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ABSTRACT: Wool fibres are treated with titanate tetrabutyl in the presence of C. |. Reactive Blue 69 dye
in one-pot process under hydrothermal conditions. The structural changes of wool fibres before and after
treatments as well as the remaining particles are characterized by small-spot Mayrdloorescence
(U-XRF), field emission scanning electron microscopy (FESEM), X-ray diffractid®D(X transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IRjayXphotoelectron
spectroscopy (XPS), thermal gravimetric analysis (TGag differential scanning calorimetry (DSC)
techniques. The properties of percentage of exhaustion, K/S value, colour fastness to light, tensi
photocatalytic activityand diffuse reflectance spectrum (DRS) are also investigated. The experimental
results indicate that after treatment with titanate tetratanglC. |. Reactive Blue §9wool fibres are
evenly immobilized with a thin layer of anatase phase, Ti@oparticles with an average grain size of less
than 10 nm. The Ti@nanocrystalsare synthesized and simultaneously grafted onto wool fibres via the
C-Ti**, STi*(Ti?"), and NTi** bonds. The thermal stability of wool fibres changes a little. CEfmability

of wool fibres to protect agaihsltraviolet radiation is improved. The tensile properties decrease to some
degree. The photocatalytic activity to decolourize methylene blue dye is endowed. Aegigie of
percentage of exhaustion and K/S value are obtained by adding a certain amounic aicaten the
precursor solution, which can well be matched with the custom dip dyeing technique.

KEYWORDS: wool fibres; TiQ nanoparticles; modification; dyeing; one-pot process

1. INTRODUCTION

Titanium dioxide (TiQ) has attracted increasing attention becausisainique characteristics, such as
inexpensive, non-toxicity, stable, and high catalytic efficiehdghen exposed to ultraviolet (UV) light, the

photon energy generates an electron hole pair on the surface,of figohole in the valence band can react

with hydroxyl ions OH™) adsorbed on the surface to produce hydroxyl radie@ld){ and the electron in

the conduction band can reduce oxygen to produce peroxide ieis Both hydroxyl radicals and
peroxide ions are extremely reactive species, and they can decompose organic compounds upon contact
with them? It is found that the photocatalytic activities of Fi@re greatly dependent upon crystallinity,
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crystallite size, morphology, phase, and the porosity of the coating efpifficles’ > and such unique
photocatalytic properties of TiOparticles, especially nanocrystalline TGiarticles, enable Ti©
nanoparticles to have been widely used to enhance the properties of fibre, yarns, and fabriextitethe
industry®

Nanocrystalline Ti@ can effectively reduce the rate of photoyellowing by inhibiting free radical
generation in Ti@doped wool mixtures, which acts primarily as a UV absorber on wool in dry conditions
and not as a photocatalysBenerally, the surfaces of both wool fibres and,Fi@noparticles are modified
by using various chemical or physical methods in ordent@ance the binding strength betwé#sm. One
of the frequently used methodstisuse carboxylic acids as acylation and cross-link agents to modify the
surfaces of wool fibres, and those carboxylic acids include succinic, citric and butane tetracaabimsylic
In one example, wool fibres are pretreated with succinic anhydride under mild conditions and taén treat
with the anatase TiOnanosol by a simple coating proc&€8uring this process, additional carboxylic
groups are introduced on wool fibre surface by acylation, which result in enhanced bonding between TiO
particles and the modified wool fibfedue to the compatibility between the anatase, E@s and wool
fibres? Wool fabrics are reported to be treated with citric acid as the cross-linking ageninaied leither
with different concentrations of nano Ti@ improve its photostability or with TiO,JAg nanocomposites
to improve self-cleaning properti€s The surfaces of nanoparticles are frequently modified by using
chemical or physical modification. For instance, in order to obtain coated nap@aitcles having
greater surface activity and higher light absorption capacity, PET/wool fabric isdattdrwith proteases
and lipases enzymes, and then dipped into an ultrasound bath containing nanandi®utane
tetracarboxylic acid, and finally cured. The adsorption and stabilization of nanoparticles coatbedcon fa
surface are greatly improvéd.

While TiO, nanoparticles an be obtained by using various techniques, hydrothermal method for the
preparation of Ti@Q nanoparticle has some intrinsic advantages over other methods in producing TiO
nanoparticle of high degree of crystallinity, desired sizes and shapes with homogeneity in comdpdisiti
favors a decrease in agglomeration among particles, narrow particle size distribution, phase homogeneity,
and controlled particle morpholod¥/in a recent research, it is found that wool fabrics modified with TiO
nanoparticles on the surface then subsequently dyed with C. |. Reactive Blue 69 have botbdimprov
anti-felting property and better colour fastness to ftght.

In this study, we will investigate if it is feasible to treat textildthwanoscaled Ti@particles and
simultaneously to dye the textile substrates with reactive dyes in one step methoaiperty changes of
Merino wool fibres before and after being treated, as well as dyeing efficiencies (pgecehexhaustion
and K/S value), in one-pot process under low temperature hydrothermal conditions by using titanate
tetrabutyl together with C. |. Reactive Blue 69 dye are systematically examined and coniffaredolv
fibres being solely dyed using the same dye in similar conditions by employing thermal griavimet
analysis (TGA), and differential scanning calorimetry (DSC) techniques. The microstruaf the
resultant Ti nanoparticles coated on wool fibres and remained in the dyeing bath after dyeingapeocess
characterized by means of small-spot Micro X-ray fluorescence (u-XRF), field engssioning electron
microscopy (FESEM), X-ray diffraction (XRD), transmission electron microsddiM) with high
resolutionTEM (HRTEM), and selected area electron diffraction (SAED) analyses; the chemical bonding
between wool fibre and nanoparticle is also studied by using Fourier transform infraradsspegt
(FT-IR) and X-ray photoelectron spectroscopy (XPS). Some important physical properties of wesl fibr
including colour fastness to light, tensile properties, photocatalytic activity, and dikflsetance
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spectrum (DRS) are also analyzed.

2. EXPERIMENTAL SECTION

2.1. Materials

The merino wool fibres having an average diameter aroupch,28s well as nonionic surfactant W900,
were provided by the local textile mill. The reagent-grade chemicals, including titanaieutytr
(Ti(OC4Hy)4), sodium carbonate (M@Os), ammonium sulfate ((NDLSO), sodium sulfate (N&SOy),
methylene blue (MB) dye, glacial acetic acid, acetamelanhydrous ethanol, were used without further
treatment. Deionized water was used throughout the experiment. The C. |. Reactive Blue 69 dye
(Co3H14BrN3aNaOgS,) andlevelling agentAbegal B were obtained from Ciba Specialty Chemicals Inc.

2.2. Hydrothermal Treatment of Wool Fibres

Raw wool cleaning: About 3.0 g of wool fibres was scoured in 200 mL of mixed solution contaiding
g/L ofsodiunj carbonale and 0.5% of nonionic surfactant W900 at 50°C for 15 min, then degreaaed with
100 mL of acetone and anhydrous ethanol solution at 50°C for 10 min, respectively, andsthed thrice

in deionized water at room temperature for 10 amddried at 60°C for &.

Scheme one (solely dyeing proces)e wool fibres cleaned as above were dyed using C. |. Reactive
Blue 69 with a dip dyeing process in the lab. The dyes were applied at 0.2%, 0.5%, 1.0%, 1.5%, and 2.0%
owf at a liquorto-goods ratio of 20:1. About 0.3 g of pretreated fibre samples was immersed in the dye
bath at 50°C. After 5 min, 4% owf of ammonium sulfate, 10% owf of sodium suéfate1.0% owf of
Albegal B were added fo the same batlwith continuous stirring and kept for 5 min under the same
condition. The pH of liquor was maintained at about 6.5 by adding a certain amount of acetibe€id].T
Reactive Blue 69 was then added into the dye bath with stirring and kept for 5 mitiqtdrewas
subsequently heated to 95°C at a speed of 1.5°Gndkept for 60 min. After this treatment, the dye bath
was cooled down naturally. The dyed fibre samples were washed in an aqueous solution containing soap 2
g/L and sodium carbonate 2 g/L at 80°C at a ligoageods ratio of 50:1 for 15 min. The fibre samples
were finally washed with cold water and dried under ambient conditions.

Schemeawo (hydrothermal treatment process): About 0.5 mL of titanate tetrabutyl was addedsdropw
into 10 mL of 95% ethanol solution under vigorous stirring at room temperature. The solutitmewas
diluted with 70 mL of deionized water. A certain amount of C. |. Reactive Blue 69 (0.2%, 10%,

1.5%, and 2.0% owf), Abegal B (1% owéndacetc acid (0.2%, 0.5%, 1.0%, 1.5%, and 2.0% owf) as well

as without acetic acid were then added respectivibout 0.3 g of pretreated fibre samples were
subsequently dipped in the above suspension for 15 min, and then transferred to a PTFE sealed can with a
capacity of 100 ml, which was put into the stainless steel autoclave. The autoclave was placathrea f

and run at a speed of 30 r/min. The temperature was raised to 110°C at a heatin®. 5a&'min. After 2

h, the autoclave was cooled down naturally andaterepared wool fibres were taken out and washed

with the above soaping process as described in scheme one. The fibre samples were suoEssdekly

with the acetone, ethanol, and deionized water at room temperature for 10 min, respectiveéhgllgnd f

dried at 50°C. The remaining particles were separated from the solution by centrifugadioapeatedly

washed with acetone, anhydrous ethanol, and deionized water, respectively, and dried in an oven at 120°C
for 10 h. The wool fibres were preconditioned before testing in a standard environment in accoitttance w

to 1ISO 139:2005.

2.3. Measurement of Wool Fibre Properties and the Efficiencies ofd Dyeing Process

Dyeing efficiencies were characterized by using both percentage of exhaustion and K/S value. The colour
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yield of wool fibreswascharacterized by K/S value and calculated according to equation 1.
K_@- R)? (1)

S 2R
Where K is the absorption coefficient, depending on the concentration of the colourathie Sdattering
coefficient, caused by the dyed substrate; and R is the reflectance of the coloured wool Saepligher
the K/S value, the greater the uptake of dye and a better colour yield. K/S values wbdVéltres at the
maximum absorption wavelength (610 nm) within the visible spectrum were measured atilar cir
measuring area of 63.6 mMmnder D65/10° illuminant by using a SF300 Plus colourimeter (Datacolour
Inc.). The colourimeter was calibrated before testing against a standard white board.

The percentage of dyeing exhaust®() was obtained through the measurement of the absorbance of
dyeing liquor at the wavelength of 610 nm on a VIS-7220N spectrophotometer (Beijing Rayleigh

Analytical Instrument Corpf The percentage of exhaustiorf) was calculated by equation 2.

E(%):{l— szanXIOCP/o @)

Dl 1
Where O is the absorbance of raw dyeing liquor without adding the samplés e absorbance of
residual dyeing liquor after dyeing the samplg;and n are the dilution multiples of raw and residual
dyeing liquors, respectively. The samples were measured three times and the average of tamemasur
was given.

The colour fastness to artificial light (Xenon arc fading lamp test) of dyed wWiwyekfivas measured in
line with 1ISO 105B02:1994. The change of colour yield at the wavelength of 610 nm was also recorded
every 12 h using the above colourimeter.

The tensile properties of wool filgevere measured on an YGOO1N electromechanical testing machine
according to GB/T 13835-2009 at standard conditions. The gauge length was 1@Gmathe constant
extension rate was 10 mm/min. More than 300 wool fibres were measured to ensure a 95%ceonfiden
level.

The photocatalytic activity of wool fibres was carried out by the photodecolourizatiehB Gt room
temperature under UV lights. About 0.3 g of fibre sample was immersed in 30 n®flLndf MB aqueous
solution. After 2h in the dark to reach the adsorption and desorption equilibrium, the reaction solution
containing the sample was irradiated by a Philips 30 W UV lamp with a main wavelerRA om at a
distance of 10 cm. The absorbance of MB at the maximum absorption wavelength (665 nm) wasanonit
using the VIS-7220N spectrophotometer every other hour. The decolourization rate, D, wameetby
equation 3.

D=(1- ﬁ) x100% (3)
A

Where A is the initial absorbance of MB solution which reestihe absorption equilibrium, and & the
absorbance of MB solution at time t.

The optical properties of wool fibres were determined using diffuse reflectance spectrodR&pyTbe
U-3010 spectrophotometer was equipped with an integrating sphere (8150 mm) apdvBas€ed as the
reference. The spectra were recorded at ambient temperature in 200-800 nm range at a scanning speed of
600 nm/min.
2.4. Characterization of the Microstructures of Wool Fibres and Resultant Ti Particles
The X-ray diffraction (XRD) pattern of th@sobtained particles &sobtained by using Cu Ko, radiation
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(4=0.154056 nm)using a 70008 diffractometer at 40 kV and 40 mA with the angle of 26 from 10° to 80° at
a scan speed of 8 deg/min. The crystallite size of the remaining particles wasrdetdsynthe Scherrer
equation D=K/BcosB, where D is the diameter of the partidlds the X-ray wavelengthp is the full width
at half maximum (FWHM) of the diffraction lin@;is the diffraction angle; andK is a constant 0.89.

The microstructure of thasobtained particles was characterized by transmission electron microscopy
(TEM, JEOL3010, 200 keV).

The information on composition ar®D element distribution of the TiZroated and dyed wool fitse
was analyzed using the M4 TORNADO small-spot Micro X-ray Fluorescence (U-XRF) analysia.syst

The surface morphologies of wool fibres before and after treatments were examined ubemifision
scanning electron microscope (FESEM, JEOL JSM-6700).

The thermal properties of wool fibres, including thermogravimetric analysis (TGA) aretediifl
scanning calorimetry (DSC), were performed in a NETZSCH STA 449F3 instrument atng hatetiof 10
K/min with a nitrogen flush rate of 20 mL/min over the range of 40-550°C. The id#é@mposition
temperature, peak decomposition temperature, and reaction enthalpy were determined.

Functional groups of untreated and treated wool fibres were analyzed by using Fourier transform infrared
spectroscopy (FT-IR) measurements on a FTIR 7600 spectrophotometer (Lambda Scientifis, $iyste
The spectra were recorded in the range 0£4000 cn with a resolution of 4 cthas KBr pellets.

The composition and chemical states of the fibre samples were studied using a Thermo Scientific
K-Alpha X-ray photoelectron spectrometer (XPS) system. The §lorples were analyzed with Al Ko
monochromatic X-ray source (1486.68 eV, 12 kV, 6 mA) and the vacuum of the analydiechas less
than 8x10 Pa. All binding energies were calibrated relative to thep€ak (284.6 eV) from hydrocarbons
absorbed on the surface of the samples. The XPS peak areas and peak decomposition were determined. The
spectrum was first smoothed by using the Savitsky-Golay algorithm (autoapply chantgespeak
background was then processed by using the smart algorithm. The peak was fitted by using the
Gauss-Lorentz mixed algorithm.

3. RESULTSAND DISCUSSION

3.1. Characterization of the Resultant Titanate Oxidant Particks

The crystal structures of the resultant solid particles obtained in scheme two irhbgdedtprocess are
characterized and identified by using XRD, TEM, HRTEM, and SAED armlyse

3.1.1. XRD Analysis

Both the crystalline structure and patrticle sizes of the resultant titanate oxidasiep&mim experiment of
scheme two are characterized by using XRD pattern of the as-obtained particles as shguwe th Fhe
crystalline structure of the as-obtained solid particles is indexed by comparing the standard peaks of anatase
phase TiQ with no other peaks of impurities detected. It is noted that a series of charaqteags of the

solid particles at 25°(101), 38°(004), 48°(200), 54°(105), 56°(211), 63°(204), 68°(116), 70°(220), and
75°(215) are in agreement with the data list in JCPDS card no. 21-1ZW2. crystallite size of Ti©
particles obtained is determined by measuring the full width at half maximum (FWHNDbY, (M4),

and Q00) reflections based @therrer’s equation. The average crystallite size is calculated to be 10.0 nm.

3.1.2. TEM, HRTEM, and SAED Analyses

The detailed structure of the as-obtained powder is further characterized by TEM, HRTEM andaSAED,
shown in Figure 2. The typical TEM image of the Tig@articles implies the particles have the spherical
features assembled by nanoparticles. Some nanoparticles are coated with a very thin traitvspdrieat f
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size of TiO, particles, synthesized by taking Ti(¢Hs)4 as the precursor in the presence of dye, is observed
to be less than 10 nm (Figure 2a), which is agreement with the particle size mea¥iRBdainalysis. It is

also indicated irHRTEM image that the resolved lattice spacing is of 0.347 nm (Figure 2b), which is
closely matched with thelQl) crystal plane (0.35 nm). A series of diffraction rings shown in the SAED
pattern are indexed as (101), (00£200Q), (105), (211), and (204) crystal planes of anatase, Tkgure
20),"® which is corresponding to the index of crystal planes identified in XRD analysis.

3.2. Dyeing Efficiencies: Percentage of Exhaustion and K/S Values

The effects of dyeing concentration on the percentage of exhaustion and K/S value of wool fibres prepared
by both scheme one and schefwe but without any addition of acetic acid are shown in Figure 3a. It is
found that most of dyes (nearly 96%) has been absorbed/deposited on wool fibres idysihgjyprocess
(scheme one) while only a proportion of dyes (60%~96%) is absorbed by wool fibres irheydedt
process (scheme two without acetic acid) when dyeing concentration is less 1.5%. It is appatent that
dyeing concentration in solely dyeing process has little influence on the percentage of exhdistios
constantly larger than 96%. But scheme two without adding acetic acid, the percentage of exhaustion
decreases sharply with the increase of dyeing concentration up to 1.5%. It is also found thahewhile
corresponding K/S values in both experimental schemes increase with the increases of dyeing
concentrations, the increase rate of colour yatt the increase of dyeing concentrations in scheme one (9
K/S value per 1% owf increase of dyeing concentration) is much more rapidly than thaénmestvo
without addition of acetic acid (4 K/S value per 1% owf increase of dyeing concentratised Bn the
above conclusions, the dyeing concentration of 1.0% owf is used to dye wool fibres with the adidition
different amounts of acetic acid in hydrothermal process. It is clear that the additionméecidehas great
impacts on both percentage of exhaustion and K/S value, as illustrated in Figure 3b. Botlagement
exhaustion and K/S value increase significantly with the increase of the concentrationcch@datp to
1.0%. The high dye affinity to wool fibres is thought to be ascribed to the protonatiedaaaktwhich can
efficiently absorb the anionic dye by electrostatic attraction.

3.3. Physical Properties of the Resultant Wool Fibres Coated with TkNanoparticles

3.3.1. Colour Fastness to Artificial Light

When the dyed wool fibres are exposed to simulated solar light in light fastness testffetite of
irradiation time on the K/S value of dyed wool fibres from both experimental scremexbtained and
shown in Figure 4. It is evident that the K/S values of the wool fibres obtained biotim of the
experimental schemes decrease gradually with the increase of irradiation time. Hovwevesticed that

the K/S value of the Ti@coated and dyed wool fibres obtained from schemeeis much greater than the
fibres solely being dyed in scheme one. It is anticipated that the macromolecular dyes aegedene
through the scales and absorbed by the matrix of wool fibres from both schemes.dyedthaol fibre
obtained from scheme one, because there is no a film efrE@oparticles on wool fibres, the simulated
solar irradiation (especially UV rays) can directly irradiate on the dyed wool filchscing the
photodegradation of organic dyes. But for the f@ated and dyed wool fibres obtained from scheme two,
the coating of Ti@ deposited onto wool fibres can efficiently block most of thé irradiation®® In
addition, C. I. Reactive Blue 69 dye absorbed by the matrix of eamlot contact closely with the TiO
nanoparticles, thus the photocatalytic degradation afybean be avoidetb a great extent. Therefore, the
decrease rate of K/S valugth the increase of irradiation time in scheme one is much faster than that in
scheme two. After the wool fibres being irradiated for 84 h, their K/S valogsadrout 25.6% for scheme
one and 19.8% for scheme two, respectively. That is, the one-pot hydrothermal treatmeot fibres
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(scheme two) can significantly improve the colour fastness to artificial liglsbmparison with solely
dyeing process of wool fibres.

3.3.2. Tensile Properties

The tensile properties of wool fitgdefore and after the two dyeing processes are shown in Table 1. In
comparison with untreated wool fibres, the average breaking stresses of treated weaarébreduced
about 10.6% for scheme one and 8.6% for schemee and their corresponding elongations at break
decrease about 5.1% and 7.8%, respectiMalythose two dyeing process the dye liquor of high
temperature causes damages to wool fibres immersed in it for a long tilheugkltthe wool fibre
degrade slightly greater under the hydrothermal processing conditions, the differences of tgreitegpr

of the wool fibres resultant from those two processes are not significant.

3.3.3. Photocatalytic Activity

The change of the decolourization rate of the MB aqueous solution against the irradiation time isishow
Figure 5. It is obvious that the dyed wool fibres (scheme loee&no the capability to degrade the MB dye.

A slight increase in the rate of decolourization of MB is attributed to the tidiation. But for the
TiO,-coated and dyed wool fibres (scheme two), the decolourization rate increases disfithctlye
increase of irradiation time. After 5 h of UV irradiation, the decolourization edehesto 93%. The
photocatalytic activity of the Ti@coated and dyed wool fibres is due to thelé@ating. The MB dye in

the solution can be adsorbed onto the surface of Til@, which is irradiated by a UV lamp. The
irradiation energy leads to an excitation of electron from valence band into conduction band while the
positive hole is left behind. These photo-generated electrons and holes migrate to the particle surface
inducing the charge transfer to adsorib#8 dye molecules. Some of electrons and holes on their way to
the particle surface get trapped at the surface or bulk trapping sites. The charges traygpEastrface
react with electron acceptors or donors adsorbed at the particle irfaees, the reactions between free
conduction electrons, trapped electrons at the particle surface or valence band positive;Ociesl &

result in generation of extremely reactive species like &dO,- , which further decompose the MB dye.
3.3.4. Optical Properties

It is shown that the existence of TiParticles coated on the surface of wool fibres has little influence of the
optical properties of dyed wool fibres. The diffuse reflectance spectra of untreated wool fibldiyre®o
dyed with nano Ti@ particles and without Ti©particles (scheme one and scheme two) are shown in
Figure 6. When wool fibres are dyed solely with C. |. Reactive Blue 69, the difflsetaate spectrum is
totally dominated by the photophysical absorption characteristic of C. |. Reactive Blue 69 hakiah
broad absorption band around 610 nm. The diffuse reflectance spectrum of #Huedi€ and dyed wool
fibres is nearly overlapped with that of dyed wool fibres. Therefore, the optical property.afcéted and
dyed wool fibre is mainly determined by the chemical structure of dye molecules rather than the TiO
particles.

3.3.5. uXRF Analysis of Elements Distribution

The composition and homogeneity analysis of wool fibres resultant from stiveraee performed on M4
Tornado standard instrument, as depicted in Figure 7. Individual woo fibres are clearlp sige optical
image (Figure 7a). The key elements including Ti, Fean8,Si are usually distributed homogeneously in
the examined area except the concentration of Fe and Si in one particular location in theyared §Fi
and7c). A comparison of the spectra of all those elements is shown in Figure 7d. The propbrtiacis
main element in the whole examined area are given in Table 2. It is noticed that onfeisdrdihtensity

from other elements. The elements of Fe and Si become more intense in comparison with Ti and S elements.
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The reason need to be clarified in future. Therefore, all other selected elements have eldtiwenrass
concentration.

3.3.6. Changes of Surface Morphology of Wool FibesObserved inFESEM Images

The FESEM images of the surface morphology of wool fibres before and after treatments are shown in
Figure 8. The surfaces of both untreated wool fibres (Figure 8a) and wool tfibagesd in scheme one
(Figure 8b) are free of any solid particles. However, there are many small soldeparhose sizes
ranges from nanometers to micrometers, homogenously distributed on the surface of wodli§jbres8¢)
after treatment with Ti(OfHg), anddye. These particles are constituted of nanoparticles with a diameter
less than 100 nm and are closely adhered onto fibre surfaces (Figure 8d). Even when-thatéwand
dyed wool fibres are successively washed for 20 timiéls acetone, anhydrous ethanol and deionized
water at 60C for 15 min, there are still some glue-like substances firmly adhered ontoilres|(Figure

8e).

3.3.7. Thermal Properties

The thermal properties of wool fibres before and after treatments are examined by usirgnd GAC
methods and are shown in Figure 9. It is seen from the TGA curves that the onset delcomposit
temperature increases slightly from 263.3°C to 2&8.&hen wool fibres are solely dyed with C. I.
Reactive Blue 69. The remaining mass decreases from 36.7% to 33.0% at a temperature off&$0°C. A
treatment with Ti(OGHg); and being dyed simultaneously, the onset decomposition temperature for the
wool fibres obtained from scheme two decreases from 2638253.4C. The remaining mass is 34.0%
(Figure @). It is clear from the DSC curves that the initial endothermic freaieases from 81.2°C in
untreated wool fibres to 85.1°C in the solely dyed wool fibres, and the major endotheak at 2774
increases slightly to 277C. The corresponding reaction enthalpy in this éasmeases from 741.5 J/g to
1002.0 J/g. In contrast, the initial endothermic peak for the wool fibres obtained fromesei®(81.6C)

has little change in comparison with that of the untreated wool°@)l.2nd its major endothermal peak
decreases from 277@ to 274.4°C. The corresponding reaction enthalpy decreases froniG4d 638.5

J/g. Apparently, such change in thermal properties ob-€dated and dyed wool fibres is not due to the
dye molecules bonded into the wool fibres, we thus believe that it is likely to be chee Dt coating
(Figure 9b).

3.4. Chemical Bonding between Wool Fibres Coated with the Resultant Ti®lanoparticles

3.4.1.FT-IR Analysis

Functional groups of wool fibres before and after treatments as well as thpol@er are investigated by
using FT-IR spectra analysis as shown in Figure 10. When wool fibres are solely dy€ wiReactive

Blue 69, the bands at 2961 ¢njCH; asymmetric stretching), 2932 &nf{CH, asymmetric stretching),
2877 cni (CH; symmetric stretching), and 1708 ¢rfcarbonyl group) ci in untreated wool fibieare
slightly shifted to 2958 cih 2925 cni, 2874cmi*, and 1714&m*, respectively in solelyyid wool fibres.

Also, the amide | bandt 1636 cni (C=0 stretching) is shifted to 16291"; the bands at 933 ¢h(C-O
stretching) and 568 ¢m(N-H bending) are shifted to 937 énand 580 crl, respectively. So, it can be
deduced that C. |. Reactive Blue 69 dyes react with the wookfiloréhe wool fibres after treatment with
Ti(OC4Hg)4 and dyed with C. |. Reactive Blue 69 in hydrothermal process in scheme two, the N-H band
decreases from 25 cm® to 3407cm’, and this band shifis attributed to the surface absorbed-water
induced by TiQ nanoparticles; The bands at both 2932'@nd 1708 ci are shifted to 2928 cfand

1711 cnf, respectively. The amide | and Ill bands are reduced from 1636acm 1234 cmit (C-N
stretching) to 1638m™ and 122%m’”, respectively; also, the band at 933 'cdecreaset 928cmi™. In
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addition, influenced by the brodd-O band of TiQ ranging from 486 cihto 547cmi®, the N-H band at
568 cm* increases to 57&m % It is thus concluded that Tihanoparticles are immobilized onto wool
fibres by chemical grafting.

3.4.2. XPS Analysis

To further study the binding mechanism between ;Ti@noparticles and wool fibres, XPS technique is
used for the characterization of wool fibre surfaces. The survey specicare level single spectra of the
bonding partners (5 O, Sy Nis, and Thp) of the untreated, Ti&coated and dyed wool fibres are shown
in Figure 1landthe quantitative XPS data are given in Table 3.

The element of titanium is found for the Li@oated and dyed wool fibres. Compared with theXPS
spectra of the untreated fibres, the subpeaks of C-C/C-H, C-N/C-O, and @3N/ schemdwo are
shifted from 284.54 eV, 286.23 eV, and 287.61 eV to 284.45 eV, 285.90 eV, and 288.15 eV,
respectively’*** Meanwhile, two new subpeaks at the binding energie§@82 eV (C-Ti*") and 28286
eV (C-Ti*") are identified® These are ascribed to C atoms of wool fibres bound to Ti of Ao, after
the hydrotlermal treatment with Ti(OgHyg)s, the Qs peak of the untreated fibres is deconvoluted into two
sub-peaks; the subpeaks at 531.42 eV (O=C) and 532.39 eV (O-C) are shifted to 530.86 eV and 532.80 eV
respectively. In addition, two new subpeaks at both 529.0 eV and 526.38 eV are formed. The subpeak at
529.0eV is assigned to O atoms bound to Ti of T{O-Ti**), and the subpeak at 526.38 €V is attributed to
O atoms of wool fibres bound to Ti of TiQD-Ti*").%°

With respect to the ;5 XPS spectra of the untreated fibrthe subpeaks at 163.42 ¢$-S) and 164.67
eV (S-H) are shifted to 163.01 eV and 165.79 eV, respectively. Moreover, a shouldereatbioging
energy of 157.88 eV is observed, and this has been assigned to a new formed by S atom§hoésvool
bound to Ti of TiQ (S-Ti*").2” However, it has been reported that the peak of a binding energy between
163~164 eVis assigned to element sulphur or FfSand that Ti$ nanoparticless formed by sol-gel
process *°therefore, there might be the new bindings &fi’s; STi**, and STi?* formed between wool
fibres and TiQnanoparticles in the hydrothermal process.

For the Ns XPS spectra of wool fibres, the subpeaks at 398.62 eV and 400.08 eV are shifted@o 397.9
eV and 400.14 eV respectively after treatment. At the same time, a new sub-peak ae89%4.7@rmed,
which may be attributed to the nitrogen replacing the oxygen in the crystal lattice of @ the N
atoms of wool fibre might thus be bound to Ti of TiGN-Ti**/N-Ti*").

The Ti, XPS spectrum consists of four distinct subpeaks, which is consistent with the XPS spectra of
Cis O1s Sp and Ng The sub-peaks at 464.86 eV and 459.03 eV repres@it/O-Ti*/S-Ti* IN-Ti** 551/
and C-Ti**/O-Ti*'ISTi*'IN-Ti**,p3 respectively. The subpeaks at 462.79 eV and 456.81 eV are
correspond to T4**/O-Ti**/S-Ti**IN-Ti**5py, and C-Ti**/O-Ti**/S-Ti**IN-Ti**,3,, respectivelyThus, he
results confirm that the new bindings of TEX(Ti*"), O-Ti**, STi* (Ti**, Ti*"), and NTi*(Ti*") are
formed in the lattice of the TiCcrystal during the hydrothermal processing, implying ;Tii@nopatrticles
are grafted onto fibre surfaces.

While it is known that titanium trivalent (1) on the surface of TiDparticles is very reactivé and
plays an essential role in photocatalytic process oves pi®tocatalyst> and that it an be generated by
using UV irradiation and thermal annealing on the surface of anatasediitiles, we thus propose that
the stable bonding between Ti@articles and wool fibres are B*, STi*(Ti?"), and NTi**. As a
summary of the discussion above, the possible technical amateeaction mechanism between %iO
nanoparticles and wool fibres are propoaedshown in Figure 12nd13, respectively.



4. CONCLUSIONS

The TiO-coated and simultaneously dyed wool fbere fabricated using titanate tetrabudyid C. .
Reactive Blue 69 in one-step process under hydrothermal conditions, this indicatesstifeadible for
functional treatment of textile fibres or fabrics with nanoparticle treatmeht fikites or fabrics dyeing
simultaneously, and this technology is worth to be exploited further in the textile indusidatiion of
functional fibres or fabrics. It is found that a thin film of anatase, Titth particle size of less than 10 nm

is uniformly distributed and chemically bonded on the surfaces of woo fibres after treatetitamile
tetrabutyl and dyed with C. I. Reactive Blue 69. TheTi@noparticles are bond to the fibre surfaces via
the functional groups of Ci**, STi*(Ti**), and NTi**. For the resultant wool fibres coated with TiO
nanoparticles and dyed with C. I. Reactive Blue 69, its performance in blocking UV ragsnisigatly
enhanced. The photocatalytic activity of the F&ated and dyed wool fibres for the degradation of MB
dye under UV lights is obtained. The breaking stress and elongation at break of the resoltdiires
decrease slightly; its thermal properties of the fibres appear some changes due tg tbafifi@, its major
endothermal peak decreases from 277.4°C to 274.4°C. The corresponding reaction enthalpy decreases from
741.5 J/g to 638.5 J/g. The use of acatid during the hydrothermal process can effectively improve the
percentage of exhaustion and colour yield (K/S value) casipeepared wool fibre
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Figure 1 XRD pattern of the@sobtained solid particles resultant from scheme two

Figure 2 TEM (a) and HRTEM (b) images and (c) SAED pattefrtheasobtained solid particles
resultant from scheme two

Figure 3 Effects of dyeing concentration (a) and concentration ofcageid (b) on the percentage of
exhaustion and K/S valud dyed wool fibres

Figure 4 Effects of irradiation time on the K/S values of dyed wool fibres exposed to atiftit
Figure 5 Effects of irradiation time on the decolourization rates of MB solution

Figure 6 Diffuse reflectance spectra of wool fibres

Figure 7 The composition and homogeneity analysis of the-Eidated and dyed wool fibres

Figure 8 FESEM images of wool fibi (a) 1000x untreated; (b) 1000x for scheme one; (c) 1000x
and (d) 10000x for scheme two; (e) 1000x after being washed for 20 times for scheme two
Figure 9 TGA (a) and DSC (b) curves of wool fibres before and after treatments

Figure 10FT-IR spectra of wool fibres before and after treatments

Figure 11 XPS spectra of wool fibres before and after treatments with THg)s<and dye

(a) Survey spectra; (b) Jhispectrum; (c) before and (d) after treatment gisPectra; (e) before ang (f
after treatment of Qspectra; (g) before and (h) after treatmentg&Bectra; (i) before and (j) after
treatment of N spectra

Figure 12 The technical route for the treatment of wool fibres

Figure 13 The suggested reaction mechanism betweep fa@oparticles and wool fibres

Table titles:

Table 1 The results of tensile properties of wool fibres
Table 2 The proposed components of wool fibres obtained from scheme two
Table 3 XPS data of wool fibres before and after treatments with Tj{gand dye
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