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a  b  s  t  r  a  c  t

Nanocrystalline  titania  (TiO2) synthesized  via  sol–gel,  by using  an alkoxide  precursor  were  deposited  onto
commercially  available  silica  and  alumina  fibers,  namely  E-Glass  and  Nextel  650,  respectively.  Different
processing  conditions  and  material  preparation  parameters,  such  as  amount  of  TiO2,  film  composition  and
annealing temperature  were  tested  in  order  to obtain  nanocrystalline  TiO2 with  different  morphological
and  structural  characteristics.  The  materials  were  characterized  by  scanning  electron  microscopy  (SEM),
X-ray  diffraction  (XRD),  and  the  Brunauer,  Emmett,  and  Teller  (BET)  surface  area  measurements.  The
photocatalytic  activity  of the  obtained  coated  fibers  was  investigated  by  monitoring  the  degradation
of  a  model  molecule,  an  azo  dye  (Methyl  Red),  under  UV irradiation  in  aqueous  solution.  The  detected
photocatalytic  performance  of  the sol–gel  derived  nanocrystalline  TiO2 was explained  on the  basis  of
mechanism  associated  to the  photocatalytic  decomposition  of  organic  molecules  using  semiconductor
oxides  and  accounted  for the structural  and  morphological  characteristics  of the  TiO2 based  coating.  The
materials  with  the  most  suited  characteristics  for photocatalysis  were  used  to scale  up  the  deposition
onto  a  larger  sample  of fiber  and  then  tested  in  a photocatalytic  reactor.  A  commercially  available  TiO2

standard  material  (TiO2 P25  Degussa)  was used  as  reference,  in  order  to ultimately  assess  the viability  of
the  coating  process  for  real  application.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, among the advanced oxidation processes (AOPs),
the semiconductor-assisted photocatalytic methods have received
great attention. Such a large interest derives from their relevant
advantages that offers in terms of high efficiency for organic pollu-
tants degradation and low cost of the employed catalyst [1].  In this
perspective, TiO2 represents the most widely used photocatalyst
due to its chemical stability, commercial availability and excellent
catalytic properties [2–5]. Nevertheless, the use of TiO2 powders
dispersed into aqueous media as a photocatalyst presents rele-
vant technological drawbacks related to the catalyst recovery and
recycle, which indeed are crucial for viable applications in water
treatments in a large scale.
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In order to overcome such technological limitations, many
attempts have been made to immobilize catalysts onto substrates,
such as glass beads, glass fibers, silica, stainless steel, textiles,
honeycombs, activated carbon, and zeolites [6–14]. Design and
implementation of novel TiO2-based catalysts deposited onto suit-
able substrates is a challenging task to obtain materials exploitable
for environmental applications. In addition a critical drawback
of catalyst immobilization stays in the dramatic reduction of the
active surface area, which consequently turns into a decrease of
catalytic efficiency.

Nanosized TiO2 is expected to reduce such loss of performance
thanks to its extremely high surface-to-volume ratio which can
greatly increase the density of active sites available for adsorption
and catalysis. Moreover, the size-dependent band gap allows to
tune the electron-hole red-ox potentials and thus to control selec-
tivity in photochemical reactions. Also, the reduced dimensions
of the nanocatalysts allow the photo-generated charges to read-
ily migrate on the catalyst surface thus reducing the probability
of undesired bulk recombination [15]. Anatase TiO2, both in bulk
and nanostructured form, is well known as one of the most effi-
cient, non-toxic, and inexpensive photocatalyst [6].  Immobilization
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of nanostructured catalysts is needed to overcome technological
issues related to nanocatalyst recovery and re-use. In principle the
high surface to volume ratio is reasonable to compensate for the
loss in performance deriving from deposition of nanoparticles onto
a surface [6,7]. However we have recently demonstrated that in
spite of the very high surface area the overall photocatalytic effi-
ciency has not been demonstrated to overcome the performance of
conventional catalyst in suspended form [16].

A possible solution, able to trade off such a crucial issue is the
use of fibers. Fiber coating may  represent a practical approach able
to increase the surface area available for the aqueous phase being
treated. TiO2 coatings with submicron thickness have been pre-
pared by different deposition techniques, such as sputtering, spray
pyrolysis [17] and sol–gel processing [18]. In this perspective, the
sol–gel method has been demonstrated to be an effective approach
for the preparation of mechanically stable TiO2 films deposited onto
various substrates [19]. Such a chemical route usually requires ther-
mal  treatment at high annealing temperature in order to obtain
the desired crystalline phase and, at the same time, a good adher-
ence to a support [20] which can be conveniently selected, in terms
of composition and geometry to maximize the amount of active
sites accessible for photocatalysis. In addition, the photodegrada-
tion efficiency is renown to be related to the crystalline phase of
the catalyst, being anatase regarded as more efficient than other
phases, and to the grain dimensions [21], considering also that the
specific surface area decreases as grain size increases.

In the present work, TiO2 nanoparticles were synthesized in
anatase phase by using a sol–gel route, namely a typical poly-
meric route was followed to produce TiO2 nanoparticles from metal
alkoxides, allowing the deposition of the nanostructured material,
by dip-coating technique, onto non conventional supporting mate-
rial, namely two types of commercially available fibers made of
silica (E-Glass) and alumina (Nextel-720), respectively.

Several preparation parameters, such as TiO2 nanocrystal (NC)
amount, annealing temperature and deposition of a SiO2 buffer,
for preventing Na from the glass substrate to diffuse in the TiO2
nanostructures, were tested. The morphological and structural
characteristics of the obtained coatings were investigated by scan-
ning electron microscope (SEM), X-ray diffraction (XRD) analysis,
and the Brunauer, Emmett and Teller (BET) surface area measure-
ments. The photocatalytic activity of the immobilized nanosized
catalysts was then evaluated by a series of photodegradation exper-
iments, carried out using Methyl Red (MR) as a model compound in
order to (i) investigate the degradation mechanism, (ii) monitor the
candidate materials with the highest photocatalytic performance
for scale up experiments. For such a purpose TiO2 Degussa P25 in
an aqueous suspension was considered a reference.

2. Experimental

2.1. Materials and chemicals

Tetraisopropylorthotitanate Ti(OCH(CH3)2)4 (TPOT)
(purity ≥ 97%), tetraethylorthosilicate Si(OC2H5)4 (TEOS)
(purity ≥ 99%), 2-propanol and Methyl Red (MR) (2-(4-
dimethylamino-phenylazo)-benzoic acid (C.I. 13020) were
purchased from Sigma–Aldrich. Commercial TiO2 was  TiO2
“Degussa P25” (nonporous anatase; surface area, 50 m2/g; mean
diameter, approximately 30 nm). All solvents were LC/MS grade
and purchased from Aldrich. Water used for liquid chromatogra-
phy as well as for preparing all aqueous solutions (18.2 M� cm,
organic carbon content ≤ 4 �g/L) was obtained from a Milli-Q
Gradient A-10 system (Millipore).

The silica fiber applied in this research is E-Glass, a low alkali
glass product with a density of 2.55 g/cm3 and with a typical
nominal composition of SiO2 54% (w/w), Al2O3 14% (w/w),

CaO + MgO  22% (w/w), B2O3 10% (w/w)  and Na2O + K2O less than
2% (w/w).

Nextel-720 alumina based fiber, manufactured by 3 M Corpora-
tion, has been used in this work. Such a fiber is an eight-harness
satin fabric, with the tows in the fabric contain approximately 400
filaments, 10–12 �m in diameter, and 0/908 orientations, with a
chemical composition approximately of 85% Al2O3 and 15% SiO2
by weight.

2.2. Catalyst preparation and immobilization

Stable TiO2 solutions were prepared by fast hydrolysis of TPOT
in alcohol in the presence of high concentration of acid cata-
lyst. TPOT was first dissolved in 2-propanol. Deionized water
and HCl were diluted in 2-propanol and added to the Ti solu-
tion for hydrolysis. The components of the solution resulted in
a [Ti]:[HCl]:[H2O] = 1:1.35:6 molar proportion. Propanol content
was calculated as the complementary weight in order to achieve
0.5%–2% (w/w) TiO2 content in the sol assuming that all the Ti alkox-
ide moles are converted to TiO2 after annealing. A fast hydrolysis
followed by polycondensation and stabilization of nanosized amor-
phous TiO2 particles takes place during the mixing. After 60 min  a
transparent colloidal solution is obtained. Silica sol (3% (w/w)  SiO2):
TEOS and water were dissolved in the 2-propanol and mixed for
30 min  under vigorous stirring and a temperature increase in the sol
was observed, due the exothermic hydrolysis reaction. 1 N HCl was
used as hydrolysis catalyzer previously diluted. The components of
the solution resulted in a molar ratio [Si]:[HCl]:[H2O]  = 1:0.01:3.

Mean particle size as well as particle size distribution was mea-
sured by Dynamic Light Scattering (DLS), as reported below. The
obtained particles resulted to have a particle size of 8 nm with a
distribution of 4 nm (Fig. S1 in the Supporting material).

Two types of fibers were employed as supporting materials for
the TiO2 nanoparticles, namely an alumina- and a silica-based one.
The alumina based material was Nextel fibers 720. These fibers have
good mechanical properties, high thermal and chemical stability
and a thermal expansion coefficient of 7.9 × 10−6 m/◦C. The Nextel
fibers are thermally stable due to their homogeneous crystalline
mix  of �-alumina and mullite phases. The silica-based material was
E-Glass fiber which was also selected to test as a cheaper alternative
to alumina. Both fibers were used as substrates for TiO2 based film
deposition, after a thermal curing at 500 ◦C, which was carried out
to remove the protective organic coating. Typically specific area of
the alumina non porous fiber ranges from 0.11 to 0.15 m2/g.

TiO2 based coatings were applied by the dip coating from the
sol, by using two  different TiO2 NC concentration, namely 0.5
and 2% (w/w). The used dip coating system works under con-
trolled atmosphere, with independently adjustable dipping and
withdrawal speeds. The withdrawal speed was  selected in the
range 1–10 cm/min and the humidity was kept below 50%. Differ-
ent annealing temperatures were tested, from 300 to 400 ◦C. The
temperature was then raised to the desired annealing temperature
at heating rate of 10 ◦C/min and hold 60 min.

Each supported catalyst sample was prepared both with and
without performing a pre-treatment step devoted to the deposi-
tion of a silica buffer layer, prior to the nanosized TiO2 based film
deposition. The buffer silica layer was  steady on the fibers by means
of a thermal treatment at 200 ◦C for 30 min. Overall, 16 different cat-
alyst samples were prepared by following the conditions reported
in Table 1 and subsequently tested for investigating their photocat-
alytic activity.

2.3. Photocatalytic experiments

Two  different photoreactors were exploited. The whole set
of fiber supported nanosized catalyst samples were tested by
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Table 1
Characteristics of the different catalysts film immobilized onto silica and alumina
fibers, respectively.

Sample code Fiber type TiO2 amount
(%, w/w)

Silica layer Annealing
temperature (◦C)

1S Silica 0.5 400
2S Silica 0.5 X 400
3S Silica 0.5 300
4S Silica 0.5 X 300
5S Silica 2.0 400
6S Silica 2.0 X 400
7S Silica 2.0 300
8S Silica 2.0 X 300
1A Alumina 0.5 400
2A Alumina 0.5 X 400
3A Alumina 0.5 300
4A Alumina 0.5 X 300
5A Alumina 2.0 400
6A Alumina 2.0 X 400
7A Alumina 2.0 300
8A Alumina 2.0 X 300

using a quartz cuvette (1 cm × 1 cm × 4 cm)  as a reactor. The fibers
were suitably cut in order to fit the quartz cuvette geometry
and positioned against the inner wall of the cuvette, perpendic-
ularly to the light beam. Taking into account the fiber sample
size (0.9 cm × 4.0 cm)  and thickness (0.056 cm)  and the different
densities of Nextel-720 and E-Glass fiber (2.55 and 3.40 g/cm3,
respectively), 0.51 and 0.68 g of fiber (Nextel-720 and E-Glass,
respectively) were used in each experiments. Experiments were
performed at room temperature under air atmosphere. The photo-
catalytic experiments were performed by using MR  water solutions
with an initial dye concentration of 4 mg/L. A proper amount of
either 0.1 N HCl or 0.1 N NaOH aqueous solutions, was added to
the dye solution in order to achieve the desired pH, 2 or 6 respec-
tively. The MR  used for monitoring the photocatalytic activity
of the supported catalysts, at pH 2 and 6, was kept under con-
tinuous mechanical stirring. The radiation source was  a 250 W
medium pressure mercury lamp (� > 250 nm)  with a fluence rate
of 0.144 W/cm2 (measured by a radiometer). Samples were with-
drawn at scheduled times (up to 3 h) for residual MR  concentration
measurement. The coated fiber samples showing the highest pho-
tocatalytic activity in the above reported experimental conditions
were selected for comparison with TiO2 P25 Degussa powder in
suspension in a scaled up reactor. For such purpose a 600 mL
photoreactor was used, where a sheet (10 cm × 20 cm)  of cata-
lyst coated fiber was introduced and let it unfold along the wall
of the photoreactor. Such a vessel was then filled with 500 mL  of
MR aqueous solution at concentration of 4 mg/L, and at pH 2 or
6, respectively. Due to the different geometry of the experimental
set-up, a low pressure 17 W mercury lamp (Helios Italquartz, Italy),
with a strong emission at 254 nm,  was used as radiating source. The
lamp was introduced into the glass reactor and kept fixed at the cen-
tral axis of the reactor and separated from the aqueous solution by a
quartz probe leading to a light path of 1.8 cm.  All experiments were
performed under ambient atmosphere, keeping the system under
vigorous stirring. The low pressure UV lamp was characterized by
uridine actinometry obtaining a fluence rate of 0.144 W/cm2. A ref-
erence experiment employing TiO2 P25 Degussa suspended in the
photoreactor was carried out according to the optimized conditions
reported in [16] in order to obtain a comparison of the supported
nanosized catalysts performance with a standard catalyst. At sched-
uled irradiation times 5 mL  of solution were withdrawn by means
of a syringe. For the experiment carried out on the suspended cat-
alyst, a centrifugation was  necessary before the high performance
liquid chromatography-mass spectrometry (HPLC/MS) analysis.

2.4. Analytical determinations

Catalyst characterization. The microstructure of TiO2 was  investi-
gated by XRD at room temperature. Test samples were obtained by
mechanically removing the coating from the fibers after drying. The
crystallite size of TiO2 was  calculated by the Scherrer formula from
the full width at half maximum of the main peak. The width of the
peak was measured by Lorentzian fit of anatase peak at 25.28◦. The
morphology of the coating was  investigated by scanning electron
microscopy using a EVO-40 system (Zeiss). BET surface area (Kelvin
1042 equipment) and pore size distributions were measured on
powders obtained peeling off the coating from the fibers.

Dynamic light scattering (DLS) was used to monitor the hydro-
dynamic diameter of TiO2 nanoparticles employing a Malvern
Zetasizer Nano S, model ZEN 1600 (Malvern Instruments, United
Kingdom). The DLS was  operated with a He–Ne laser at a wave-
length of 633 nm and light scattering was detected at an angle of
173◦. Measurements were carried out using freshly prepared sam-
ples that were filtered using 0.2 �m Anotop 10 inorganic membrane
filter (Whatman) to remove any interfering dust particles. DLS mea-
surements were performed at 25 ◦C.

Elemental analysis. The determination of dissolved Ti concentra-
tion was  performed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis using an Optima 3000 instrumen-
tation (Perkin-Elmer). Total amount of TiO2 deposited onto fibers
was determined by mineralizing a small piece of the fibers (about
1 g) and then determining the Ti concentration of the obtained
acidic solutions using ICP-OES. The release of catalyst into water
solution was  evaluated by mineralizing 20 mL  of the aqueous phase
and then the Ti concentration was determined by ICP-OES.

MR decay and by-products formation.  MR  photocatalytic
decolouration was monitored by using a UV–vis Cary 5000 spec-
trophotometer (Varian). In addition, HPLC/MS–MS analysis was
used to determine residual dye concentration and by-product iden-
tification by using an Acquity chromatographic system, equipped
with both an auto-sampler and a photo-diode array detector
(Waters), interfaced to an API 5000 mass spectrometer (AB Sciex) by
means of a turboionspray interface. 5 �L samples were injected by a
Rheodyne valve and a 10 �L loop, and eluted at 0.3 mL/min through
a HSS T3 C18 column, 2.1 mm × 150 mm,  1.8 �m, with the follow-
ing gradient: from 95/5 A/B (A: water/MeOH 95/5 + ammonium
acetate 1.5 mM;  B: MeOH + ammonium acetate 1.5 mM)  to 0/100 in
12 min, which has been then maintained for 3 min. The MS  interface
conditions were as follows: needle voltage, 4000 V; declustering
potential, 120 V; mass range, 50–500 Th; scan time, 0.3 s; nebulizer
gas flow (air), 1.5 L/min; curtain gas flow (nitrogen), 1 L/min; aux-
iliary gas flow (air) delivered by a turbo-V heated probe, 6 L/min
at 450 ◦C. Injections were performed in duplicate and residual dye
concentration values were obtained by using a proper calibration
curve.

Dissolved organic carbon (DOC) was  measured on filtered sam-
ples (0.45 �m)  by a Shimadzu TOC-VCSH analyzer.

3. Results and discussion

3.1. Microstructural and morphological characterization of the
supported catalysts

In order to perform the microstructural characterization of the
supported nanosized TiO2, the catalysts were prepared as powders.
The XRD investigation carried at room temperature on samples
treated with increasing temperature demonstrated that anatase
formation occurs at 250 ◦C whereas the rutile formation can be
achieved starting from 600 ◦C (data not reported). In Fig. 1, the sam-
ple diffractograms are reported at 300 ◦C and 400 ◦C. The crystallite
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Table  2
Main characteristics of the nano-TiO2 catalysts prepared as powders.

Annealing temperature (◦C) TiO2 NC grain sizea (nm) BET surface area (m2/g)

300 3.2 ± 0.6 82.5
400 8.3 ± 1.6 72.5

a Estimated by XRD applying the Debye–Scherrer formula.

size of TiO2 was calculated from XRD diffractograms by the appli-
cation of the Scherrer formula, by Lorentzian fit of anatase peak at
25.28◦. As expected, the crystal size is observed to increase with
the increase of the thermal treatment temperature. The grain crys-
tal diameter of sample treated at 300 ◦C is 3.2 ± 0.6 nm,  whereas
the grain diameter of sample treated at 400 ◦C is 8.3 ± 1.6 nm.  BET
analysis performed on TiO2 powders treated at 400 ◦C is reported in
Table 2. The obtained results are in a good agreement with the data
obtained from the XRD analyses, since the surface area decreases,
and concomitantly the grain size increases, as the treatment tem-
perature increases.

The morphological analysis of nanosized TiO2 coated silica and
alumina fibers was performed by SEM in order to investigate the
coating features, namely adhesion, and morphology. In Fig. 2, panel
1, SEM images of two coated silica fibers at different TiO2 content
are compared (Samples 4S and 8S, respectively), highlighting that
the coating obtained from a more concentrated solution exhibits a
texture with interconnected cracks and results detached in some
regions. Despite the occurrence of such detachment of the coatings,
elemental ICP-OES spectroscopic analyses have revealed that Ti ion
content in the aqueous solution is below the detection limit of the
technique (<0.01 mg/L). It could be tentatively proposed that such
cracks cause a TiO2 film detachment by simply handling the fiber,
prior to its immersion in MR  water solution.

The cracks in the coatings significantly reduce the adhesion of
the coatings and their mechanical quality. The cracks exhibited by
the coating derived from concentrated sols can be explained assum-
ing that the critical thickness is exceeded. It has been established
that during the drying stage a pressure gradient develops in the liq-
uid phase of the gel resulting in differential shrinkage of the sol–gel
network [22]. The film surface shrinks faster than its inner layer,
and this induces the appearance of a tensile stress in the film sur-
face. The maximum tensile stress occurs at the drying surface of
the film, and according to the model of Brinker [23], depends on
viscosity, permeability of the network, the rate of evaporation and
the viscosity of the liquid, and film thickness. Fracture of the film
occurs when the tensile stress exceeds the strength of the gelled
network [24].
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Fig. 1. XRD diffractograms of titania powders after annealing at 300 ◦C and 400 ◦C.
In  the column diagram the standard TiO2 anatase diffraction peak are reported.

Higher photocatalytic efficiency was  achieved with supported
catalyst with higher TiO2 loading, in agreement with similar data
reported in literature (see next paragraph). Such a result could be
reasonably accounted for the TiO2 content in the deposited coating
on the fiber, irrespectively of the morphology. In fact the thickness,
and, consequently, compactness and adhesion, of the film could
be affected by the loading of the deposited TiO2 layer, ultimately
resulting in a detachment of the film. Similar features were found
for the coatings deposited onto alumina fibers treated at 300 ◦C
(Fig. 2, panel 2) thus confirming, also for this material, a morphology
which is indicative of poor adhesion and low compactness of the
coating.

Conversely, improved adhesion and compactness of the coating
were observed by treating at 400 ◦C, the 2% (w/w) TiO2 coated alu-
mina support without any buffer (Fig. 2, panel 3). In particular, the
morphology investigation shows a very good adhesion and stability
of the coating which shows only limited alteration after repeated
handling and exposure to the aqueous solution under vigorous stir-
ring (Fig. 2, panel 3b). This material showed the best photocatalytic
efficiency (see below).

3.2. Photocatalytic activity investigation

The different sol–gel nanosized TiO2 based catalysts deposited
onto fibers were tested by monitoring the UV–vis absorbance spec-
tra of a model compound (MR) and following the decay of the main
dye absorption peak, namely 430 nm at pH 6 and 520 nm at pH 2
(Fig. S2). Such an approach is based on the assumption that the
concentration of by-products absorbing at the same wavelength
of the parent dye should be negligible with respect to MR  con-
centration, in consideration of the good agreement between the
results obtained by optical and chromatographic investigation of
the reaction time course, as previously reported [4].

The efficiency of the prepared photocatalysts was compared
by evaluating the percentage of the decolouration of MR  after 3 h
irradiation. Control experiments were also performed without sup-
ported catalyst in order to evaluate possible dye bleaching due to
the UV irradiation only. In all cases only a negligible bleaching was
observed. A comparison of the final catalytic efficiency for all the
tested samples allowed to investigate the effect of processing and
deposition conditions on the photocatalyst efficiency. For the set of
nanosized TiO2 coated silica fibers (E-Glass fiber, Samples 1S–8S,
Table 1), generally, the presence of the silica buffer layer was found
to decrease the photocatalytic activity of the investigated samples,
irrespectively of annealing temperature and TiO2 concentration of
the starting sol (Fig. 3, panels A and B).

In particular, in the case of lower annealing temperature, a more
pronounced deactivation was found for lower TiO2 content catalyst
in presence of a buffer layer (4S) with respect to the unbuffered
counterpart (3S). When treated at 400 ◦C, the buffered sample at
higher TiO2 content (6S) showed a lower photocatalytic efficiency
with respect to its unbuffered equivalent (5S). For one sample (2S),
prepared at 400 ◦C with 0.5% (w/w) TiO2, a slightly higher efficiency
was found in presence of the silica buffer layer. Samples prepared
at 2% (w/w)  TiO2 generally resulted in higher photocatalytic per-
formance upon annealing at 400 ◦C, conversely lower annealing
temperature turned in higher performance for lower TiO2 concen-
tration, despite higher annealing temperature cause a grain size
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Fig. 2. SEM micrographs of: (i) silica fibers coated from solution at (1a) 0.5% (w/w) (Sample 4S) and (1b) 2.0% (w/w) (Sample 8S) TiO2 content, both treated at 300 ◦C for 1 h;
(ii)  alumina coated fibers from solution at (2a) 0.5% (w/w) (Sample 3A) and (2b) 2.0% (w/w) (Sample 7A) TiO2 content, both treated at 300 ◦C for 1h; (iii) alumina coated fiber
from  solution at 2.0% (w/w) TiO2 content, treated at 400 ◦C for 1 h, before (3a) and after (3b) the photocatalytic experiment.

increasing and a lower surface area. Sample 3S (Fig. 3, panel B)
was found to provide the highest performance in terms of catalytic
efficiency, with 77% decolouration after the 3 h irradiation time.

As far as the investigated alumina fiber supported catalysts
(Nextel-720, Samples 1A–8A, Table 1), the samples coated with
silica buffer typically resulted in a lower photocatalytic activity,
apart from Sample 2A, prepared at 400 ◦C with a 0.5% (w/w) TiO2
concentration (Fig. 3, panel D). A very low efficiency was  recorded
for the 2% (w/w) TiO2 loaded fibers (6A and 8A), irrespectively of
the annealing temperature, while 0.5% (w/w) TiO2 catalysts (2A,
4A) showed different efficiency according to the thermal treatment
temperature (Fig. 3, panels C and D). At 400 ◦C the catalytic activ-
ity of the coated fibers was generally higher with respect to the
result obtained by annealing 300 ◦C, despite the lower surface area
(Table 2). Furthermore, an increase of TiO2 content was found irrel-
evant to the photocatalytic activity in the case of 300 ◦C treated
fibers, while the same TiO2 concentration resulted in a higher

efficiency for samples treated at 400 ◦C. In the whole set of alumina
coated fibers, Sample 5A (i.e. 2% (w/w)  TiO2 and 400 ◦C annealing
temperature) provided the complete dye decolouration during the
entire irradiation time (Fig. 3, panel C).

In summary, the investigated preparative conditions resulted in
photocatalytic performances varying within a rather narrow range,
apart from some small fluctuations and generally below 50%. The
presence of the buffer layer was generally found detrimental for
photocatalytic activity of the coated fibers, and higher annealing
temperature (400 ◦C) generally provide enhanced photoactivity. It
could be tentatively proposed that the presence of buffer layer
affects the stability of TiO2 film, probably due to adhesion issues.
Indeed, SEM micrographs in Fig. 2 (panel 1a and b) show several
cracks. The effect of TiO2 content should be considered in combi-
nation with the effect of annealing temperature. In fact, the SEM
micrographs (panel 2a and 2b) show several cracks irrespectively
of the TiO2 content for fibres treated at 300 ◦C. On the other hand,

Fig. 3. MR decolouration catalyzed by: (i) silica fibers coated from solution at 2% (w/w) (A) and 0.5% (w/w) (B) of TiO2 content; (ii) alumina fibers coated from solution at
2%  (w/w) (C) and 0.5% (w/w) (D) of TiO2 content, in the absence (white) and in the presence (light grey) of SiO2 protective layer as a function of the annealing temperature.
[MR]t  = 0 = 4 mg/L. Data are reported as ±standard deviation obtained by three replicates.
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an increase of annealing temperature for the same TiO2 loading
(400 ◦C, Sample 5A, SEM Picture 3a and b) leads to a compact and
stable film, still clearly visible on the fiber after repeatedly han-
dling. It could be thus proposed that the presence of several cracks
could somehow reduce the amount of TiO2 film prior its immer-
sion in MR  water solution, thus explaining the lower photoactivity.
The residual film on the fiber could be stable enough to be resistant
against mechanical stirring of the solution, thus accounting for the
absence of Ti ion in water according to ICP-OES analyses.

In conclusion, Sample 3S, obtained without buffer layer, with
0.5% (w/w) TiO2 at 300 ◦C and Sample 5A, prepared without buffer
layer, with 2% (w/w) TiO2 at 400 ◦C resulted the most efficient cat-
alysts for the two series of investigated samples, silica and alumina
fiber based, respectively. Therefore these types of samples were
selected for the following scale up experiments.

3.3. Photocatalytic efficiency of TiO2 coated fibers vs. suspended
catalyst

The photocatalytic performance of the two selected types of
coated silica and alumina fibers, respectively, was evaluated in
scaled-up experiments, considering as a reference an aqueous sus-
pension of TiO2 Degussa P25. For this purpose a 600 mL  reactor was
employed, in order to allow an effective comparison of the perfor-
mance of the fiber supported catalysts and Degussa P25 suspended
sample, in a volume reasonable for pilot test.

Suspended catalyst was employed at 0.022 g/L since preliminary
tests (performed in the concentration range 0.001–1 g/L) demon-
strated that MR  degradation rate maximized between 0.01 and
0.022 g/L (Fig. S3).  This reflects the fact that the photocatalytic
degradation is a balance of two opposite phenomena. The first is
related to the active surface of the catalyst leading to higher degra-
dation rate at higher catalyst concentration. The second is related
to the light penetration which is higher at lower catalyst concen-
tration. It follows that by increasing the catalyst concentration the
degradation rate also increases but then reaches a plateau and then
start to decrease because of the light scattering at high catalyst con-
centration. Decays of MR  concentration during irradiation time are
displayed in panel A of Fig. 4 for both supported and suspended
catalysts. The results show that: (i) for all investigated catalysts
MR is degraded faster at pH 2, (ii) the catalyst efficiency has the
following trend: nano-TiO2 on alumina fiber < nano-TiO2 onto sil-
ica fiber < suspended Degussa P25 and (iii) all reactions follow an
exponential decay, thus suggesting first-order kinetics. However,
the log-plot of the MR  concentration shows for all supported cata-
lysts to follow two different first-order kinetics, with a faster decay
at longer reaction time (Fig. 4, panel B). This behaviour can be
consistent with a rate-limiting step occurring in the early stage of
reaction, when the surface sites available for catalysis are all occu-
pied by MR  adsorbed molecules. Consequently during the early
stage the MR  degradation is controlled by the diffusion of new
molecules that replace those just degraded to form by-products.
At longer reaction times when the MR  concentration has dropped
a high extent of surface sites is available for the degradation reac-
tion and, therefore, degradation rate increases. Interestingly, the
same behaviour was observed at both pH 2 and 6. The measured
first-order rate constants (Table 3) show that a speed-up effect of a
factor of 2 occurs at longer reaction time for the two fibers and the
investigated pH values.

The first-order rate constants reported in Table 3 also indicate
that the performance of Degussa P25 catalyst is generally higher
than that observed for the supported nano-TiO2. However the
degradation rate for the nano-TiO2 onto alumina fiber, at longer
reaction time, approaches that obtained with the Degussa P25 cat-
alyst (0.081 min−1 with respect to 0.105 min−1). It follows that it
would be possible to get some improvements in the performance
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Fig. 4. (A) Comparison among the MR  concentration decays during UV irradiation,
at  pH 2 and 6, in the presence of TiO2 coated silica and alumina fibers, prepared in the
same  condition of Samples 3S and 5A, respectively, and TiO2 Degussa P25 powder in
suspended form. In panel (B) are reported the same decays for TiO2 coated silica and
alumina fibers on log C scale showing the two  sections of pseudo-first order decays.
The calculated first-order constants are reported in Table 3. Error bars represent
standard deviation on 5 measurements.

of the supported fiber, by either enhancing the deposition method
or employing more fiber in the reactor, in order to get a photocat-
alytic efficiency as high as, or even higher than that of Degussa P25
catalyst.

As far as the comparison of the absolute amount of employed
catalysts is concerned, from Table 3 it is possible to note that the
TiO2 amount deposited onto the silica fiber (that with lesser effi-
ciency) was  two-fold that of alumina fiber which, in turn, was about
eight times higher than that employed as a suspension. The much
different absolute amount of catalyst deposited on the two  fibers
depends from the deposition method not perfectly optimized. Nev-
ertheless, the obtained results suggest that probably the deposition
procedure causes a multi-layer nanoparticle structure where the
inner layers are not able to participate in the photocatalytic process.

Pseudo-first order kinetic constants (Table 3) also show that pH
has a similar influence for both suspended and supported TiO2 that
MR degradation faster at acidic pH. However, for both alumina and
silica fibers supported with nano-TiO2 the effect was  more pro-
nounced. In fact, the increase of rate constants was 130% and 80%
for nano-TiO2 supported onto silica and alumina fiber, respectively.
Such a rate increase was, within experimental error, identical at
early as well as at longer stage of the reaction for both supported
fibers. Instead, for Degussa P25 catalyst the rate constant increased
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Table 3
First-order constants (k) of MR decomposition during photocatalytic reactions with immobilized TiO2 nanoparticles and suspended TiO2 Degussa P25.

Employed catalyst k (min−1) Absolute amount of
catalyst (mg  of TiO2)

pH = 2 pH = 6

Degussa TiO2 (suspended) 0.105 ± 0.015 0.090 ± 0.011 11

Reaction time (tr) range (min) Reaction time (tr) range (min)

0 <tr < 20 tr > 20 0 <tr < 45 tr > 45

TiO2 onto alumina fiber 0.037 ± 0.005
(R2 = 0.90)

0.081 ± 0.010
(R2 = 0.93)

0.016 ± 0.001
(R2 = 0.94)

0.034 ± 0.005
(R2 = 0.96)

80

TiO2 onto silica fiber 0.031 ± 0.005
(R2 = 0.85)

0.060 ± 0.006
(R2 = 0.96)

0.017 ± 0.002
(R2 = 0.98)

0.031 ± 0.003
(R2 = 0.97)

157

of just 17%. The obtained result can be explained taking into account
that at acidic pH the presence of positive charge on titania surface
can make the photogenerated electrons to reach more readily the
catalyst surface. This, in turn, prevents detrimental electron-hole
recombinations leading to higher reaction rate [6].  This effect is
more evident when the surface area is higher. Therefore, as the BET
surface area (Table 1) of supported catalysts is much higher than
P25 this effect is much more evident for the former catalyst.

The mineralization extent during the photocatalytic degrada-
tion of MR  was also evaluated by determining DOC at scheduled
times. Obtained results (Fig. 5) are consistent with MR  decays of
Fig. 4, panel A since DOC removal was higher at pH 2 for both inves-
tigated supported nano-TiO2 fibers. Nano-TiO2 onto silica showed
slightly higher DOC mineralization yield at pH 6, at longer reaction
time. Instead, at pH 2 the removal percentages were practically the
same for both supported catalysts. The finding that at longer reac-
tion time, namely higher than 80 min, MR  was completely removed
but an high fraction of DOC was still present suggests that some
degradation by-products should have been formed. Their investiga-
tion was performed by HPLC/MS–MS and compared to that carried
out during MR  degradation using the Degussa P25 catalyst in order
to evaluate possible difference in degradation mechanism. It was
found that the same by-products were detected for photocatalysis
performed with both supported nano-TiO2 fibers and Degussa P25.
A similar result was previously obtained with nanoparticles of TiO2
(prepared by a non-hydrolytic route) deposited onto the inner walls
of a glass photoreactor [16]. The chemical structures of the detected
by-products (Table S1)  are consistent with two distinct degradation
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Fig. 5. DOC decay during UV irradiation of MR,  at pH 2 and 6, in the presence of TiO2

coated silica and alumina fibers, prepared in the same condition of Samples 3S and
5A,  respectively.

mechanisms, independently occurring. They are based on oxidation
of methyl groups of MR  by O2

•− generated through O2 reduction
by free photoelectrons in the conduction band of the catalyst and
on formation of hydroxyl radicals. In addition, the temporal evolu-
tion profiles of detected by-products (Fig. 6) show, as expected, a
bell-shape with a maximum of formation between 10 and 30 min.
This result confirms that the prepared fibers with supported nano-
TiO2 have a photocatalytic efficiency much higher than previously
prepared nanoparticles of TiO2 and deposited onto the inner walls
of a glass photoreactor [16]. At longer reaction time no by-products
were detected suggesting the formation of low molecular weight
organic acids not amenable to HPLC/MS [25]. These compounds,
that do not represent a toxicity issue, would account for the residual
DOC present in the reaction mixture at long reaction time.

Finally, when working with TiO2 deposited on substrates two
important issues are worth to be carefully considered. They are
related to (i) the stability of the supported catalyst and (ii) the
release of catalyst to the aqueous solution. Repeated MR degrada-
tion was carried out showing that the efficiency of the supported
catalyst remained unchanged over ten reaction (Fig. S4),  despite
repeated handling and washing of the fiber under running water.
Such result demonstrates the stability of the TiO2 film as already
evidenced by SEM picture (Fig. 2, panel 3a and b). As for any possible
release of the catalyst, at the end of each photocatalytic experi-
ment a proper volume of aqueous solution was mineralized and
analyzed for Ti by ICP-OES. Analytical results showed that Ti con-
centration was  always below the detection limit of the technique
(<0.010 mg/L).
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4. Conclusions

Alumina and glass fibers were effectively coated with anatase
TiO2 nanocrystalline film and the structure and morphological
features of the final materials were investigated as a function of
their photocatalytic performance in view of the use of such novel
photocatalytic material for decomposition of environmental pol-
lutants in aqueous matrix. First, the characteristic photocatalytic
performances were screened in order to evaluate for the different
prepared systems. For this purpose morphology and microstructure
of the coating materials as well as the efficiency in the photo-
catalytic decolouration process were evaluated and the proper
processing parameters were selectively chosen. In particular, it has
been demonstrated that the presence of the silica buffer reduces
the degradation performances of the catalysts both on alumina
and glass fibers. In both cases the presence of the silica buffer has
induced a detachment of the coating. A low compactness and bad
adhesion to the substrate is generally exhibited by coatings treated
at 300 ◦C, with a more extensive coating degradation observed at
increasing coating thickness. Alumina fibers coated with a 2.0%
(w/w) TiO2 and thermally treated at 400 ◦C and without any buffer
show remarkable results, thus demonstrating promising materials.

These features, combined with their high mechanical resistance
to abrasion, make the material, prepared under these conditions,
interesting and valuable candidates for filters for treating waste
water (or even gases and vapors), being able to compensate for the
loss of performances expected in the case of immobilized catalysts,
and thus representing a truly innovative and promising result. In
this perspective the photocatalytic degradation process of the most
successful candidate has been performed in a reactor to test the
performance on a larger scale and thus provide a more direct and
reliable indication of the practical viability and its possible appli-
cation in real systems.
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