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a  b  s  t  r  a  c  t

Newly  synthesized  SiO2 surface  treated  TiO2 nanoparticles  (TiO2–SiO2)  were  prepared,  characterized  and
utilized in  functional  dyeing  as  combined  reactive  dyeing  of cotton  fabrics.  Factors  affecting  the  dyeing
and functional  properties  of  the  treated  fabric,  concentration  of  TiO2–SiO2 and  of  reactive  dye  as  well  as
dyeing regime  were  studied.  The  chemical  and  morphological  structures  of  nano-upgraded  cotton  fabrics
were characterized  by ATR-FTIR  spectroscopy  and  scanning  electron  microscopy.  UV-blocking  ability,
eywords:
iO2 nanoparticles
urface treatment
ellulose
eactive dyeing

coloration  and  comfortable  behavior  of  cotton  have  been  evaluated  through  ultraviolet  protection  factor,
CIE L*a*b*  color  values  and  air  permeability  determinations,  respectively.  Incorporation  of  TiO2–SiO2

into  the  dyeing  with  reactive  dyes  brought  about  an  outstanding  UV  protection  functionality  of  the
dyed  fabrics  even  after  15  laundering  cycles  with  a negligible  negative  impact  on  color  and  comfortable
properties.  Improvement  or decrement  in  the  UV  protection,  comfort,  and  dyeing  properties  is  governed

tions
V protection by the  reactant  concentra

. Introduction

In recent years, there has been a progressive increase in UV
adiation on human skin caused by the depletion of the ozone in
he earth’s atmosphere. The United States Environmental Protec-
ion Agency estimates that ozone depletion will lead to between
hree and fifteen million new series of negative health effects such
s acceleration of skin ageing, photodermatosis (acne), erythema
skin reddening), and severe skin cancer by the year 2075 (Ajoy,
004; Wang & Hauser, 2010). Therefore there is strong demand
f providing protection from UV, where textiles play an important
ole.

Cellulosic fabrics, i.e. cotton, linen and viscose are widely
sed and have outstanding characteristics such as non-toxicity,
iocompatibility, high water absorbency and moisture, being
afe–comfortable to wear and easy to dye. For these reasons, the
pparel industry is predominantly cotton based, and the share of
otton in total fiber consumption is about 50% (Aiqin, Yanhong, &
uawei, 2010; El Shafie, Fouda, & Hashem, 2009; Tavčer, 2010). Cel-

ulosic fabrics, especially viscose fabrics made from filament yarns,
re ideal for summer clothing. However, an average weight cotton

ummer clothes offer only low ultraviolet protection factor (UPF),
.e. less than 15 (Xin, Daoud, & Kong, 2004), but the sufficient UPF
or clothing should be 40–50+. These UPF values qualify the fabric

∗ Corresponding author. Tel.: +386 2 220 7924; fax: +386 2 220 7990.
E-mail address: mojca.bozic@uni-mb.si (M. Božič).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.046
 and  the  dyeing  temperature.
© 2012 Elsevier Ltd. All rights reserved.

as UV-protective and allow the manufacturer to make a claim in
the marketplace.

Nanotechnology offers high potential to create new materi-
als with applications in medicine, electronics, energy production,
and lately for functional textiles (Zhang, Wu,  Chen, & Wu,  2010).
Titanium dioxide (TiO2) has attracted significant attention in the
past decades because of its excellent physicochemical proper-
ties, non-toxicity and good heat resistance. Current research on
TiO2 is focused on the photocatalytic property for the devel-
opment of photocatalysts, semiconductors in solar cells and UV
absorbance property for the protection of materials from UV dam-
age (Dastjerdi & Montazer, 2010; Dastjerdi, Montazer, & Shahsavan,
2010; Veronovski, Andreozzi, La Mesa, & Sfiligoj-Smole, 2010;
Veronovski, Sfiligoj-Smole, & Viota, 2010). Up to now, there have
been studies already reported on utilizing TiO2 as UV protector,
either in the form of pure inorganic coatings or embedded in poly-
mer  matrices in the form of hybrid materials. However, despite
TiO2 shows good UV-shielding property, it also exhibits strong pho-
tocatalytic behavior when absorbing UV rays, which is harmful
for the photostability of polymer matrices and substrates (Yang,
Zhu, & Pan, 2004). Recently, to suppress the photocatalytic prop-
erty of TiO2 while retaining its UV-protective properties, inert
shells, which usually composed of silica (SiO2), alumina (Al2O3),
cerium (CeO2), magnesia (MgO), zirconia (ZrO2), yttrium (Y2O3),

etc., their mixtures or a various polymers were coated onto TiO2
cores (Cui, Zayat, Parejo, & Levy, 2008). Those treatments are
most commonly precipitated in layers offering desired coat for-
mation. For the preparation of the optimal TiO2–SiO2 and other

dx.doi.org/10.1016/j.carbpol.2012.01.046
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mojca.bozic@uni-mb.si
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ore–shell particles, there are still some limitations. Firstly, stable
iO2 colloids or TiO2 dispersion has to be prepared prior to the
ilica coating process. Secondly, SiO2 layer is usually derived in
on-aqueous environment, which needs excess use of potentially
armful organic solvent. Thirdly, core–shell particles synthesized
re relatively large because of the agglomeration of commercial
iO2 powders (Veronovski, Andreozzi, et al., 2010; Veronovski,
filigoj-Smole, et al., 2010; Zhang et al., 2010). Thus, how to mini-
ize agglomeration and to obtain uniform SiO2 layers in aqueous

nvironment remains an aspect that needs to be addressed before
hese kinds of product become commercialized.

The present research article involves two major objectives: (i)
he use of low-cost and non-hazardous chemicals and develop-

ent of a rapid, versatile, controllable, reproducible approach to
ynthesize stable suspensions of SiO2 surface treated rutile TiO2
anoparticles; and (ii) feasibility of carrying out combined cellulose
eactive dyeing (Bezaktiv Red S-3B 150) with TiO2–SiO2 application
n one step. More specifically, the present work is undertaken with

 view to develop a novel one-bath exhaustion process for com-
ined TiO2–SiO2 reactive dyeing to obtain superior UPF of cotton
abric for summer cloths as well as maximal fastness properties
uring usage and care.

To achieve the goal, cotton fabrics were subjected to different
ye and TiO2–SiO2 nanoparticle concentrations at various dyeing
emperatures with a view to determine the best formulation along
ith optimum conditions that can be applied to cotton fabrics and
rovoke higher fabric performance. The efficiency of one-step pro-
ess for TiO2–SiO2 reactive dyeing was evaluated monitoring the
yeing properties of cotton fabric for color yield (K/S) and the
olorimetric data of CIE L*a*b* as well as properties such as air
ermeability and UPF factor of treated samples. Furthermore, to
tudy nanocoating formation, investigated properties were size,
orm, and electro-kinetic characteristics of bulk and embedded TiO2
anoparticles as well as the morphology and properties of the coat-

ngs applied to the cellulose substrate.

. Experimental

.1. Materials

Industrially bleached (prepared for dyeing) plane-wave 100%
otton fabric with a mass of 139 g/m2, warp density of
6 threads/cm and weft density of 21 threads/cm, and warp fine-
ess of 27.4 tex and weft fineness of 33 tex was  used in the
xperiments.

Bifunctional reactive dye namely Bezaktiv Red S-3B 150
Bezema) and levelling agent Meropan OFS (Bezema) were of com-

ercial grade.
For the preparation of SiO2 surface treated TiO2 nanoparticles

he following chemicals were used: suspension of TiO2 nanopar-
icles in the rutile crystalline form (produced by Cinkarna Celje
sing sulfate synthesis process), sodium silicate, sodium hydroxide,
ulfuric acid, hydrochloric acid and deionized water.

All other chemicals used during this study were of laboratory
eagent grade.

.2. Methods

.2.1. Synthesis of TiO2–SiO2 nanoparticles
The synthesis of TiO2–SiO2 was performed according to the

atent Application no. P-201000397 (Veronovski, Verhovšek, &

elišnik, 2011) with slight modification. Briefly, suspension of nano
iO2 in rutile crystalline form used in this research contained
pproximately 20% solid material. The nanoparticle coating was
ccomplished by precipitating white hydrated oxides onto the TiO2
mers 88 (2012) 992– 1001 993

surface using a wet precipitation process. Rutile was  subsequently
surface treaded with hydrated amorphous SiO2. As a precursor,
sodium silicate was used. Gradually, 3 wt% SiO2 precipitated onto
TiO2 surface.

2.2.2. Dyeing
The dyeing with reactive dye Bezaktiv Red S-3B 150, combined

with TiO2–SiO2 nanoparticles was accomplished according to one-
bath exhaustion procedure using liquor ratio of 1:20 in a sealed,
stainless-steel dye-pot of 250 cm3 capacity, housed in a Turby (W.
Mathis) dyeing apparatus with high bath circulation. The cotton
fabric samples were immersed in a dye bath composed of the Bezak-
tiv Red S-3B 150 (0.5, 1.0 or 1.5% of weight of fabric (owf)), NaCl (30,
40 or 45 g/L), NaHCO3 (5 g/L) and 32% NaOH (0.8, 1.2 or 1.6 mL/L).
All dyeing experiments were carried out with TiO2–SiO2 addition
(1, 2 or 3% owf) at temperatures of 60, 80 and 100 ◦C for 110 min.
Typical formulations used in this study are given in the text. After
40 min  of dyeing at given temperature, initial amount of NaOH was
added again, and dyeing continued for 70 min. Thereafter, cotton
fabrics were removed from the dye-bath and rinsed thoroughly in
tap water. To remove unfixed reactants, samples were wetted at
50 ◦C for 5 min  in the presence of 1 g/L Na2CO3 and 2 g/L nonionic
wetting agent, rinsed in tap water and finally air dried.

2.2.3. Washing procedure
Wash fastness of the TiO2–SiO2 coatings on a cotton fabric was

determined according to the standard ISO 105-C06 in a Mathis
Labomat. The coated fabric samples were washed repetitively up to
15 times; the duration of the washing cycles was 30 min  and was
carried out in a solution of SDC standard detergent of concentration
4 g/L, previously heated to 40 ◦C, to give a liquor ratio of 50:1. After
washing, the samples were rinsed several times in distilled water
and then held in cold tap water for 30 min, squeezed and dried at
room temperature. The quality of the coatings was assessed with
UPF measurements after the first, fifth, tenth and fifteenth washing
cycles.

2.3. Analytical procedures

2.3.1. Surface morphology determination – SEM and TEM
Scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) were utilized for surface treated nano TiO2 mor-
phology analysis. In addition to that, a microscopic evaluation of
the morphological changes occurring after the dyeing treatment of
cotton samples was  carried out using a Zeiss SIGMA VP SEM.

A drop of TiO2 suspension was dropped on the adhesive carbon
band on brass holders for the observation on a Zeiss SIGMA VP
scanning electron microscope (Carl Zeiss NTS GmbH, Germany),
with a maximum resolution up to 1.5 nm at 20 kV. In the case of
dyed cotton samples with TiO2–SiO2, approximately 1 cm2 of the
fabric was  attached on the adhesive carbon band on brass holders.
SEM images were collected and elaborated according to standard
procedures.

In addition, morphology analysis of surface treated nano TiO2
was  performed using transmission electron microscope (TEM, JEOL
2100F, Japan). For the analysis, a drop of TiO2 suspension was
dropped on Cu-grid.

2.3.2. Determination of electrochemical properties
MütekTM PCD-04 Particle Charge Detector (BTG Instruments
GmbH, Germany) in combination with an external titrator, e.g. 905
Titrando (Metrohm, Switzerland) was used for charge identifica-
tion of aqueous samples and for determining their isoelectric point
(IEP).
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.3.3. Color and color fastness evaluations
The color of the dyed fabrics with and without TiO2–SiO2 was

stimated from reflectance measurements using a Spectraflash SF
00 PLUS spectrophotometer (Datacolor) at standard illuminant
65 (LAV/Spec. Incl., d/8, D65/10◦).

The color was evaluated in terms of the CIE L*a*b* color sys-
em, where L*, a* and b* are the coordinates of the color in the

athematical combination of Cartesian and cylindrical coordinate
ystem, based on the theory that color is perceived as L* (light-
ess, which varies from 100 for a perfect white to 0 for absolute
lack), a* (which varies from greenness to redness), and b* (which
aries from blueness to yellowness, from negative to positive val-
es). Other optical parameters used were color saturation (C*) and
ue representing the color tone (h), and a color depth (K/S) cal-
ulated from the Kubelka–Munk equation (Božič, Díaz-González,
zanov, Guebitz, & Kokol, 2009):

K

S
= (1 − R)2

2R
(1)

here K is the absorption coefficient, S is the light-scattering coef-
cient and R is the reflectance of the fiber at a wavelength of
aximum absorption (540 nm). On the basis of the measured CIE

*a*b* color coordinates, the color difference (�E*) was  determined
s:

E∗ =
√

(�a∗)2 + (�b∗)2 + (�L∗)2 (2)

here �L*, �a* and �b* are the difference between the treated
dyed fabric with TiO2–SiO2) and the control (dyed without
iO2–SiO2) cotton samples. The values represent an average of
hree reflectance measurements, taken at different positions on the
yed fabric, which was folded twice in order to get four thicknesses.

Color fastnesses to light were determined by the standard ISO
50-B04 using a XENOTEST 150S (Heraeus) with a Xenon light
ource at an irradiance of 1154 W/m2 for 15 h.

.3.4. Attenuated total reflectance infrared spectroscopy
ATR-FTIR)

The spectra of the dyed cotton samples with and without
iO2–SiO2 were recorded using a Perkin-Elmer Spectrum One FTIR
pectrometer with a Golden Gate ATR attachment and a diamond
rystal. The absorbance measurements were carried out within the
ange of 650–4000 cm−1, with 16 scans and a resolution of 4 cm−1.
he ATR-FTIR spectra were normalized to the absorption band
t 1200 cm−1, which is unaffected by the environmental changes
Hulleman, Hazendonk, & Dam, 1994).

.3.5. Air permeability
Air permeability measurements were carried out according to

he SIST EN ISO 9237:1999 Standard by means of Karl Schröder
G apparatus. From the amount of air passing through the sample
nder a pressure of 20 mm H2O, the air permeability was  deter-
ined as Q given by:

 = q

6a
(3)

here q is the volume of air flowing through the sample of area, a,
xpressed in L/h and Q is the volume of air in m3 passing through

 m2 of the fabric per minute at the required pressure. The results
epresent the mean values of 5 measurements.

.3.6. UV-protection factor (UPF)

UPF values were assessed according to the Australian/New

ealand Standard (AS/NZS 4399-1996), over the ultraviolet spectral
egion of wavelength 290–400 nm using a solarscreen 50 spec-
rophotometer (Varian) fitted with an integrating sphere accessory
mers 88 (2012) 992– 1001

and a fabric holder accessory. UPF of each sample is calculated
according to the following equation:

UPFi =
∑400

�=290E�S� ��
∑400

�=290E�S�T� ��
(4)

where E� is the CIE relative erythermal spectral effectiveness; S� is
the solar spectral irradiance; T� is the spectral transmittance of the
fabric; ��  is the wavelength step in nm and � is a wavelength in
nm.

The rated UPF of the sample is calculated introducing a statis-
tical correction. Starting from the standard deviation of the mean
UPF, the standard error in the mean UPF is calculated for a 99% confi-
dence level. The rated UPF will be the mean UPF minus the standard
error, rounded down to the nearest multiple of five. According to
the Australian classification scheme, fabrics can be rated as provid-
ing good, very good, and excellent protection if their UPF values
range from 15 to 24, 25 to 39 and above 40, respectively. For UPF
ratings of 55 or greater, the term 50+ shall be used.

UPF = UPF − t˛/2,N−1 · SD√
N

· · · (5)

where UPF is the mean UPF; t˛/2,N−1,t is the variate for a confidence
level  ̨ = 0.005 and SD is the standard deviation of the mean UPF.

3. Results and discussion

3.1. Synthesis and characterization of TiO2–SiO2 nanoparticle
suspensions

It is well known that rutile is less photochemically active than
anatases (Bozzi, Yuranova, & Kiwi, 2005), therefore, rutile form
of TiO2 was  chosen and modified with SiO2 to further suppress
photochemical activity towards the textile substrate upon light
irradiation. Additionally, bondability of TiO2 on cotton fabrics was
increased with SiO2 as chemical spacers between TiO2 and cellu-
losic fibers.

Coating the TiO2 nanoparticles was  accomplished by precipitat-
ing white hydrated SiO2 onto the TiO2 surface. Precipitation process
is strongly influenced by the reaction conditions (e.g. pH, temper-
ature, reagents, and order of addition), thus, affecting final product
characteristics (Viravathana & Marr, 2000). SiO2 deposition under
acid or neutral pH medium yields submicroscopic particles joined
together in a gel-like structure, resulting in “fluffy” coating, provid-
ing better spacing and optical efficiency. On the other hand, SiO2
deposition under basic pH medium results in a dense, glassy shell
that encapsulates the particle and provides the highest durability
available. Synthesized suspension of SiO2 coated TiO2 nanoparti-
cles yielded neutral pH character therefore presenting un-harmful
media to cellulose-based materials.

SEM and TEM were used to characterize the morphology of
SiO2 layer formed on the TiO2 surface. SEM image, presented by
Fig. 1, shows the SiO2 coated TiO2 nanoparticles with uniform dis-
tribution without agglomerate formation, while Fig. 2 shows TEM
image of untreated and SiO2 treated non-spherical shaped rutile
nanoparticles (ca. 80 nm in length and 25 nm in width). Untreated
TiO2 nanoparticles have sharp edges which became smoother after
amorphous SiO2 precipitation as shown in Fig. 2. SiO2 layer formed
is homogeneous and entirely coats the TiO2 surface. No agglomer-
ates of TiO2 nanoparticles can be seen after the surface treatment,
which proves the formation of stable colloidal suspension.

SEM and TEM results were verified by electrochemical prop-

erty determination (Fig. 3). The results indicated that the coated
nanoparticles with 3 wt% SiO2 loading had good dispersion stabil-
ity in water, which also gave further evidence of complete SiO2
coating layers formed on TiO2 nanoparticles. An isoelectric point
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Fig. 1. SEM image of surface treated rutile TiO2 nanoparticles.

(
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Fig. 2. TEM image of surface treated rutile TiO2 nanoparticles.
IEP) values for TiO2 and SiO2 coated TiO2 nanoparticles are shown
n Fig. 3. IEP determined for TiO2 nanoparticle laid around pH 5.5,

hile SiO2 layer on the surface of TiO2 nanoparticles shifted IEP to
ower pH values, to pH value ∼2. This result is very close to the IEP

Fig. 3. U-pH function of TiO2 and SiO2 coated TiO2 nanoparticles.
mers 88 (2012) 992– 1001 995

value of SiO2 (i.e. 2–3) reported by Parks (1965) and Reed (1995)
and proves a successful TiO2 surface treatment.

3.2. ATR-FTIR analysis of blank and Bezaktiv Red S-3B 150 –
TiO2–SiO2 dyed cotton samples

ATR-FTIR difference spectra of blank cotton sample and Beza-
ktiv Red S-3B 150 dyed cotton samples with different TiO2–SiO2
concentrations in the dyeing bath were recorded to identify the
structural changes of the dyed samples and to quantify the tem-
perature dependent TiO2–SiO2 uptake, as shown in Fig. 4.

Spectrum of blank cotton sample with many free
hydroxyl groups on the surface shows characteristic bands
at 3500–3200 cm−1, due to O H valent vibration of water,
2980–2800 cm−1, due to C H stretching, ∼1645 cm−1, due to
deformation vibration of water molecules and absorption bands
in the 1500–800 cm−1 spectral region, which occurred as a result
of C H, O H, C O and C O C vibrations in glucosidic ring and
represents the finger print of cellulose (Ciolacu, Kovac, & Kokol,
2010). The changes of many ATR-FTIR bands characteristic of
cotton cellulose reflect the occurrence of the TiO2–SiO2 modifi-
cation through the hydrogen bonds between TiO2–SiO2 surface
hydroxyl groups and cellulose hydroxyl groups during the reactive
dyeing. The presence of TiO2–SiO2 on the surface of dyed cotton
samples can be seen as an increase in the intensity of absorption
bands at 3334 cm−1 and 3287 cm−1 and is attributed to hydroxyl
groups on different sites and to varying interactions between
hydroxyl groups on TiO2, SiO2 and cellulose (Fig. 4(a)) (Veronovski,
Hribernik, Andreozzi, & Sfiligoj-Smole, 2009). Furthermore, band
intensities of silica (Si O Si linkages), attached on the surface of
TiO2 at 1030, 1055 and 1105 cm−1 (Tomšič et al., 2008), and band
of Ti O vibrations at around 980 cm−1 increased with increasing
content of TiO2–SiO2 dyed cotton samples.

Comparing the TiO2–SiO2-reactive dyed and blank cotton sam-
ples, the appearance of the symmetric O Ti O stretch bands at
around 667–678 cm−1 is evident (Fig. 4(b)). Moreover, the increase
of the intensity of these bands with the increase in the TiO2–SiO2
concentration, and their shifting to a higher wavenumber, con-
firmed the structural modification of cellulose structure after
TiO2–SiO2 bonding.

Here, to quantify how significant the TiO2–SiO2 modification
was, the intensity ratio of the unaffected OH band at 1200 cm−1

and O Ti O stretch band at 668 cm−1 was  evaluated (Table 1). It
was  found that the ratios A668/A1200 increased when compared to
the blank cotton sample. Increase was  in proportion with increased
concentrations of TiO2–SiO2. A668/A1200 ratios increased from 60 ◦C
to 80 ◦C of the used dyeing temperature and slightly decreased
at 100 ◦C. A decrease of ratios at boiling point may be related to
the increased kinetic energy of the TiO2–SiO2 nanoparticles, which
causes increasing nanoparticle motion leading to the disrupted
hydrogen forces between the nanoparticles and the surface of the
fiber. From these results, it can be concluded that the TiO2–SiO2
was  successfully introduced onto cellulose via hydrogen bonding
on the account of the significant increase of the A668/A1200 ratio.

3.3. Effect of TiO2–SiO2 concentration on the color data of the
Bezaktiv Red S-3B 150 cotton dyed samples

A series of cotton samples were dyed via one-bath exhaustion
procedure, combined with TiO2–SiO2 nanoparticles by varying the
dyeing conditions (i.e. temperature), including the amount of the

reactive dye and TiO2–SiO2 nanoparticles.

Reactive dyes are widely used for dyeing of cellulose as the reac-
tive system enables the dye to covalently bond with the OH group
in cellulose (Ojstršek, Doliška, & Fakin, 2008).
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ig. 4. ATR-FTIR spectra of blank cotton and 0.5% owf Bezaktiv Red S-3B 150 dyed c
emperature.

For the preparation of transparent hybrid materials, smaller
norganic particle and less refractive index difference are preferred
Zhang et al., 2010). The TiO2 colloidal suspension prepared in our
rotocol was very small (ca. 80 nm × 25 nm)  and the existence of
oid in the hybrid colloid made the total refractive index of hybrid
olloid relatively low. Therefore, according to the CIE L*a*b* color
ata and UV performance data, transparent UV blocking hybrid
oating with negligible effect on the color depth was achieved in
his research. The TiO2–SiO2 exhaustion and color depth (K/S) val-
es (Table 2) of Bezaktiv Red S-3B 150 dyed cotton samples with
ifferent TiO2–SiO2 concentrations were in correlation with the

uantitatively detected TiO2 ratios A668/A1200 (Table 1). Insignif-

cant (visually undetectable) decrease in color depth due to the
resence of TiO2–SiO2 can be observed at all TiO2–SiO2 concentra-
ions and dyeing temperatures (Table 2). Furthermore, K/S values
 samples, combined with TiO2–SiO2 concentration from 1 to 3% owf at 80 ◦C dyeing

decreased from 1% to 3% owf  of used TiO2–SiO2 concentration. Nev-
ertheless, the extent of the decrease was the highest at 60 ◦C and the
lowest at 100 ◦C indicating different TiO2–SiO2 coating morpholo-
gies (Fig. 5) affecting the color depth. The obtained color changes
could not be visually detected since the values of the color dif-
ference (�E*) were around one when using 1% owf TiO2–SiO2.
However, the influence of the TiO2–SiO2 was more pronounced,
but still acceptable, after dyeing with higher concentrations (2 and
3% owf). In addition, in comparison to the CIE L*a*b* color values for
the dyed cotton samples without TiO2–SiO2, all dyeings with dif-
ferent TiO2–SiO2 concentrations tended towards less red and less

blue, which can be seen from a lower a* and less negative −b*. CIE
L*a*b* coordinates for all dyeings also indicated that a better qual-
ity of color tone (higher h value) was obtained with reactive dyeing,
combined with TiO2–SiO2.
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Table  1
ATR-FTIR absorption bands at 668 cm−1 for cotton cellulose before and after dye-
ing  with 0.5, 1.0 and 1.5% owf Bezaktiv Red S-3B 150, combined with TiO2–SiO2

concentration from 1 to 3% owf at 60, 80 and 100 ◦C of used dyeing temperatures.

A668/A1200

Cotton–blank 2.12

Sample A668/A1200

Dyeing temperature

Cotton dyed: conc.
Bezaktiv Red S-3B 150

TiO2 Conc. 60 ◦C 80 ◦C 100 ◦C

0.5% – 2.15 2.20 2.16
1.0% 2.50 3.03 2.71
2.0% 2.73 3.35 2.75
3.0% 2.86 3.42 3.07

1.0% –  2.19 2.98 2.80
1.0% 2.67 3.17 2.56
2.0% 2.85 3.68 2.82
3.0% 2.79 3.14 2.94

1.5% –  2.18 2.98 2.68
1.0% 2.88 3.18 2.49
2.0% 2.82 2.75 2.53

T
C

3.0% 2.89 3.05 2.72

able 2
IELAB color coordinates and K/S values of Bezaktiv Red S-3B 150, combined with TiO2–S

Sample TiO2–SiO2 conc. L* a* 

Cotton–blank 94.27 4.41 

Cotton dyed: Bezaktiv Red S-3B 150 conc./dyeing temperature

0.5%/60 ◦C

– 77.03 31.01 

1.0%  78.46 29.22 

2.0%  79.12 27.95 

3.0%  79.70 26.72 

1.0%/60 ◦C

– 72.01 35.96 

1.0%  72.35 35.07 

2.0%  72.66 34.64 

3.0%  72.76 34.21 

1.5%/60 ◦C

– 68.09 39.20 

1.0%  69.36 39.52 

2.0%  69.93 39.07 

3.0%  70.30 37.10 

0.5%/80 ◦C

– 76.47 31.20 

1.0%  77.83 29.66 

2.0%  77.96 29.56 

3.0%  78.56 28.71 

1.0%/80 ◦C

– 72.04 35.17 

1.0%  72.67 34.53 

2.0%  73.11 34.34 

3.0%  73.40 34.04 

1.5%/80 ◦C

– 68.28 39.35 

1.0%  68.37 39.24 

2.0%  68.49 39.23 

3.0%  68.87 38.93 

0.5%/100 ◦C

– 80.06 27.58 

1.0%  81.17 26.29 

2.0%  81.63 26.03 

3.0%  81.76 26.00 

1.0%/100 ◦C

– 74.31 34.58 

1.0%  74.88 34.01 

2.0%  75.04 33.50 

3.0%  75.24 32.90 

1.5%/100 ◦C

– 70.41 37.90 

1.0%  71.30 36.83 

2.0%  71.56 36.80 

3.0%  71.94 36.38 
mers 88 (2012) 992– 1001 997

3.4. UV protection performance of the cotton Bezaktiv Red S-3B
150, combined with TiO2–SiO2 dyed samples at different dye and
TiO2–SiO2 concentrations, and dyeing temperatures

The UV-blocking mechanism of this technology is attributed to
the electronic structure of the treatment: titania absorbs light with
an energy that matches or exceeds its band gap energy, which is
ultraviolet region at wavelengths <380 nm and reflects visible and
IR rays.

As shown in Fig. 6, an incorporation of 1%, 2% and 3% owf of
TiO2–SiO2 to the dyeing process greatly enhanced UV-shielding
properties of the dyed cotton samples, compared to the dyed sam-
ple without the TiO2–SiO2 incorporation.

The UPF of a fabric depends on fiber content and weave, used
dyes, finishing processes, the presence of additives, and should be
between 40 and 50+ to categorize the clothing cotton fabric to fab-
rics with an excellent UV protection. Based on these criteria blank
plane-wave cotton fabric with UPF rating 10 is classified as non-
rateable fabrics with inadequate protection for outdoor wearers.
After dyeing fabrics with Bezaktiv Red S-3B 150, UPF values were
increased with increasing dye concentration. But even at concen-

tration of 1.5% owf, UPF was only 25 (i.e. at 60 ◦C, the optimal dyeing
temperature according to dye manufacturer) showing insufficient
dye UV-absorbing ability. The TiO2–SiO2 bonding onto cotton fab-
rics led to a rise of UPF values up to the UPF rating of 50+, which

iO2 dyed cotton samples.

b* �E* C* h K/S

−15.22 15.84 286.15 0.01

−19.83 36.81 327.41 0.47
−17.98 2.94 34.31 328.40 0.41
−17.40 4.43 32.93 328.10 0.37
−16.95 5.81 31.64 327.61 0.34

−17.34 39.92 334.25 0.78
−16.83 1.08 38.90 334.37 0.76
−15.73 2.18 38.05 335.58 0.73
−15.69 2.51 37.64 335.35 0.73

−15.76 42.25 338.10 1.13
−15.90 1.31 42.60 338.08 1.05
−15.49 1.86 42.03 338.37 1.00
−14.91 3.16 39.99 338.10 0.93

−18.83 36.44 328.88 0.50
−18.60 2.06 35.01 327.91 0.44
−18.64 2.22 34.94 327.76 0.41
−18.56 3.26 34.18 327.12 0.40

−17.48 39.28 333.57 0.76
−17.16 0.95 38.56 333.57 0.75
−16.73 1.54 38.19 334.03 0.71
−16.31 2.12 37.75 334.40 0.70

−15.89 42.44 338.00 1.12
−15.35 0.55 42.14 338.64 1.09
−15.19 0.74 42.07 338.83 1.09
−15.06 1.10 41.75 338.85 1.07

−19.22 33.62 325.12 0.34
−18.63 1.80 32.22 324.67 0.30
−17.11 3.05 31.15 326.68 0.30
−16.06 3.92 30.56 328.30 0.30

−18.11 39.03 332.36 0.60
−17.36 1.10 38.19 332.95 0.59
−16.97 1.73 37.55 333.13 0.58
−16.20 2.70 36.67 333.78 0.57

−16.58 41.37 336.37 0.93
−16.26 1.42 40.26 336.19 0.79
−16.12 1.65 40.17 336.34 0.76
−15.65 2.34 39.60 336.73 0.72



998 D. Fakin et al. / Carbohydrate Polymers 88 (2012) 992– 1001

F ith 1%
3  at ma

a
b
i
a
v
c
e
p
b
s
b
s
T
m
l
A
t
p

ig. 5. SEM images of the 1% Bezaktiv Red S-3B 150 dyed cotton fibers at (a) 60 ◦C w
%  TiO2–SiO2, (e) 100 ◦C with 1% TiO2–SiO2 and (f) 100 ◦C with 3% TiO2–SiO2; taken

ssigns the maximum UV protection. UPF values were improved
y raising the TiO2–SiO2 concentration from 1 to 3% owf at all dye-

ng temperatures. Remarkable UPF values, i.e. 40–50+ were already
chieved at 1% owf of used TiO2–SiO2, but using 2% owf enabled UPF
alues over 50 at all dyeing temperatures. Increasing TiO2–SiO2
oncentration beyond 2% owf had practically a slight or no positive
ffect on the UV protection properties. Increased concentration of
articles in dyeing baths facilitates forming an undesirable complex
etween dye molecules and particles according to their electro-
tatic interactions. This complex formation occurs in dye bath
efore the dye absorption. Therefore it can limit the dye diffu-
ion. In fact the complex can block dye molecules in its structure.
hey can also deposit on the fabric surfaces and filter the other dye
olecules and limit their diffusion. Moreover, they cannot strongly
ink to the fabrics and will be easily removed by the post process.
s far as the changes in UPF values as a function of temperature,

he obtained results disclose that with increasing the dyeing tem-
erature from 60 ◦C to 80 ◦C increased both, UPF and K/S, values
 TiO2–SiO2, (b) 60 ◦C with 3% TiO2–SiO2, (c) 80 ◦C with 1% TiO2–SiO2, (d) 80 ◦C with
gnification of 15 × 103.

reflecting the positive impact of higher temperature on enhancing
the swellability of the treated cotton fabrics as well as solubility of
the reactive dye thereby opening the cellulose structure, enhanc-
ing the extent of penetration/fixation and diffusion of both the
TiO2–SiO2 and reactive dye molecules. On the other hand, further
temperature increasing up to 100 ◦C resulted in a decrease in the UV
protection properties and K/S values, irrespective of the used dye
and TiO2–SiO2 concentrations, which can be explained in terms of
undesirable dye–particle complex formation and lower stability of
the used dye (i.e. partial hydrolysis of the active chlorine atoms in
the triazine ring) (Ojstršek et al., 2008) thereby resulting in a lower
dye retention and fixation, i.e. lighter depth of shade (Table 2) with
lower degree of UV-protection (Fig. 6).
3.5. Fabric surface characterization

Fiber surface morphology of the dyed cotton samples (1% owf
Bezaktiv Red S-3B combined with 1% and 3% owf TiO2–SiO2) at
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Fig. 7. Effect of TiO2–SiO2 concentration on obtained dyed cotton air permeability
ig. 6. Effect of TiO2–SiO2 concentration on obtained dyed cotton UPF at (a) 0.5%,
b) 1.0% and (c) 1.5% owf Bezaktiv Red S-3B 150 concentration.

0 ◦C, 80 ◦C and 100 ◦C is presented in Fig. 5. Nanomodifications
hanged the surface of fibers; however, the three different dyeing
emperatures lead to different coating morphologies. In the case of
bers dyeing at 60 ◦C (Fig. 5(a) and (b)), a non-uniform surface is
btained. Large aggregates or clusters of TiO2–SiO2 particles can be
bserved at concentration 1% owf TiO2–SiO2 (Fig. 5(a)) and larger
ggregates at concentration 3% owf TiO2–SiO2 (Fig. 5(b)). With ris-
ng temperature up to 100 ◦C, the surface structure of the treated
otton fabric was smoother with higher coating homogeneity, indi-
ating the formation of a uniform continuous layer (Fig. 5(e) and (f)).
ecause of the nano thickness, film is transparent and the difference

n the color of the treated fabrics at 100 ◦C is the least distinctive
Table 2).
.6. Air permeability

As is evident from Fig. 7, raising the temperature up to 100 ◦C
rings a slight increase in the air permeabilities, which can also be
at  (a) 0.5%, (b) 1.0% and (c) 1.5% owf Bezaktiv Red S-3B 150 concentration.

attributed to cotton impurity removal in alkaline medium (Fakin &
Ojstršek, 2008). Furthermore, decrease in the air permeabilities of
the samples with increasing TiO2–SiO2 concentration from 1 to 3%
owf  was not significant. However, by increasing the temperature
this effect has been compensated. In the case of samples treated
at temperature of 60 ◦C possibly the sizes of agglomerated par-
ticles were so big that can block the fabric voids to some extent
(Fig. 5). Therefore air permeability in these samples was decreased
compared to other samples. However changes in air permeabil-
ity of other samples were not statistically significant because of
very small size of particles compared to fabric holes. Consequently,
achieving sufficient UV protection, without affecting coloration
process and obtained fabrics color is possible without any reduction

in air permeability using the appropriate compound concentrations
under optimal dyeing conditions.
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Table 3
Light fastness properties of Bezaktiv Red S-3B 150, combined with TiO2–SiO2 dyed
cotton samples.

Sample Light fastness (ISO 150-B04)

Cotton dyed: Bezaktiv Red
S-3B 150 conc./dyeing
temperature

TiO2–SiO2 conc.

0.5%/60 ◦C

1.0% 4
2.0% 4
3.0% 4
– 4

1.0%/60 ◦C

1.0% 4
2.0% 4
3.0% 4
– 4

1.5%/60 ◦C

1.0% 4
2.0% 3–4
3.0% 3–4
– 4

0.5%/80 ◦C

1.0% 4
2.0% 4
3.0% 4
– 4

1.0%/80 ◦C

1.0% 4
2.0% 4
3.0% 4
– 4

1.5%/80 ◦C

1.0% 4
2.0% 4
3.0% 4
– 4

0.5%/100 ◦C

1.0% 3
2.0% 3
3.0% 3
– 3

1.0%/100 ◦C

1.0% 3
2.0% 3
3.0% 3
– 3

1.5%/100 ◦C

1.0% 3
2.0% 3
3.0% 3

T
W
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.7. Light fastness properties

To determine the actual UV protecting capability of SiO2 lay-
rs on TiO2, color fastnesses properties to light were determined.
he Bezaktiv Red S-3B 150 photodegradation of the dyed cotton
amples was evaluated by the standard ISO 150-B04 after 15 h of
xposure of samples to the 1154 W/m2 irradiation.

As shown in Table 3, after 15 h of UV irradiation, the cotton
yed samples without the addition of TiO2–SiO2 showed the same

ight fastnesses as the ones dyed with incorporated TiO2–SiO2 when
omparing dyeings using equal dye concentrations. In other words,
he protective SiO2 coating effectively suppressed the photocat-
lytic activity of pure rutile TiO2 while retained its UV-protective
roperties. Additionally, the presence of silica particles reduces the
ggregation of the TiO2 nanoparticles allowing extensive hydro-
en bondings with cellulose (Veronovski, Andreozzi, et al., 2010;
eronovski, Sfiligoj-Smole, et al., 2010).

.8. Washing durability

To examine the washing durability, the obtained dyeings were
ubjected to 1, 5, 10, and 15 wash cycles in Mathis Labomat machine
nd subjected to UPF test according to the above-mentioned testing
ethod.
As shown in Table 4, increasing the wash cycle from 1 to 15

esults in a reduction in UPF value by average 27% when dyed
t 60 ◦C, 23% at 80 ◦C and 8% at 100 ◦C. The diminishing extent
f decrease when dyed at 100 ◦C was most probably due to the
omogeneous distribution of the lowest TiO2–SiO2 concentration,
ompared with samples dyed at 80 and 60 ◦C, where highest
iO2–SiO2 quantities with large aggregates or clusters were iden-
ified. Furthermore, at 100 ◦C the fiber swellability (opening up
he fabric structure) is the highest and numerous accessible cellu-
ose surface hydroxyls can enhance the diffusivity of the adsorbed
iO2–SiO2 nano particles and transfer of hydrogen from TiO2–SiO2
urface hydroxyls to the cellulose and its interaction with cellu-
ose hydroxyls substantially increased laundering durability. On
he other hand, the UV protection rating of excellent protection
or the treated fabrics even after repeated 15 washing cycles is still
aintained when using the combined dyeing process. Acceptable
aundering durability can be attributed to enhanced bonding effi-
iency of the silica modified TiO2 nanoparticles to the cotton fabric,
s discussed earlier.

– 3

able 4
ashing durability as UPF measurements after every five washing cycles.

Cotton dyed Samples UPF

Dye conc. TiO2–SiO2 conc. Washing cycles

1 5 10 15

Dyeing temperature

60 ◦C 80 ◦C 100 ◦C 60 ◦C 80 ◦C 100 ◦C 60 ◦C 80 ◦C 100 ◦C 60 ◦C 80 ◦C 100 ◦C

0.5%

– 19 18 17 17 17 16 16 15 12 16 15 13
1.0%  53 53 44 54 46 42 47 41 40 44 40 41
2.0%  71 60 55 59 45 49 54 46 48 52 45 48
3.0%  78 66 53 80 52 47 73 51 45 65 52 46

1.0%

–  21 21 17 18 21 16 16 19 15 17 16 15
1.0%  61 64 51 51 53 49 49 50 50 45 50 49
2.0%  70 64 64 52 58 58 58 60 55 52 56 55
3.0%  79 84 55 78 62 52 64 61 51 65 66 55

1.5%

–  29 23 22 24 23 22 24 19 19 23 18 19
1.0%  59 70 48 50 54 45 49 51 44 46 45 43
2.0%  70 61 55 53 59 53 47 55 53 48 51 54
3.0%  78 89 62 74 82 59 53 62 55 53 59 54
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. Conclusions

TiO2 in rutile crystalline structure, along with high UV capacity
nd low photoactivity, is shown to be an effective UV protector. The
atalytic activity of TiO2 nanoparticles was suppressed by coating
hem with insulating SiO2 layer, using wet precipitation process.
n addition to that, SiO2 acts as an effective stabilizing and binding
gent.

Incorporation of the synthesized SiO2 surface treated TiO2
anoparticles in the reactive dyeing process resulted in the hydro-
en bonding of the synthesized nanoparticles onto the cotton
abrics with imparted durable UV-protection even after 15 consec-
tive laundering cycles, and with minimal negligible impacts on
oloration and air permeability performance.

SEM images revealed a uniform and continuous structure of
he nano-scaled coating layer obtained at higher temperatures (i.e.
00 ◦C). Nano modification obtained at 100 ◦C also exhibited better
urability, i.e. bonding, compared to ones obtained at 60 and 80 ◦C.

Finally, it can be concluded that the combined TiO2–SiO2-
eactive dyeing is a very promising, simple and practical method for
btaining dyeings with outstanding protection properties against
he harmful UV-radiation without effecting other performance
roperties.
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