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Abstract A new route for the functionalization of
cotton fibres with organic—inorganic hybrid materials is
proposed using titanium tetraisopropoxide (TiP) and
aminopropyltriethoxysilane (APTES). The antimicro-
bial and photocatalytic activities of the new cotton
finishes based on titania and mixed titania/amino-silica
hybrids were tested by monitoring the growth of
Escherichia coli (ATCC 25922) on the surfaces of
functionalized fabrics under exposure to UV radiation
and in the dark. Transmission electron microscopy
revealed the amorphous nature of the hybrids and
confirmed their similarity to other bactericidal
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aminofunctionalized polymers. Attenuated total reflec-
tion infrared spectra showed the protonated amino
groups of the APTES in the TiP/APTES hybrid and the
presence of Si—O-Ti bonding within the sol—gel hybrids
between silica and titania by analogy with previous
transmission and ATR infrared studies. Several analyt-
ical techniques were employed to establish the presence
of the TiP and TiP/APTES modified cotton fibres. ATR
measurements proved to be a very useful tool to study
also the silane/~C—OH interactions between the hybrid
materials and the cotton fibres, revealing the presence of
covalent (i.e., —Si—~O—C-) bonding with the OH func-
tional group of cellulose. The advantages of the cotton
finishes were demonstrated by the measured photocat-
alytic bacteriostatic effect, which persisted even after 15
washings; in contrast, the aminofunctionalized poly-
meric finishes, only showed a sufficient bacteriostatic
effect. Furthermore, the TiP finishes were photocatalyt-
ically active, while the TiP/APTES finishes were not.
The ultraviolet protective factor, degree of polymeriza-
tion of the finished cotton samples were also investigated
and revealed the suitability of the proposed method.

Keywords Cotton - Titania/silica hybrid coating -
Antimicrobial properties - Photocatalytic properties -
UV absorption - Washing fastness

Introduction

The use of TiO; in textile finishes is attracting interest
due to its relatively straightforward immobilization
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onto cotton fabrics, enabling the fabrication of cotton
fabrics with excellent protection against UV radiation,
expressed in a high UV protection factor (UPF) (up to
50) (Saravanan 2007), and its photocatalytic bacterio-
static effects (Matsunaga et al. 1988; Saito et al. 1992;
Linsebigler et al. 1995; Fujishima et al. 1999; Qi et al.
2006; Daoud et al. 2005; Wang et al. 2005; Li et al.
2008).

The photocatalytic antibacterial effect is not yet
fully understood. According to Matsunaga et al.
(Matsunaga et al. 1988), the presence of photogener-
ated holes on the surface of TiO, leads to electron
transfer from coenzyme A (intracellular enzyme),
inducing oxidation and the formation of dimeric
coenzyme A, which decreases respiratory action and
causes cell death. However, other mechanisms have
also been proposed (Saito et al. 1992; Sunada et al.
1998, 2003; Kiwi and Nadtochenko 2005; Maness
etal. 1999; Lu et al. 2003; Nadtochenko et al. 2008). It
is now believed that photocatalytically reactive oxy-
gen species (OH*, HO,*, and O, * radicals) further
attack polyunsaturated phospholipids, causing the cell
membrane breakdown and the failure of vital func-
tions, such as the above-mentioned respiratory activity
failure. As reported by Lu et al. (2003) in AFM and
SEM studies (Liu et al. 2010), the photocatalytic
action of TiO, significantly changes the surfaces of
cells, modifying their shapes from rod-like to ellipti-
cal. The results show that the peroxidation of lipids
also induces DNA damage and disruption of the cell
membrane morphology due to the electron transport
chain (Kumar et al. 2011).

One of the advantages of the TiO, nanoparticle
coatings lies in the fact that they also kill the bacteria
cells in the dark, and this action can be strongly
influenced by the functionalization of the particle
surfaces. For example, Thevenod et al. (2008) showed
that the killing of the tumour cells is significantly
enhanced when the TiO, nanoparticles were function-
alized with organic molecules containing —OH,
—NH, and —COOH groups. —NH, groups are the
most effective, in agreement with the findings of Li
et al. (2005) and Nur (2006), who demonstrated the
synergetic bactericidal effects of TiO, nanoparticles in
the presence of aminosilanes. Similar effect was
observed by éepin et al. (2015) when nanocrystalline
ZnO was modified with various amino-silanes and
ionic liquid-silanes.
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The antimicrobial effects of amino groups led to the
development of antibacterial polymeric systems (Ti-
mofeeva and Kleshcheva 2011) with protonated
primary or secondary/tertiary amine groups. Quater-
nary ammonium groups attached on various polymers
(i.e., polymers of 3-(trimethoxysilyl)-propyldimethy-
loctadecyl ammonium chloride (Isquith et al. 1972;
Tomsic et al. 2011; Simonci¢ et al. 2012), copolymers
of N-vinylpyrrolidone with (2-methacryloxyethyl)-
triethylammonium halides (Panarin et al. 1971),
poly(2-alkyl-1,3-oxazoline)s (alkyl = methyl, ethyl)
with terminal quaternary ammonium  groups
(Waschinski and Tiller 2005) were the most efficient.
Also relevant to this study is Milovic et al.”s (2005)
demonstration that glass slides coated with amino-
propyltriethoxysilane covalently derivatized with
N-hexyl,methyl-polyethylenimine killed bacteria over
the course of many successive generations. The killing
effect of the corresponding coating has been attributed
to the rupturing of bacterial cell membranes after
contact with the amino functionalized polymeric
chains.

Here, titanium tetraisopropoxide (TiP) precursor
both alone and in combination with aminopropyltri-
ethoxysilane (APTES) was selected and used for the
preparation of TiO, and mixed TiP/APTES cotton
fabric finishes. The sol-gel TiP/APTES hybrid fin-
ishes resemble aminofunctionalized polymeric sys-
tems in many aspects. Namely, TiP/APTES hybrids
belong to a class of organic—inorganic hybrid mate-
rials that have been extensively studied in our
laboratory in the past (Vince et al. 2006; Fir et al.
2007; Jerman et al. 2008; Vil¢nik et al. 2009; Kozelj
et al. 2009; Colovié et al. 2011; Jerman et al. 2012;
Simondi¢ et al. 2014; Vasiljevic et al. 2014). In the
TiP/APTES hybrids studied here, the TiP and APTES
acted as sol-gel network formers, while the amino
groups of the APTES (the organic part of the hybrid)
imparted the hybrid with bactericidal properties. To
mimic the bactericidal aminofunctionalized polymeric
systems as much as possible (Timofeeva and Klesh-
cheva 2011), the TiP/APTES hybrids were intention-
ally kept amorphous. To avoid the formation of
crystalline titania within the TiP/APTES hybrid
(Brooks and Moore 2000; Vuk et al. 2006; Moulder
et al. 1995), favourably low processing temperatures
(~100 °C) were used for the fabrication of the cotton
finishes. In this way, the presence of TiO, particles
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may lead to the loss of the Si—O-Ti inter phase bonds
within the nanocomposite and between the titania
nanoparticles and the cotton. Both of these interactions
are important for the washing fastness of the func-
tionalized cotton fabrics.

The aim was to produce amorphous coatings in a
single step at temperatures below 100 °C by avoiding
any post-deposition heat treatment. Inspection of the
synthetic procedures revealed that the autoclaving of
sol-gel or metal salt TiO, precursors at controlled
water/ethanol pressures (Langlet et al. 2002, 2003)
and the fabrication of TiO, suspensions at elevated
temperatures from various acidic or basic aqueous
solutions (Bacsa and Gritzel 1996; Kumar et al. 1994,
Chemseddine and Moritz 1999; Yun et al. 2004) were
not appropriate, leading us to focus on hot water
treatment procedures (Kotani et al. 2000; Matsuda
et al. 2000, 2003). The hot water treatment of cotton
seemingly gives excellent results and enables the
deposition of transparent anatase nanocomposite films
on PET, PC, acrylic resin substrates and cotton fabrics.
The corresponding finishes (Kotani et al. 2000;
Matsuda et al. 2003) were mostly obtained by
immersing cotton in hot water solutions of titania
precursors followed by treatment at 90 °C to acceler-
ate the condensation into nanocrystalline TiO,. We
simplified the titania formation process by soaking the
cotton in the ethanolic solutions of TiP and TiP/
APTES precursors and then immersing the soaked
cotton fabrics in boiling water for several minutes.
This procedure was not only faster, because of the
elimination of the post-deposition treatment of cotton
at 90 °C, but was also performed at neutral pH,
avoiding the depolymerization of cotton fabrics that
occurs at low pH values (Langlet et al. 2002; Mabhltig
et al. 2007). It should be noted that the application
process is cost-effective and has practical potential
because of cheap precursors, simplicity of the imple-
mentation process and the use of conventional
equipment.

In addition to the main aim of this study, which
is to demonstrate the bactericidal photocatalytic
action of sol-gel TiP/APTES hybrid, the structural
properties of these modifications were studied in
detail. First, they were determined using attenuated
total reflection (ATR) infrared spectroscopy and by
focusing on the hydrolysis and condensation of the
precursor solution under the same conditions as
employed during the modification of the cotton

fabric. Our main interest was to establish the
presence of Si—O-Ti bonds within the sol-gel
hybrids between silica and titania by analogy with
previous infrared transmission (Schraml-Marth et al.
1992) and ATR studies (Aizawa et al. 1991)
performed on silane coatings on titania particles
(Puzenat and Pichat 2003; MihelCic et al. 2014). In
addition, the existence of SiOH bands and Si—O-Si
bonds (MihelCi¢ et al. 2014; Brinker and Scherer
1990; Arkles and Larson 2004) in the hybrids and
the presence of protonated amino groups in APTES
(Bellamy 1954) were investigated using ATR. TEM
micrographs were used to reveal the amorphous
nature of the hybrids to confirm their similarity to
other bactericidal aminofunctionalized polymeric
systems (Timofeeva and Kleshcheva 2011).

The presence of TiP and TiP/APTES hybrids on
cotton fibres was established by SEM, EDX, XPS
and ATR infrared spectroscopic measurements. The
latter technique has been extensively employed for
the identification of vibrational modes of cellulose
and its derivatives (Tsuboi 1957; Maréchal and
Chanzy 2000; Chung et al. 2004; Hinterstoisser
et al. 2001; Hinterstoisser and Salmén 1999) with
different moisture contents (Hofstetter et al. 2006;
Olsson and Salmén 2004; Tshabalala et al. 2003)
and in the presence of various (mainly silane-based)
coatings (Castellano et al. 2004; Xie et al. 2010;
Abdelmouleh et al. 2002) and other coupling agents
(Rasmussen et al. 2014a), providing a useful plat-
form for investigations of adsorption (Abdelmouleh
et al. 2002) and the silane/~C-OH interactions
between the coatings and the cotton fibres (Castel-
lano et al. 2004). Investigations oriented to reveal
covalent bonding between silane with the OH
functionality of cellulose (i.e., —Si—O-C- bonds)
are rare (Radeti¢ 2013), and most authors have
preferred to focus on the effects of different finishes
on the properties of the fabric (Daniels and Francis
1998; Ku et al. 2011) rather than the cellulose/silane
interactions. The main emphasis has been to deter-
mine the type of bonding between the hybrids and
the cotton and the identification of the hybrid
anchoring sites on the cellulose via the formation
of Si—~O-C covalent bonds.

In addition to the structural studies of the cotton
finishes, we devoted a great amount of effort to the
investigation of the washing fastness of the cotton
finishes by TG measurements, to establish the
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correlation of the washing fastness with the changes of
the UZF values and the degree of polymerization (DP).
Finally, the antimicrobial photocatalytic activities of
TiP- and TiP/APTES-modified cotton fabric were
quantitatively determined by antimicrobial testing
with and without UV illumination and correlated to
the photocatalytic activities of the TiP and TiP/APTES
cotton finishes.

Experimental
Materials

Titanium tetraisopropoxide, Ti(iOPr)4 (TiP) (Aldrich),
aminopropyltriethoxysilane (APTES) (ABCR) and
absolute isopropanol (Aldrich) were used for the
preparation of the nanosols.

Plain-woven 100 % cotton fabric with a mass of
162 g/m? was used in the experiments as the substrate.
In the pre-treatment process, the fabric was bleached
in an H,O, bath, mercerized in NaOH solution and
neutralized with dilute CH;COOH.

Application of the nanosols

For the impregnation of the cotton, three different
nanosols, i.e., TiP, APTES and TiP/APTES, were
prepared at room temperature. The TiP sol was
prepared by mixing Ti(iOPr), in isopropanol to a
concentration of 5 %. The same procedure was used
for the preparation of the APTES sol, except that
APTES was used instead of Ti(iOPr),. The TiP/
APTES sol was prepared by mixing Ti(iOPr), and
APTES in isopropanol to a concentration of 10 %. The
molar ratio of [Ti(iOPr),]:APTES was set to 1:2. Prior
to use, the solutions were vigorously stirred for a few
minutes. Impregnation of the cotton was achieved by
overnight immersion in the precursor solutions at
room temperature. The samples were then squeezed by
a wet-pick up of 100 %, dipped in boiling water for a
few minutes and air-dried.

For the spectrophotometric measurements, 10 %
TiP/APTES sols were prepared using various
Ti(iOPr)4:APTES ratios (Ti:Si = 1:1, 3:4, 1:1.5, 1:2
and 1:2.5), applied to Si wafers using the dip coating
technique and exposed to boiling water steam for
specified durations to simulate hydrolysis and the
conditions to which the cotton substrates were exposed
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during the application process. In addition, 5 % sols
with one component (either TiP or APTES) were
applied to Si wafers using the same procedure.

Washing procedure

The washing fastness of the cotton coatings was tested
according to the ISO 105-C0O1:1989(E) standard
method using a Launder-ometer. The samples were
treated for 30 min at 40 °C in an ionic soap solution of
ECE phosphate reference detergent (B) (SDC Enter-
prises Limited, United Kingdom) with a concentration
of 5 g/l at pH 7, resulting in a liquor ratio of 1:50. The
washing procedure was repeated for 20 cycles.

Measurement techniques

Transmission electron microscopy (TEM) micro-
graphs were obtained on a JEOL JEM-2100 high-
resolution transmission electron microscope (HR-
TEM) operating at 200 keV.

Energy dispersive X-ray spectroscopy (EDX) mea-
surements were performed on a JEOL JED-2300T
EDS system with high energy resolution and high
sensitivity.

Scanning electron microscopy (SEM) measure-
ments were conducted on a Supra 35 VP FE-SEM
(Carl Zeiss).

The presence of the hybrid modifications in the
cotton fibres was assessed using a Perkin-Elmer
System 2000 IR spectrophotometer equipped with an
ATR cell (SpectraTech) with a diamond crystal
(n = 2.0). The spectra were recorded over the range
4000-370 cm ™.

X-ray photoelectron spectroscopy (XPS or
ESCA) was applied to investigate the chemical
statuses of the elements on the surface of the sol-
gel coatings. The analysis was performed using a
XPS spectrometer produced by Physical Electron-
ics Inc., model TFA XPS. An Al K, monochro-
matized X-ray source (200 W) was used. The
energy of the X-ray beam was 1486.7 eV. The
analysed area was 0.4 mm in diameter, and the
signal during the XPS analysis corresponded to a
depth of up to 6 nm from the surface layer. The
sample charging during the XPS analysis was
compensated by a low-energy electron gun-neu-
tralizer. XPS method is sensitive for all elements
except H and He can’t be detected.
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The UV blocking properties of the modified cotton
fabric were measured according to the American
standard method AATCC 183-2000 using a Varian
Cary 1E UV-Vis spectrophotometer.

The antibacterial assessments of TiP, APTES and
TiP/APTES-coated cotton samples washed 0, 1 and 10
times were performed using the bacterium Escher-
ichia coli (ATCC 25922) according to the AATCC
100-1999 standard method. For the inoculation of the
samples, a bacterial suspension with a concentration of
10° colony-forming units per ml (CFU/ml) was used.
The bacterial growth reduction, R, which is a measure
of the bactericidal activity of the studied samples, was
determined according to the following equation:

B—A
R=

x 100(%) (1)

where A denotes the number of CFUs that survived
24 h of contact with the studied sample and B denotes
the number of CFUs at the beginning of the experi-
ment. The values of A and B used in Eq. 1 were the
averages of six counts according to the agar plate
counting method. The experiments were performed
with and without UV illumination. The UV black light
(HQV 125, Osram), with the emission range of
300400 nm and dimensions of 170 mm in length
and 15 mm in diameter, was placed approximately
200 mm above the samples.

The fibre damage due to the photocatalytic activity
of the TiP-based finishes was measured viscosimetri-
cally using an Oswald shear dilution viscometer. In
addition, the DP of the TiP-coated and uncoated
samples was determined. Cuoxam, a solution of cupric
hydroxide in aqueous ammonia, [Cu(NHs3)4](OH),,
was used as the solvent.

The photocatalytic activities of the TiP and TiP/
APTES-coated cotton samples were assessed by
monitoring the degradation of the colour marker and
the dye bromophenol blue, (3',3”,5',5"-tetrabro-
mophenolsulfonphthalein) (BPB), (Sigma Aldrich)
after the exposure of the dyed fabric samples to
artificial light at 65 £ 2 % relative humidity and
20 £ 1 °C using a Xenotest Alpha instrument (Atlas,
USA) equipped with a xenon lamp with an adjustable
radiation power region 0.8-2.5 kVA and an expanded
range of radiation (300-400 nm). Each sample
(60 mm x 40 mm) was dyed by 1-min immersion in
25 mlof a0.04 % water solution of BPB dried at room
temperature in the dark for 24 h. The dyed samples

were placed in a sample holder and set in the exposure
chamber in a vertical position for 30, 60, 90 and
120 min. After illumination, an assessment of the
degradation of the dyestuff was performed using the
reflectance measurements, R, of the studied samples
on a Datacolor Spectraflash SF 600 spectrophotometer
using D 65/10° light. For each sample, ten measure-
ments of the R-value were obtained, and the corre-
sponding K/S values were calculated according to the
Kubelka—Munk equation (Zollinger 1991):

K (1-R)
S~ 2R @)

where K/S is the ratio of the coefficient of light
absorption (K) to the coefficient of light scattering
(S) and R is the reflectance at the maximum absorption
wavelength determined at 610 nm. The mean K/S
value was then determined.

Based on the K/S values, the dyestuff degradation
was determined according to Colleoni (Colleoni et al.
2012):

Dyestuff degradation = (l -

where (K/S)yp is the K/S value of the undyed sample,
(K/S)g is the K/S value of the dyed sample before
illumination and (K/S); is the K/S value of the sample
after illumination for a given time.
Thermogravimetric analysis (TGA) was performed
on a Mettler Toledo TGA/SDTA 851° instrument. The
TGA curves were measured from 30 to 800 °C in a
nitrogen atmosphere at a heating rate of 10 °C/min.

Results and discussion
SEM, XPS and TEM measurements
SEM measurements

The morphological changes in the cotton fibres after
the modification with TiP and TiP/APTES were
studied using SEM (Fig. 1). Compared to the surfaces
of the untreated cotton fibres, treatment with TiP
caused the fibre surface to become rough, with barely
detectable particles, suggesting their uneven
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Fig. 1 SEM images of the TiP-coated cotton (a) and TiP/APTES-coated cotton (b) fibres taking at lower (A) and higher

(B) magnification

distribution. In contrast, the surfaces of the TiP/
APTES-treated cotton fibres were smooth, indicating a
homogeneous layer without any detectable particles,
suggesting an amorphous finish. The estimated size of
the particles in the TP finishes was less than 1 pm.
Cross-sectional SEM images of the TiP-coated fibres
and the carbon, oxygen and titanium elemental
contents were obtained. As expected, the results
confirmed the presence of titanium on the fibre surface
(points 1 and 6 in Fig. 2), but surprisingly, a greater
amount of titanium was found in the inner part of the
fibre (point 3 in Fig. 2), which clearly indicated that
TiP deposition occurred not only on the surface of the
fibres, as previously expected, but mainly in the bulk
of the cotton fibres. Due to the penetration of the
electron beam inside the cotton fibres, the cotton

@ Springer

below the cross-cut visible in Fig. 1 could contribute
to the observed EDX signal.

XPS measurements of cotton finishes

XPS analysis of the cotton fabrics with applied hybrids
was performed to provide information about the
surface compositions as well as the chemical environ-
ments and bonding of chemical species to the surface.
The XPS spectrum of cellulose has been studied by
Belgacem et al. (1995), while the XPS spectra of
cotton fabrics with applied silane-based coatings have
been studied by Mihailovic et al. (2011) and Abdel-
mouleh et al. (2002). Valades-Gonzales et al. (1999)
studied henéquen fibres, which contain hemicellulose,
lignin and waxes. The double peaks at 102 eV (Si 2p)
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Fig. 2 Cross section of the
TiP/cotton fibre and the
elemental content of C, O
and Ti at different
measuring points

|
1
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Elemental content (A%)
point

C (¢} Ti
1 48.24 | 40091 5.82
2 49.00 |30.94 7.33
3 64.89 | 33.59 0.44
4 69.40 [29.93 0.40
5 71.08 | 28.41 0.38
6 6338 |31.26 5.36

Electron Image 1

and 150 eV (Si 2s) indicated the presence of silicon
atoms, while the C 1s peak at ~288 eV allowed the
identification of the attachment of the silane coatings
on the fibre surfaces. The C 1s peak splits into peaks at
288,287 and 285.5 eV (Valadez-Gonzalez et al. 1999)
indicating the presence of more than just one com-
pound type bonding. The increase in the intensity of
the peak at 285.5 eV relative to the peak at 288 eV
(Abdelmouleh et al. 2002), which intensity increased
due to the presence of methylene groups of silane, has
been attributed to the C—O-Si bond on the cotton fibre
surface. The variation in the C 1s peaks upon the
application of silane is accompanied by a correspond-
ing decrease in the surface O/C ratio.

Our XPS investigations (Fig. 3) showed that the
chemical interaction of the TiP and TiP/APTES
hybrids with the cellulose fibres decreased the C

80
. C
—o
66.7 m Si
= CIN
S 60 . Ti
]
8 488 49.4
5
2 39.9
E 40 A
£ 33.3 32.8
c
[
o
g 20
o
9.7
54540
o0
cotton as-received TiP/cotton TiP/APTES/cotton
Sample

Fig. 3 Surface composition of cotton as-received and cotton
treated with TiP and TiP/APTES hybrids

content, increased the O content, and led to the
appearance of signals from Ti, Si, and N. The results
revealed that the cellulose fibres treated with TiP and
those treated with TiP/APTES contained Ti in signif-
icant amounts (9.7 and 7.0 %, respectively). Further-
more, TiP/APTES contained more N than TiP, and the
latter contained a small amount of Si, which we
attributed to impurities.

As shown in Fig. 4, two components could be
identified in the XPS spectrum of O 1s (Fig. 4a). We
attributed the peak at 530.0 eV to the oxygen lattice
atoms in the TiO, structure, but the peak at 532.5 eV
could be assigned to the OH, C-O, Si-O, and H,O
groups, all of which existed in the TiP/APTES cotton
coatings and untreated cotton. Expectedly, the XPS
spectrum of Ti (Fig. 4b) is a doublet structure consist-
ing of Ti 2p3/, and Ti 2p,,, peaks separated by 5.5 eV.
The Ti 2ps/, peak is at ~458.7 eV and can be assigned
to the Ti(4+) oxidation state in the TiO, structure.

Regarding the identification of the covalent Si—-O-C
bonds for the TiP/APTES hybrids with cotton, the O 1s
spectra were less persuasive than the C 1s spectra
obtained for the untreated samples (Fig. 4c) and the
samples treated with TiP/APTES (Fig. 4d). For the
untreated cotton, the C 1s spectrum consists of typical
cellulose components, such as the C-OH peak at
286.4 eV, which is due to the characteristic C—OH
bonds for cellulose; the peak at 285.0 eV, associated
with the C—C/C—H bonds originating from either the
lignin on the surface or adventitious carbon surface
species; and the small peak at 288.1 eV, which is due
to the C=0 and O-C-O bonds in cellulose molecules
(Fig. 4c¢).
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Fig. 4 The XPS O 1s (a) and Ti 2p (b) spectra of cotton as-received, TiP/cotton and TiP/APTES/cotton; and the XPS C 1s spectra of

cotton as-received (¢) and TiP/APTES/cotton (d)

The C 1s spectrum obtained after treating cotton
with TiP/APTES (Fig. 4d) differed greatly from that
of the untreated cotton. The main peak at 285.0 eV
was due to the C-C/C-H bonds in the APTES
structure, and the peak at 286.3 eV may be due to
the C—O-Si bonds between the C atoms from the
cellulose structure and the Si—O part of the silane
molecule. There is also a small peak at 288.1 eV due
to the C=0/O-C-0O bonds. Because the signal during
the XPS analyses is coming from the topmost 2—-5 nm
of the sample, the presence of the C—O-Si bonds in the
XPS spectrum of the treated sample may indicate a
reaction between the cellulose and the APTES
molecules.

TEM and XRD measurements
Weakly expressed and barely observed TiO, particles

on TiP/cotton fibres and the complete absence of any
particles on the surfaces of the TiP/APTES cotton
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finishes motivated us to perform TEM measurement
of TiP and TiP/APTES fine powders collected from
the boiling water into which the precursor solutions
were poured. The results revealed that the TiO,
powder was highly agglomerated anatase with particle
sizes of 5-10 nm, while the TiP/APTES powder was
amorphous (Fig. 5). These results indicated that the
TiP/APTES hybrids applied on cotton were likely to
be amorphous and, in this respect, resemble the
structures of the aminofunctionalized polymeric sys-
tems. As expected, the presence of TiP, despite its
nanocrystalline form was not detected from the
diffraction spectra of TiP/cotton samples (Fig. 6)
because the amount of TiP was only 1.93 % w/w
(Fig. 17a), which was too low compared to the
detectable limit of small molecules (~8 %) that are
crystalline and are mixed with cellulose. Even though
the same argument could be applied also for TiP/
APTES, the absence of this finis was directly conse-
quence of its amorphous state.
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calculated, Brookite

calculated, Anatase

Fig. 5 TEM images of TiP (a) and TiP/APTES (b) powders obtained in the same way as used for the treatment of cotton and the
corresponding interference fringes of anatase structure (c) of the TiP nanoparticles

2 theta

Fig. 6 XRD spectra of the studied cotton samples: cotton as-
received (a), TiP/cotton (b) and APTES/TiP/cotton (c¢)

Properties of the finished cotton fabrics
UV absorption of the fabrics

The UV absorption study of the modified fabric
samples (Table 1) revealed high UPFs, i.e., 31 for the
TiP- and 18 for the TiP/APTES-coated samples,
compared to a low UPF of 5 for untreated cotton.
Lower UPF rating of the TiP/APTES-coated sample
was attributed to the amorphous structure of the TiP/
APTES hybrid coating in contrast to anatase TiP. The
total hemispherical transmission of both coated sam-
ples was very low in the UV-A region but increased
considerably in the UV-B region. This effect was
attributed to the absorption of the TiP coating stem-
ming from the anatase band gap energy of approxi-
mately Egaprio2 ~3.2 €V (Mahltig et al. 2005).

@ Springer



3450

Cellulose (2015) 22:3441-3463

Table 1 Ultraviolet

Sample Washing cycles UPFcan T(UV-A)mean (%) T(UV-B)mean (%)
protective factor (UPF) and
transmission in the UV-A Cotton as-received ~ / 5.4 16.3 22.9
and UV-B region of the TiP/cotton 0 311 1.9 13.6
studied samples before and
after repeated washings 1 358 1.6 12.4
5 30.6 1.9 12.9
10 30.0 2.0 12.9
20 32.8 1.0 10.9
TiP/APTES/cotton 0 18.2 29 18.0
1 20.5 24 16.5
5 30.9 1.4 134
10 28.4 1.6 134
20 26.9 1.7 14.1

The increase of the UPF rating observed for both
washed coated samples was hardly to explain, without
assuming that during washings the cotton fibres
formed lumps due to the shrinkage and compaction
of the weft and warp yarns, which excessively
scattered and absorbed light. However, the main
reason for the retention high UV blocking capacity
of finishes we attributed to the to the formation of
covalent bonding resulting from a dehydration reac-
tion between the hydroxyl groups of TiO, and SiO,
and hydroxyl groups of cotton (Radeti¢ 2013).

Figure 7a, b show hemispherical total reflection
(TR) and hemispherical total transmission (TT) spectra
of the untreated cotton sample, the untreated cotton
sample soaked overnight in EtOH and then dipped in
boiling water as well as the cotton samples coated with
TiP and TiP/APTES. The absorption (A) spectra
derived from the TR and TT spectra using the relation
[A =1 — (TT + TR)] are shown in Fig. 7c. Inspec-
tion of the corresponding spectra revealed that the
cotton sample treated in EtOH reflected (Fig. 7a) and
transmitted (Fig. 7b) more UV radiation than the coated
cotton samples, which proved its low absorption in the
spectral region of A < 500 nm (Fig. 7c). In contrast, the
cotton samples coated with TiP and TiP/APTES
strongly absorbed UV radiation up to 450 nm. These
samples became non-absorbing in the 550-1200 nm
spectral region, but their NIR absorption, which is
interrupted by typical cotton absorptions, gradually
increased. The TiP and TiP/APTES coatings were not
exceptionally good UV absorbers compared to other
cotton coatings in which TiO, forms a continuous layer
on the fibre surface (Langlet et al. 2002).
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Photocatalytic antimicrobial properties

The photocatalytic antimicrobial activity of cotton
samples modified with TiP and TiP/APTES was
quantitatively determined using an antimicrobial test
performed in two different ways: with and without UV
illumination. It is well known that several reactive
oxygen species are generated by the photocatalytic
reactions of TiO,. These reactive species cause
oxidation of the membrane lipids leading to the loss
of cell viability and cell death (Sunada et al. 2003;
Maness et al. 1999; Ibafez et al. 2003; Hu et al. 2007).
Moreover, Kikuchi et al. (1997) proposed that the
actual lethal agent was hydrogen peroxide produced
from hydroxyl radicals and superoxide anions. There-
fore, it is not surprising that, under UV irradiation, the
TiP coating showed a 60 % reduction in E. coli, which
increased to 83 % after the addition of APTES due to
the presence of amino groups (Table 2). APTES alone
yielded a 52 % reduction in bacteria. The insignificant
changes in bacteria growth on the untreated illumi-
nated and not illuminated samples proved that UV
irradiation did not add to the antimicrobial effect. The
E. coli growth reduction of 60 % obtained for the TiP
coating was very similar to that observed for TiO,
powder (P25 Aeroxide, Degussa), which represents an
anatase-brookite modification (Kowal et al. 2014), and
nanocrystalline titania sol obtained by low-tempera-
ture sol-gel synthesis (Galkina et al. 2014). It should
be noted that, despite being amorphous, the TiP/
APTES hybrid finishes also showed a photocatalytic
bacetriostatic effect, which is much more pronounced
for crystalline anatase modification than for the
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Fig. 7 Total hemispherical reflection (TR), total hemispherical
transmission (TT) and absorption spectra of cotton as-received,
cotton treated in EtOH (cotton/EtOH) and dipped in boiling
water, TiP/cotton and TiP/APTES/cotton samples

amorphous noncrystalline titania coatings according
to the literature (Radetic 2013).

The results gathered in Table 2 clearly indicate
very good and durable bacteriostatic activities of the
TiP and TiP/APTES coatings that were enhanced by
UV irradiation. After repeated washings, the bacterial

reduction for the TiP coating slightly increased.
Meanwhile, the bacterial reduction for the TiP/APTES
coating decreased by 10 % after the first washing and
then did not change significantly after ten washings. At
this point, it must be stressed that one washing in the
Lauder-ometer is equivalent to five domestic wash-
ings. The APTES coating gave a negative bacterial
reduction after the first washing, showing no washing
durability, which could be attributed to the loss of the
silane from the fibres or, more likely, blocking of the
bacteriostatic effect of the amino groups. As expected,
the bacterial activity of the TiP and TiP/APTES
finishes strongly decreased under dark conditions (i.e.,
18 and 51 %) due to the suppressed photocatalytic
activity of TiO, in both examined coatings.

DP measurements

Photodegradation of the 1,4-B-glucosidic bond of
cotton cellulose due to the photocatalytic activity of
TiO, was studied by the measurement of the DP after
different periods of UV illumination. It is well known
that free radicals initiate the oxidative degradation of
cellulose, which ruptures the (I — 4) B glycosidic
bonds of cellulose macromolecules and thus decreases
the DP (Duan and Kasper 2011). Moreover, it has also
been proven that, among the reactive species, the
decrease in the DP is caused by free hydroxyl radicals,
which abstract hydrogen atoms from cellulose mole-
cules to form short-lived cellulose radical species,
which then initiate further degradation processes
(Fukatsu et al. 1999; Malesic et al. 2005). The results
showed (Fig. 8) that, after 96 h of UV illumination,
the DP of cellulose in the studied samples did not
change significantly, indicating that the degradation
process either did not occur to the extent that was
measureable by the DP or did not occur at all. This
result is in agreement with the poor photocatalytic
efficacies of the TiP and TiP/APTES finishes.

Photocatalytic self-cleaning properties

Figure 9 shows the degradation of BPB deposited on
the studied samples as a function of the UV exposure
time, i.e., 30, 60, 90 and 120 min. Whereas the
photodegradation of BPB on unwashed TiP/
APTES/cotton and cotton as received as well as on
10 times washed TiP/APTES/cotton and TiP/cotton
samples showed similar trend, the degree of the BPB
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Table 2 Reduction (R) of bacteria Escherichia coli (ATCC 25922) according to the AATCC 100-1999 Standard Method of the
studied samples before and after repeated washings, determined under UV illumination of the samples, Ry, and without one, R,

Sample Washing cycles Ryy (%) Ry (%)
TiP/cotton 0 59.6 £ 59 175 £59
56.8 + 6.3 P
10 63.1 £2.8 P
APTES/cotton 0 519 +£9.2 50.6 &+ 1.7
1 -2 P
10 - P
TiP/APTES/cotton 0 82.8 £ 2.0 51.6 + 3.2
1 737 £ 5.1 P
10 722453 I
# No reduction of bacteria
® Test was not performed
2000 100
1950 ] S gof °
c O
A, u 0 o
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S = n g o i
] S5 e gt
1850 S 40l e
Y- ~Z
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Fig. 8 Degree of polymerisation (DP) of the cotton as-received ¢ (min)

(filled square box) and TiP/cotton (grey shaded square box)
samples after different time interval of UV illumination, tyy

photodegradation was significantly higher in the case
of the unwashed TiP/cotton sample. BPB was selected
deliberately due to the weak light stability stemming
from the production of singlet and triplet radical
species when illuminated (Subramanian et al. 2014)
which after reaction with oxygen, form superoxide,
peroxide and hydroxyl radicals (Reactive Oxygen
Species) causing the BPB degradation and minerali-
sation. In the presence of TiP on the dyed cotton
sample, the photocatalytic activity of TiO, anatase
increased the concentration of ROS thus accelerating
the BPB photodegradation and discoloration. Results
revealed that, a 52 % degradation of BPB was
obtained already after only 30 min of UV exposure.
Expectedly, the self-cleaning effect became more
pronounced by increasing the exposure time, with a
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Fig. 9 Degradation of BPB on the cotton as-received, TiP/cot-
ton and TiP/APTES/cotton samples before and after ten
consecutive washings (10 W), obtained after different time
interval, ¢, of illumination of the studied samples in Xenotest

83 % degradation of the dyestuff observed at the end
of the experiment. Consecutive washings of the TiP-
coated sample caused a gradual decrease in the
photocatalytic self-cleaning activity; specifically, the
dyestuff degradation rate for the TiP-coated cotton
sample washed ten times was equal to that obtained for
the bare unfinished cotton. As shown in Fig. 9, the
TiP/APTES-coated sample did not possess significant
photocatalytic self-cleaning activity, which remained
almost the same after ten washings. This lack of
activity could be explained by the amorphous nature of
the finish and that the amorphous TiO, surface was
blocked by APTES moiety.
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Structural studies: infrared spectral measurements
IR transmission spectra

In a first step, the IR transmission spectra of TiP,
APTES and TiP/APTES finishes deposited on Si
wafers (see “Experimental” section) were measured,
and the vibrational bands signalling the hydrolysis and
condensation reactions of the precursors (TiP and
APTES) exposed to steam from boiling water were
identified and assigned. From the spectra of the
APTES coatings, the SiOH, OH:--:O and Si—O-Si
vibrational bands were determined, and the changes
attributed to the hydrolysis and condensation reactions
were assessed, while the Si—~O-Ti bands were assigned
from the spectra of the TiP/APTES coatings with
various TiP:APTES ratios (Ti:Si = 1:1, 1:2, 3:4,
1:1.5, 1:2.5).

The IR transmission spectra of the as-prepared TiP
coatings (Fig. 10a) showed vibrational bands character-
istic of TiO,, which could be due to the increasing
absorption below 800 cm™ ! (Vuk et al. 2003, 2006). The
APTES (Fig. 10a) spectra showed Si—-O-Si bands at
1128 and 1024 cm™'. The band at 930 cm™' was
attributed to SiOH (Orel et al. 2005a, b). After heat
treatment at 200 °C (1/2 h), the SiOH vanished from the
spectra (Fig. 10b), confirming the condensation reactions
of APTES. N-H, stretching bands at 3656 and
3272 cm ™" and the corresponding deformational band
at 1596 cm™ ' were observed, while the mode belonging
to the protonated amino groups expected at
~1550-1500 cm™" was not observed because of the
neutral pH conditions of the APTES sols (Bellamy 1954).

The IR spectra of various TiP/APTES coatings that
were hydrolysed and condensed over water steam
(Fig. 10a) and then heated at 200 °C (Fig. 10b)
revealed the evolution of the bands attributed to the
Si~O-Ti modes at 903 cm™' (Schraml-Marth et al.
1992; Aizawa et al. 1991; Puzenat and Pichat 2003;
MihelCic et al. 2014). The position of the correspond-
ing band at 903 cm ™' remained practically the same
for all Ti:Si ratios (Fig. 10a, b), but the relative
intensity of the Si—~O-Ti band with respect to the Si—
O-Si band at 1034 cm ™' was maximal for TiP/APTES
when the Ti:Si ratio was equal to 1.33 (Fig. 10b). The
strong Si—O-Ti band indicated highly interlinked
silica and titania networks and the formation of a
dense and compact hybrid (Schraml-Marth et al. 1992;
Aizawa et al. 1991).
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Fig. 10 IR spectra of TiO,, APTES and various mixtures of
TiP/APTES (Ti:A) deposited on a Si-wafer, hydrolysed and
partially condensed over water steam (a) and then heated at
200 °C (b)

The transmission spectra of the TiP/APTES coat-
ings showed a broad OH stretching band at
3051 cm™', indicating stronger H-bonding (intra and
inter) than that found for cellulose (Maréchal and
Chanzy 2000; Hinterstoisser and Salmén 1999; Hof-
stetter et al. 2006), which we inferred from the shift of
this band to lower wavenumbers for inter (Hadzi and
Orel 1973; Angeloni et al. 1974) and intra (Avbelj
et al. 1985) H-bond systems. As expected, the OH
stretching band showed a fine structure and redshifted
slightly after the heat treatment (Fig. 10a, b).

Another important issue for this study was the
establishment of the protonated amino groups, which
were identified from the bands at 1550-1533 cm ™'
and the C—N stretching band at 1275 cm ™" in the TiP/
APTES spectra. The band at 1550—1500 cm ™" did not
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appear in the APTES spectra, seemingly because TiP
required acidic conditions for the formation of the
protonated amino groups (Horner et al. 1992).

ATR IR spectra of the powders

To prevent the misinterpretation of the vibrational
bands in the ATR spectra of the cotton finishes, the
ATR spectra of the APTES and TiP/APTES powders
(see “Experimental” section) (Fig. 11) were recorded
and compared to the corresponding transmission
spectra (Fig. 12). In the ATR spectra, the bands
redshifted and exhibited band shape distortions due to
the variable refractive index, which changes in the
frequency range of the vibrational band (Vince et al.
2006). This effect is stronger for more intense bands
(up to Av ~ =70 cm~! for the Si—O-Si bands, for
example), while the weaker bands showed redshifts in
the frequency of only a few cm ™" (the SiOH band, for
example).

For the APTES powders, Si—O-Si bands appeared
at 1070 and 997 cm ™" in the ATR spectrum (Fig. 11b)
and at 1121 and 1031 cm™' in the transmission
spectrum (Fig. 12b). However, weaker SiOH bands
were found in the transmission and ATR spectra at
nearly the same frequencies i.e., at 929 and 922 cm_l,
respectively. As expected, for the TiP samples, the
redshifts in the frequency were even greater; in the
ATR spectrum (Fig. 11a), no distinct maximum
attributed to the Ti—O stretching mode was observed,
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but a maximum was clearly seen at 641 cm™' in the
transmission spectrum (Fig. 12a) (Vuk et al. 2005,
2006).

In the ATR spectrum of the TiP/APTES
(Ti:Si = 1:1.33) powders (Fig. 11c), only one Si—O—
Si band was observed at 993 cm™!, while in the
corresponding transmission spectrum, two Si—O-Si
bands were assigned at 1108 and 1000 cm™'
(Fig. 12¢). In these spectra, the SiOH and Si—O-Ti
bands overlapped, showing only a single, relatively
strong and broad band at 891 (ATR) and 902 cm™!
(transmission).

Although there was no doubt about the assignment
of the Si-O-Ti mode at ~891 cm™' in the ATR
spectra, the additional evidence about its mixed mode
character was obtained from the (TiP/APTES-
APTES) subtraction spectrum (Fig. 11d). The strong
positive (881 cm™ ) and negative (800 cm™ ") bands
indicated that the band at 891 cm ™' was the superpo-
sition of the Si—O-Ti (at 891-920 cm™ ') and SiOH
bands, which also appeared in this region, as we
inferred from the ATR spectrum of the APTES sample
(at 922 cm™ ' in Fig. 11b).

The strong OH stretching band centred at
~3211 cm ™" in the ATR spectrum of TiP (Fig. 11a)
and at 3123 cm™ ! in the (TiP/APTES-APTES) sub-
traction spectrum (Fig. 11d) signalled the presence of
a genuine OH-bond vibrational band formed due to the
water steam treatment of the mixed TiP and APTES
precursors. The establishment of the H bonding
network was important because it enabled the bonding
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of the sol-gel hybrid to the bound water molecules
present in the non-crystalline region of cellulose
(Hofstetter et al. 2006).

Finally, the ATR evidence of the protonation of the
amino groups was sought because this protonation is
responsible for the bactericidal properties. From the
spectra shown in Figs. 11 and 12, in the transmission
(Fig. 12b) and ATR (Fig. 11b) spectra of APTES, the
NH, deformational band was found at 1597 cm™,
while in the spectra of TiP/APTES, the band became
broader and split into two bands in the
1550-1505 cm ™" spectral region (Figs. 11c, 12c),
signalling the protonation of the amide groups (Bel-
lamy 1954). The protonation of the APTES in the
latter spectra could be explained by the presence of a
more acidic TiP precursor. The protonation of APTES
could be easily achieved, even when the APTES was
deposited on a titanium metal surface (isoelectric point
6.0), while no protonated amine was observed when
the APTES was deposited on a Ni metal surface
(isoelectric point 10-12) (Horner et al. 1992). In
summary, in the TiP/APTES hybrid, the TiP played
the role of a hydroxylated acidic surface, which was
necessary for realizing protonated APTES and impart-
ing bactericidal properties to the hybrid
nanocomposite.

ATR IR spectra of the cotton samples

ATR spectra of cotton: background selection We
began investigations of the cotton finishes by
measuring the ATR spectra of untreated cotton
fabrics (cotton as-received) and fabrics stored
overnight in an EtOH water solution, dipped in
boiling water, and then dried (EtOH/cotton) (see
“Experimental” section) (Fig. 13A, B). The latter
spectra were required to obtain the subtraction spectra,
which enable the characterization of the sol—gel
hybrids on the cotton fabrics. The spectra were
baseline corrected to 0 in the 4000-400 cm ™' region
and normalized to 1 at 1160 crnfl, the absorbance
peak reflecting the carbohydrate backbone. The ATR
spectra of both cotton samples showed typical bands
attributed to the OH stretching mode of cellulose at
3412 cm™! (O,H-Og, intra), 3326 cm™ ' (O3H-Os,
intra) and 3266 cm~' (O¢H-O;, intermolecular H
bond) (Tsuboi 1957; Maréchal and Chanzy 2000;
Chung et al. 2004; Hinterstoisser et al. 2001;
Hinterstoisser and Salmén 1999).
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Fig. 13 ATR spectra of cotton as-received (a), cotton treated in
EtOH and the boiling water (EtOH/cotton) (b) and the
subtraction spectrum of (EtOH/cotton—cotton as-received)
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The corresponding subtraction spectrum (EtOH/cot-
ton—cotton as-received) (c in Fig. 13A) revealed that
the OH-O band (3500-2700 cm ™) gained intensity in
the high (>3400cm™', region I) and low
(~3200 cm™ ", region II) frequency wings (as denoted
in Fig. 13A) of the OH-O band. We attributed the
intensity increase in region I to the presence of loosely
bound water molecules (“free” water absorbs
<3500 cmfl), i.e., water indirectly bonded to the OH
groups via another water molecule, while the presence
of the 3200 cm ™' band (region II) was associated with
strongly bound water (Walrafen and Klein 1987), i.e.,
water bound directly by hydrogen bonds to the OH
groups of the cellulose (Olsson and Salmén 2004).
Treatment of the cotton substrates with EtOH followed
by dipping in boiling water strongly affected the
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proportion of water that was more loosely versus
strongly bonded to the cellulose. Changes were also
observed in the fingerprint spectral region
(1160-900 cm™"), where the ring skeletal modes
appear as negative bands, indicating that they were
partially lost during the EtOH/boiling water treatment
(Fig. 13B) (Maréchal and Chanzy 2000). However, all
of the bands were negative, and they did not show
frequency shifts or band shape changes. In contrast,
Hinterstoisser and Salmen (1999) observed a small (few
cm ') shift in the frequency of the 1,2-glucosid (~-C-O—
C-) band at 1158 cm™' in the spectra of cellulose
exposed to different humidity conditions. The most
important observation was that the water uptake during
the EtOH/boiling water treatment affected cotton
selectively; more water was adsorbed on the easily
accessible water sites (region I) than on sites with
strongly absorbed water molecules (region II). This
finding is not new and is in agreement with the moisture
uptake study using dynamic IR and deuterium exchange
performed by Hofstetter et al. (2006). Accordingly, to
obtain the subtraction spectra, only the EtOH/cotton
spectrum was used as the background.

ATR spectra of the coated cotton samples The ATR
spectra of the TiP-coated cotton (TiP/cotton) and TiP/
APTES-coated cotton (TiP/APTES/cotton) samples
(Fig. 14) were examined to confirm the presence of
hybrids on the cotton fabrics and, by inspecting the
characteristic bands in the corresponding subtraction
spectra (Fig. 15), to ascertain their interactions with
the cotton fibres. The main challenge was to show the
existence of the Si—-O-C bonds known to form
between the silanes and the OH groups of cellulose
at elevated temperatures (Xie et al. 2010). To identify
the corresponding modes in the ATR spectra, the
TiP/cotton and TiP/APTES/cotton samples were
exposed to heat treatment at 105 °C (24 h), and the
corresponding subtraction spectra were examined
(Fig. 16).

The ATR spectra of the TiP/cotton and TiP/
APTES/cotton samples (Fig. 14) were very similar
because the massive absorption of the cellulose bands
blurred the vibrational bands of the applied finishes.
This was not surprising as the amount of hybrids on the
cotton was only a few percent. Nonetheless, the
subtraction procedure gave reproducible spectra with
good signals, as has been demonstrated in our previous

@ Springer

Absorbance

T T T T T T T T T T
1600 1400 1200 1000 800 600
Wavenumber (cm™)

Fig. 14 ATR spectra of cotton as-received (a), TiP/cotton
(b) and TiP/APTES/cotton (c) in the spectral region from 1600
to 500 cm ™!

studies of other finished cotton samples (Vilénik et al.
2009; Vince et al. 2006).

A closer look at the subtraction spectra of (TiP/cot-
ton—EtOH/cotton), (TiP/APTES/cotton—EtOH/cot-
ton) and (TiP/APTES/cotton—TiP/cotton) samples (a,
b and c in Fig. 15A) revealed expected changes in the
spectral region from 3700 to 2700 cm ™', where the
OH stretching bands appeared. The broad OH---O
stretching band was split into high (region I) and low
frequency wings (region II), similar to the (EtOH/cot-
ton—cotton as-received) subtraction spectrum (c in
Fig. 13A). However, the intensity of the OH stretching
band in region II was greater than that in region I,
which suggested preferential occupation (bonding) of
the TiP/APTES hybrid on the strongly bonded water
molecules of cellulose or, even more likely, the
presence and bonding of the hybrids on the fibres.
The redshifted band maxima of the positive OH
stretching band in the subtraction spectra (Fig. 15A) at
3030 cm™' (a in Fig. 15A), 3060 cm™' (b in
Fig. 15A), and 3106 cm ™" (c in Fig. 15A) suggested
that the strongest H-bonding occurred in the TiP/cot-
ton finishes. In conclusion, at ambient temperatures,
the hybrids bonded preferentially to the strongly the
bonded water molecules of cellulose (Hinterstoisser
and Salmén 1999).

The subtraction spectra (Fig. 15B) in the
1700-500 cm™"' spectral region did not confirm
directly the existence of TiP hybrid on fibres because
TiP did not show distinct band in this spectral region as
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silica. However, in the TiP/APTES spectrum, i.e., the
(TiP/APTES/cotton—EtOH/cotton) subtraction spec-
trum (b in Fig. 15B), we observed strong positive
bands at 978 and 903 cm ™, which can be attributed to
the Si—-O-Si and Si—O-Ti modes. The latter mode
corresponded nearly exactly to the Si—-O-Ti band
observed in the ATR spectra of the corresponding
hybrid coatings prepared in the absence of cotton (c in
Fig. 11). The redshift in the frequency of the Si—-O-Si
band (Av ~ —20 cm™ ") suggested that the structure
of the hybrid network was modified in the presence of
cellulose, while the strong Si—O-Ti band, which
indicated high extent of crosslinking between both
precursors and their intimate mixing, did not change
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markedly. We attributed these results to the synthesis
route; non-hydrolysed TiP and APTES precursors
penetrated the fibres, where they were simultaneously
subjected to hydrolysis in the boiling water for a very
short time, which prevented the formation of separate
silica and titania networks and the formation of
nanoparticles (Schraml-Marth et al. 1992).

It is important to note that the skeletal modes of the
cellulose (1158, 1104, 1052, 1031, 1000 and
986 cm™ ') (Fig. 14) changed slightly, indicating that
they were not strongly affected by the application of
the TiP/APTES and TiP hybrids. The interactions
were rather weak, as suggested by the small frequency
shifts in the cellulose skeletal bands at 1160, 1110,
1055, 1001 and 978 cm™' in the (TiP/APTES/cot-
ton—TiP/cotton) subtraction spectrum (b in
Fig. 15B). But the bands at 1000 and 986 cm™'
diminished in intensity and became weaker compared
to the other skeletal bands (1160, 1110, 1055 cm_l),
which suggested that they were preferentially con-
sumed due to interactions with the Ti~-OH groups in
the TiP hybrid.

It should also be mentioned that the (TiP/
APTES/cotton—EtOH/cotton) subtraction spectrum
(b in Fig. 15B) confirmed that the protonation of the
TiP/APTES reached completion. A strong band was
observed at 1530 cm~! (NH; ") in these spectrum, in
contrast to the (TiP/cotton—EtOH/cotton) subtraction
spectrum (a in Fig. 15B).

Although the positive bands at 978, 930 and
903 cm™" (b in Fig. 15B) confirmed the presence of
the TiP/APTES hybrid on cotton, they did not provide
direct proof of the establishment of the Si—O—C bonds
conceived from the XPS studies (Figs. 3, 4) that were
expected to form due to the condensation reactions
between the sol-gel hybrids and the OH groups of the
cellulose. The formation of covalent Si—-O—C bonds
was proposed and anticipated by different authors (Xie
et al. 2010; Abdelmouleh et al. 2002; Mihailovi¢ et al.
2011; Valadez-Gonzalez et al. 1999), but the OH
groups of the cellulose, which may be involved in the
formation of the covalent Si—-O-Si bonds, have not yet
been clearly identified from the ATR spectra. Because
it has already been determined that, for heat treated
cotton finishes, refluxing the fibres does not remove
the finishes, we exposed the TiP/APTES/cotton,
TiP/cotton and EtOH/cotton samples to heat treatment
(105 °C, 24 h). The subtraction spectra of the [(TiP/
APTES/cotton (105 °C)—cotton as-received), a in
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Fig. 16], [(TiP/APTES/cotton (105 °C)—EtOH/cot-
ton), b in Fig. 16] and [(TiP/APTES/cotton
(105 °C)—EtOH/cotton (105 °C), c in Fig. 16] sam-
ples were constructed and compared to the subtraction
spectra of the non-heated cotton finishes (a, b in
Fig. 14).

The corresponding subtraction spectra (Fig. 16)
showed that the -C—OH bands, which were attributed
to the primary and secondary alcohol groups of
cellulose (Maréchal and Chanzy 2000; Hinterstoisser
and Salmén 1999) at 1057, 1030 and 1000 cm™! (cin
Fig. 16B), were negative, which indicated that the
primary and secondary alcohol groups (C—OH) were
consumed when the TiP/APTES hybrid was applied to
the cotton fabrics and then heated at 105 °C. Other
skeletal bands at 1162, 1100 and 1057 cm~' had
slightly shifted frequencies, which indicated that they
were also affected by the interactions with the silanol
groups. However, more apparent was the negative
absorption in the frequency window from 1150 to
1000 cm_l, which was not observed in the subtraction
spectra of the as-prepared, i.e., non-heated, TiP/
APTES spectrum (b in Fig. 15B). The Si—O-Si and
Si—O-Ti bands (970, 925 and 870 cm ~') were clearly
observed in both subtraction spectra.

The most intense negative bands were found in the
(TiP/APTES/cotton—cotton as-received) subtraction
spectrum (a in Fig. 16B), while the negative bands
observed in the spectrum obtained by the subtraction
of EtOH/cotton (b in Fig. 16B) and cotton as-received
and heat treated at 105 °C (c in Fig. 16B) were less
pronounced. It should be noted that the observed
negative bands in the spectral region of the skeletal
bands of cotton (1150-1000 cm ™', Fig. 16B) were
also reported by Valadez-Gonzales et al. (1999), but
the authors did not attribute the corresponding nega-
tive absorption to the elimination of the skeletal bands
in the cellulose [henéquen (Agave fourcroydes)] and
thus to the interaction sites between the silane
molecules and the cellulose. It seems that henéquen
fibres are more susceptible to interactions with silanes,
which we could attribute to the presence of lignin,
which is known to interact strongly with silanes
(Rasmussen et al. 2014b). Our cotton did not contain
lignin.

The heat-treatment of the fabrics also changed the
water content, as shown by the corresponding O-H---O
bands (Fig. 16C). The subtraction of the as-received
cotton heat treated at 105 °C from the TiP/
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APTES/cotton heat treated at 105 °C showed rela-
tively weak negative O—H bands in the spectral region
3600-2800 cm ™" corresponding to the OgH-O5 vibra-
tional band at ~3250 cm ™", the 0O5H-0, intramolec-
ular mode at ~3324 cm™ ' and the OgH-O, band at
~3387 cm™ ! (c in Fig. 16C). This result indicated
that the heat-treatment of the fabrics changed their
water contents and suggested that some of the —OH
groups were consumed by the silanol groups due to the
condensation reactions. The condensation was not
complete, as could be inferred from the presence of a
positive band at 3574 cm™ . This band indicated that
some of the O-H groups were free of hydrogen
bonding. We tentatively assigned the corresponding
band to the “free” Si—~OH groups of the TiP/APTES
hybrids, although the assignment of this band to the
C-OH stretching mode is also possible (Maréchal and
Chanzy 2000).

Expectedly, the genuine intra and inter O-H:---O
bands of cotton were more intense and negative in the
spectra obtained by the subtraction of the as-received
cotton and the EtOH/cotton spectra from the TiP/
APTES/cotton spectrum (105 °C) (b and c in
Fig. 16C), indicating that more water (loosely and
strongly bonded) existed in the corresponding cotton
samples than in the heated samples. However, the
positive band in region I (a in Fig. 16C) suggested that
the TiP/APTES after the heat treatment preferentially
bonded to the water molecules indirectly linked to the
OH groups via another water molecule (Walrafen and
Klein 1987) and not to the water bound directly by
hydrogen bonds to the OH groups of the cellulose
(Olsson and Salmén 2004), as occurred at ambient
temperature (b in Fig. 15). This finding was consistent
with the penetration of the TiP/APTES within the
cotton fabrics and its bonding to the cellulose.
Obviously, the interactions were not limited to the
water system of cellulose; they also affected other
molecular sites in cellulose, as shown by the charac-
teristic bands at 1057, 1030 and 1000 cm~! and
described above (Fig. 16B).

TG measurements

TG analysis enables the estimation of the amount of
the hybrid attached to the cotton fibre surface and can
provide complementary information about the thermal
behaviours of the hybrid coatings deduced from either
elemental analysis or infrared spectroscopy. The TG

analyses (Fig. 17) of the cotton fibres revealed that the
pyrolysis of the cotton fibres included three stages:
initial, main, and char decomposition (Zhu et al.
2004). In the initial stage below 300 °C, the weight
loss is small and attributed to the loss of water. In the
temperature range of 300-380 °C, the main pyrolysis
stage occurs, and the weight loss was quite significant.
It is known that the first stage involves changes in the
amorphous part of the cellulose, while in the second
stage, pyrolysis occurs in the crystalline regions of the
cellulose fibres (Zhu et al. 2004). In the third stage,
char is produced (T > 430 °C), and water and carbon
dioxide form.

The results of the TG measurements of the TiP/
APTES/cotton and TiP/cotton samples revealed that
the mass losses of the cotton and finished cotton fibres
were as expected. It should be noted that the mass that
remained after heating the untreated cotton (i.e.,
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Fig. 17 TG (A) and DTA (B) graphs for cotton as-received (a),
TiP/cotton (b) and TiP/APTES/cotton (c) and TiP/APTES/cot-
ton after twenty consecutive washing (20 W) (d) samples
analysed in a nitrogen atmosphere
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18.59 %) in N, was a few percent higher than the mass
losses obtained after heating the untreated cotton in air
(Vasiljevi¢ et al. 2015; Xue et al. 2009). To avoid
errors due to the complex pyrolysis mechanism, the
measurements were repeated several times with
increasing initial masses of the finished samples (up
to 100 mg), i.e., up to 5-10 times. The as-received
cotton sample (Fig. 17) showed a mass loss
Am = —81.41 %, exceeding the mass losses observed
for the TiP/cotton (Am = —80.85 %) and the TiP/
APTES/cotton (Am = —78.92 %) samples. The small
mass losses were not surprising due to the short
dipping times of the cotton fibres in the boiling water.
Similarly, the shift in the maximal temperature of the
mass change obtained from the dTG measurements
was only few degrees (not shown here). The washed
TiP/APTES/cotton sample had slightly higher mass
losses than the untreated cotton (Am = —80.26 %). In
addition, TiP/APTES/cotton sample showed DTA
curve which differed compared to the DTA curves of
bare cotton and TiP/cotton samples. The heat changes
in the temperature interval from 220 to 250 °C were
attributed to the condensation reactions of the TiP/
APTES hybrid competing with the loss of the amino
groups of the APTES part of the hybrid. Unfortu-
nately, we were not able to obtain Am for the
TiP/cotton sample; repetitive measurements gave
scattered results (Am = £0.5 %), which indicated
that the TiP coating was too small to provide reliable
mass losses.

Conclusions

The soaking of cotton fabric in non-hydrolysed
solutions of precursors followed by quick immersion
in boiling water was an efficient method for the
impregnation of cotton fabric with TiP/APTES, and to
a lesser extent, with TiP hybrids, as shown in the SEM
and EDX micrographs. Due to the short immersion
time in the boiling water, the TiP/APTES hybrids were
amorphous and resembled amino-functionalized poly-
mers. The TiP hybrids were in the form of nanopar-
ticles with sizes of 5—10 nm, as observed in the TEM
images. These morphological differences caused dif-
ferences in the photocatalytic activity; while TiP/
APTES did not have any photocatalytic activity, TiP
degraded BPB quite effectively. An additional advan-
tage of low-temperature fibre processing, was the
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impregnation of the cotton fibres throughout their
volume, contrasting surface coating depositions when
other methods are applied. Infrared ATR measure-
ments of the cotton hybrids revealed that the anchoring
of the TiP/APTES hybrids at ambient temperatures
occurred via the water bound directly by hydrogen
bonds to the OH groups of the cellulose. Loosely
bonded water also participated in bonding the hybrids
to cellulose, but to a lesser extent. No covalent
bonding of the hybrids to the OH groups of cellulose
could be inferred from the ATR spectra; however, Si—
O-C bonding was confirmed for the cotton heat treated
at 105 °C.

The lack of covalent Si-O-C bonding was not
detrimental to obtaining stable UPF and bacteriostatic
properties because the interpenetrating H-bonding
systems of cellulose and the hybrids as well as the
presence of the hybrids inside the fabric provided
sufficient mobility of the hybrid molecules or frag-
ments and their expulsion to the fabric surface when
the cotton fabrics were repetitively washed. This
behaviour explained the stability of the bacteriostatic
photocatalytic efficiency of the TiP/APTES hybrids,
which dropped by ~ 10 %, and the variation in the
UPF and bacteriostatic effects with washing and UV
illumination observed for the TiP-coated cotton. We
primarily ascribed the enhanced bacteriostatic effect
of the TiP/APTES relative to the TiP-coated cotton
samples to the presence of protonated amino groups.
Further work is planned to apply the cotton finishes
using heat treatment.
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