiO2 on the E cotton textile with spacers1–3

Sample Spacer Concentrationa Drying
(3 min) (◦C)

Curing
(2 min) (◦C)

[TiO2]
(%)

1 1 0.50 (1.00) 85 115 1.00
2 1 0.50 (1.00) 90 210 1.26
3 2 0.34 (1.02) 90 175 1.09
4 2 0.34 (1.02) 90 210 0.81
5 3 0.25 (1.00) 90 175 1.08
6 3 0.25 (1.00) 90 210 1.19

a Molar concentrationM (mol/L) of spacer for 6% (w/w) solutions of
spacer (normal concentrationN [(# COOH groups)×M].

were confirmed by transmission electron microscopy (TEM)
analysis of the textile samples (see Section3.6).

The TiO2 loadings on the modified E cotton are shown in
Table 2. Two samples were prepared with each of the spacers
1–3 and subsequently cured at different temperatures. The
loadings used were similar to the ones used on the C2 cotton
textiles (1%). The best loading of TiO2 (1.26%) was obtained
using spacer1 (Table 2, entry 2). Again, higher curing tem-
perature allowed only a slightly higher spacer loading and
therefore a higher TiO2 loading, except for the entries 4 ver-
sus 3. For C2 cotton textiles, a higher curing temperature
allows in principle a higher spacer loading on the cotton, but
the non-homogeneous nature of the cotton surface in con-
junction with the binding procedure used, does not allow the
formation of an homogeneous distribution of TiO2 clusters
on the cotton surface. Even higher spacer concentrations (en-
tries 7–9) were not conducive to higher TiO2 loadings, since
apparently saturation of the solution was reached.

The TiO2 on the spacer loaded C2 or E cotton samples did
not modify the ATR-IR spectra (Figs. 1 and 2). The trans-
parent TiO2 coating allows using TiO2 on colored textiles
without modifying its optical properties.

3.4. Self-cleaning properties of the modified cotton
textiles E and C2

e
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as not always obtained with the spacers that have the
arboxylic groups, but that the loading depends only on
mount of available carboxylic groups. Additionally, no cl
orrelation between the curing temperatures used to bin
pacer and the TiO2 loading could be observed. The format
f more then one ester-bond between cellulose and the s
olecule explains that even if a higher curing tempera

avors greatly the esterification reaction, i.e. binding of m
pacer, it does not always provide significantly more
arboxylic groups to bind TiO2 and therefore similar loading
here obtained (entries 1 versus 2 and 5 versus 6). Form
f more than one ester bond are most likely with space2
nd3, since after formation of the first ester-bond they
till form intramolecular anhydrides. Somehow inconsis
oadings of TiO2 (entries 3 versus 4), are caused by the n
omogenous surface of the cotton surface. These assum

able 1
oading of TiO2 on the C2 cotton textile with spacers1–3

ntry Spacer Concentrationa Drying
(3 min) (◦C)

Curing
(2 min) (◦C)

[TiO2]
(%)

1 0.50 (1.00) 85 115 0.96
1 0.50 (1.00) 90 200 1.06
2 0.34 (1.02) 90 175 0.47
2 0.34 (1.02) 90 200 1.36
3 0.25 (1.00) 85 110 0.93
3 0.25 (1.00) 90 200 0.82
1 1.01 (2.00) 90 200 1.34
2 0.68 (2.04) 90 200 0.76
3 0.51 (2.00) 90 200 1.09

a Molar concentrationM (mol/L) of spacer for 6% (w/w) solutions
pacer (normal concentrationN [(# COOH groups)×M].
s

The self-cleaning properties of the TiO2 loaded textiles ar
ased on the highly oxidative intermediates generated
otton textile surface as shown inFig. 3. The release of CO2
ue to wine, coffee, make-up and perspiration stains u

ight irradiation follows reaction(1):

CxHyNvSw + hν + H2Ow + O2

→ CO2 + H2O + SOp + NOq (1)

According to(1), the release of CO2 is proportional to th
xidative decomposition of the organic stains. In this st
tains of wine, coffee, make-up and perspiration were
osited on the different TiO2 loaded C2 and E cotton textile
entries 1–6,Table 1and entries 1–6,Table 2). These sample
ere irradiated for 24 h with a Suntest solar light simul

see Section2) with a light intensity of 50 mW/cm2 and the
elease of CO2 was followed by gas chromatography (G
uring 24 h.
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Fig. 3. Photocatalytic oxidative intermediates produced by TiO2 on a cotton
tissue in the presence of O2 and H2O vapor under light irradiation.

Fig. 4 shows the release of CO2 in microliters after 24 h
irradiation for stains loaded on TiO2 coated cotton types C2
and E. The release of CO2 is not proportional to the load-
ing of TiO2 determined by elemental analysis due to the

F
S
b
s
a
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non-homogeneity in the distribution of the TiO2 clusters on
the cotton textile (see Section3.6). The modified C2 textiles
showed better self-cleaning properties than the E cotton tex-
tiles as higher amount of CO2 was measured (Fig. 4). As al-
ready mentioned, the main reason for this difference is that the
E cotton textile had a more complete chemical pretreatment
compared to the one used in C2. This precludes the ester-link
formation of the spacer with the cellulose-OH units in the
case of cotton E. Elemental analysis of the samples before
and after irradiation showed that the amount of TiO2 on the
textile surface did not change within 24 h under visible light
irradiation during the self-cleaning process.

Without the use of any spacer, TiO2 deposition of the C2
and E samples was carried out by the method described in
Section2.3. The amount of TiO2 found on the cotton surface
amounted to less than 5% of the values reported inTable 1
of around 1%. For electrostatic reasons the hydroxyl groups
of the cotton textiles are not able to bind the TiO2 as the
carboxyl groups are. These cotton samples under Suntest
irradiation lead to almost no discoloration of wine and coffee
stains. The amount of CO2 evolved was <5% of the values
obtained for wine (column 2) and coffee (column 4) in
Fig. 4. Stained C2 and E cotton samples as provided by AG
Cilander with wine or coffee did not lead to any significant
discoloration.

Irradiation of a cotton–spacer–TiOsample showed that
C ount
o ob-
s in the
u ed
s e
t in-
t , (ii)
s
f

pec-
t ectra
o
t was
s en-
t the
p ups.
T his
s place
d ride
g e. In
v ition
ig. 4. Release of CO2 from TiO2 loaded E and C2 cotton textiles under
untest simulated solar light irradiation. For the different stains applied on
oth textile fabrics. The samples have been irradiated with a Suntest solar
imulator (90 mW/cm2) for 24 h. The stains of around 3 cm diameter were
pplied on the cotton spreading 50�L of the stain solution by means of a
icro-injector.

o tion
o f
t

3
a

ded
t f
2
O2 was released even without stains. However, the am
f CO2 released varied from 16% to 40% of the values
erved when the same samples were stained with wine
sual way. Over a few cycles, the CO2 released by the stain
ample showed reproducible values. The CO2 released is du
o either (i) C-containing impurities on the cotton surface
roduced during the manufacturing process of the textile
low degradation of the cotton spacer and (iii) CO2 adsorbed
rom the air.

The degradation of the cotton was monitored by IR s
roscopy. Experiments were carried out taking the IR sp
f wine stained cotton sample (entry 2 inTable 1). Irradia-

ion of the sample was carried out for 24 h and the sample
tained again with wine. The only peak that could be id
ified was at 1000 cm−1 and corresponds to the peak of
olysaccharide associated with the cotton cellulose gro
his peak did not vary during the four irradiation cycles. T
uggests that no degradation of the cotton textile takes
uring the four-irradiation cycles since the polysaccha
roup is the most easily to degrade on the cotton surfac
iew of this result, it is possible to suggest the decompos
f surface containing C-impurities or a very slow degrada
f the spacer acting as the CO2 source during irradiation o

he cotton–TiO2 samples.

.5. Visual discoloration of the spots on the treated E
nd C2 textiles after 24 h of irradiation

Fig. 5 shows the discoloration of the wine stains ad
o the TiO2 loaded textiles using spacer1 after 24 h o
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Fig. 5. Discoloration of a C2 cotton sample stained wine (entry 2 inTable 1)
after 24 h Suntest light irradiation.

irradiation. The comments below summarize the observations
made during the discoloration experiments:

1. The best visual discolorations have been obtained with the
samples of entry 2 (wine) and entry 4 (coffee) inTable 1.
These samples are also those for which the highest re-
lease of CO2 has been measured under light irradiation
(Fig. 4). The CO2 quantitative measurements confirm the
discoloration observed by visual means.

2. The make-up stains were the most difficult to discolor. The
low degree of discoloration may be due to the presence of
inorganic dyes in the make-up that cannot be degraded by
photocatalytic reactions. This highlights that the type of
stain is a limitation to the efficiency of the self-cleaning
textile.

3. The perspiration stains do not absorb strongly in the visi-
ble. They do not lend themselves for a meaningful visual
inspection effect after 24 h irradiation.

3.6. Transmission electron microscopy (TEM) of TiO2
clusters on C2 and E loaded cotton textiles

Fig. 6a shows the irregular and non-continuous coverage
of TiO2 Degussa P25 crystallites on the surface of a C2 cot-
ton fiber. The middle electron microscopy picture (Fig. 6b)
shows another area of the cotton C2 in which the coating is
continuous. This is a further proof of the influence of the
non-homogeneity of the cotton fabric towards the deposition
of TiO2 by chemical means. InFig. 6c, the size distribution
of the TiO2 Degussa P-25 with a dense distribution of sizes
around 30 nm can be seen.Fig. 6c shows an enlargement of
the clusters shown inFig. 6a and b. The absence of TiO2
clusters in the main body of the electron photographs pre-
sented inFig. 6a and b are due to the microtome cutting of
the cotton fiber. These pictures show that neither the cotton
structure nor the nature of the spacer influences the size and
non-homogeneous distribution of the TiO2 P25 crystallites
used to coat the cotton.

Fig. 7a shows the non-continuous deposition of TiO2
crystallites on the 3�m E-cotton fiber. The middle picture
(Fig. 7b) shows another section of the cotton fabric showing
a continuous TiO2 layer. The absence of TiO2 clusters in the
main body of the electron photographs presented inFig. 7a
and b are due to the microtome cutting of the cotton fiber.
Finally, Fig. 7c shows about the same TiODegussa P25
p rved
f ters
s

py of th
Fig. 6. High resolution electron microsco
Fig. 7. High resolution electron microscopy of th
2
article size distribution on cotton E as previously obse

or cotton C2. Fig. 7c shows an enlargement of the clus
hown inFig. 7a and b.

e TiO2 cotton loaded sample (Table 1, entry 7).

e TiO2 cotton loaded sample (Table 2, entry 6).
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4. Conclusions

This study shows that it is possible to bind TiO2 to cot-
ton textiles through chemical spacers. Elemental analysis of
the TiO2 loadings on the cotton employing different spac-
ers and different experimental conditions was determined to
be around 1%. The coating procedure was straightforward
and used non-toxic reagents. The TiO2 loaded cotton tex-
tiles presented stable self-cleaning properties and allowed to
eliminate partially the chromophore(s) of the red wine under
daylight irradiation presenting long-term stable performance.
ATR-IR spectroscopy shows the formation of ester bonds be-
tween the spacer and the cotton surface. Additionally, it could
be shown that free carboxyl units remain available to bind the
TiO2. Without the spacer, none of the textiles binds efficiently
TiO2. The cellulose is not decomposed by the reactive species
generated by the photo catalytic process within the testing pe-
riod. The C2 cotton with a much smaller degree of chemical
pre-treatment than cotton E was more effective in the self-
cleaning action of stains under light irradiation. As the use of
higher spacer concentrations is limited by the saturation of
the solutions, multilayer loading may allow a higher spacer
and consequently TiO2 loading. In this feasibility study, no
optimisations have been made for the parameters reported.
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