Applied Catalysis B: Environmental 104 (2011) 282-290

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

TiO, nanocrystals grafted on macroporous silica: A novel hybrid
organic—inorganic sol-gel approach for the synthesis of highly photoactive
composite material

Maurizio Crippa®*, Emanuela CalloneP, Massimiliano D’Arienzo?, Klaus Miiller®, Stefano Polizzi®,
Laura Wahba?, Franca Morazzoni?, Roberto Scotti?
a Department of Materials Science, University of Milano Bicocca,Via R. Cozzi 53, Milano I-20125, Italy

b Department of Materials Engineering and Industrial Technologies, University of Trento, Via Mesiano 77, Trento I-38100, Italy
¢ Department of Physical Chemistry, Universita Ca’ Foscari Venezia, Via Torino 155/b, Venezia I-30172, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 21 January 2011

Received in revised form 4 March 2011
Accepted 12 March 2011

Available online 23 March 2011

TiO,-Si0, composite materials with photocatalytic properties similar to those of slurry powdered TiO,
is obtained by a novel sol-gel synthetic strategy involving the hydrolysis/condensation of TMOS assisted
by PEG as templating agent and the grafting of preformed titania nanocrystals onto the macropore walls
of the silica matrix. In order to anchor TiO, particles to the surface of SiO-, avoiding their embedding into
silica matrix, functionalization with carboxylic acid or amine derivatives was carried out. The function-
alization induces the confinement of titania nanocrystals in PEG, during the silica formation, and allows
their dispersion on the silica surface. TiO,-SiO, materials exhibit high thermal and chemical stability and
a photocatalytic activity in the phenol mineralization comparable to that of powder TiO, in slurry (half
degradation time ~120 min). These results suggest that the immobilization procedure here reported pro-
vides high accessibility of the catalyst active sites preserving the functional properties of the photoactive
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catalyst.
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1. Introduction

In the last few years nanocrystalline TiO, has been exten-
sively studied as the photocatalyst in the oxidative degradation
of organic and inorganic pollutants [1]. The interaction of this
oxide with UV radiation generates electron-hole pairs which are
able to activate surface reactive processes [2]. The recombina-
tion rate of charges, which affects catalyst photoactivity, strongly
depends on the morphological and structural properties of the
oxide, such as the different crystalline phase, surface area, particle
shape and porosity [3]. Consequently, the control of the photocat-
alytic activity of TiO, nanoparticles throughout the tailoring of their
morphological and structural properties is a current topic of great
interest.

The photodegradation of toxic compounds is usually per-
formed by using titania nanoparticles in aqueous suspension
(slurry). However, the use of nanosized powders as slurries
in wastewater treatment causes difficult post-use recovery and
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requires expensive and time-consuming separation/recycling pro-
cesses [4]. In addition, TiO, nanoparticles, when dispersed in
the surrounding environment, may be hazardous, due to their
potential inflammatory and cytotoxic effects [5]. These draw-
backs can be avoided by immobilizing or embedding the TiO,
nanoparticles on a support. Many inorganic or polymeric mate-
rials have been employed for this purpose: silica glass shaped as
beads [6], rings [7], reactor walls [8] and fibers [9]; quartz [10];
zeolites [11]; perlite [12]; pumice [13]; alumina-based ceram-
ics [14]; stainless steel [15]; aluminium [16]; cotton fibers [17];
polyester, acrylate [18], fluorinate [19] polymers. Nevertheless,
both immobilization and embedding frequently lower the cata-
lyst exposed area compared to that of the powder suspension
[20].

Polymeric substrates show poor resistance to thermal treat-
ments and undesired sensitivity to photooxidative processes, com-
pared to inorganic ones [20b]. Inorganic membranes, consisting
of macroporous ceramic substrates covered by micro/mesoporous
active TiO, layers, seem promising alternatives for several large
scale catalytic processes [21]. In fact, the porous skeleton of
the ceramic framework provides chemical and thermal stabil-
ity, mechanical durability, low pressure drops and rapid mass
transport of fluids, due to the extensive interconnection between
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the macropores. This structure guarantees high accessibility
to the catalyst active sites and fast uptake/release cycles. In
addition, the mesoporosity of the titania layer preserves the
permeability of the ceramic matrix and provides an effective
contact between the target molecules and the catalyst particles
[22].

Different approaches, based on soft-chemistry routes,
hydrothermal synthesis, and chemical (CVD)/physical (PVD)
vapour deposition, were proposed in order to obtain oxide coat-
ings on preformed macroporous ceramic matrices [23]. The ideal
active layers should be homogeneous, chemically and thermally
stable, loading large amounts of material crucial for the catalytic
activity and without pore occlusion which limits the whole
permeability.

In this context, we propose a novel sol-gel synthetic strategy,
employing hybrid organic-inorganic reactants for the prepara-
tion of a macroporous silica matrix and the simultaneous surface
grafting of preformed TiO, nanocrystals. The goal is to design a
Ti0,-Si0, (TS) composite material with the following characteris-
tics:

- high macroporosity and UV-transparency of the silica matrix,
which guarantee easy accessibility of the catalyst surface sites
and allow effective interaction of TiO, with UV radiation;

- TiO, nanocrystals grafted on the surface of the ceramic matrix,
whose well defined morphological and structural properties
determine high photoactivity;

- minimum loss of photoactivity due to catalyst immobilization, in
comparison to the slurry TiOy;

- improved thermal stability and durability without leaching of the
grafted catalyst.

The macroporous silica network was produced by the sol-gel
process based on hydrolysis and condensation of tetramethy-
lorthosilicate (TMOS) in the presence of polyethylenglycol (PEG)
as the sacrificial template [24]. Due the TMOS sol-gel transition,
phase separation occurs between the silica gel network and the
polymer. PEG also acts as a carrier of TiO, particles into the macro-
pores of silica matrix. In order to disperse TiO, nanocrystals in
the PEG phase, the oxide particles were functionalized with car-
boxylic acid or amine derivatives [25], which make the TiO, surface
less hydrophilic, improving the interactions with the polymeric
chains. Subsequent annealing at 500 °C removes both PEG and func-
tionalizing organic molecules and generates the interconnected
macroporous silica network. Thus, the TiO, crystals, previously
dispersed in the PEG phase, graft onto the silica surface channels
preserving their crystal phase and size.

TS composites were prepared by using anatase nanoparticles
with known morphological and structural characteristics and high
photoactivity [3a,3b,26], which were functionalized by carboxylic
acid and amine derivatives having different side chains (propionic
acid, exylamine and 2-methoxyethylamine). The influence of the
functionalizing agent on the dispersion of TiO, nanoparticles in PEG
and, consequently, on their final exposure and dispersion on silica
macropore walls was demonstrated.

Photocatalytic activity of TS samples was tested in the degra-
dation reaction of PhOH in aqueous solution and compared to the
same anatase in slurry. It turned out that the immobilization pro-
cedure uncommonly preserves the catalytic properties of the TiO,
nanocrystals.

The proposed new synthetic strategy may be potentially applied
to graft different functional oxides to ceramic macroporous sub-
strates, keeping high functional properties eventually modulating
the porous architecture of the silica matrix by changing the sol-gel
synthesis parameters.

2. Experimental
2.1. Chemicals

All chemicals and solvents were purchased from Sigma-Aldrich
as analytical grade and used as received without further purifica-
tion. Deionised water (18 M2 cm) was used for the procedures that
required water.

2.2. Functionalization of TiO5 nanoparticles

Nanocrystalline TiO, anatase was obtained by hydrothermal
synthesis, according to a previously reported procedure [26], by
reacting aqueous solutions of TiOCl, (Aldrich, 99%) and NH3 (Fluka,
>25 wt %) in a teflon lined autoclave (Parr, model 4768Q). The auto-
clave was heated at a rate of 2.67 °C/min just to 30°C below the
set-point temperature, then at a rate of 0.75°C/min up to 220°C.
TiO, surface was functionalized following a modified literature pro-
cedure [25]. In anhydrous conditions, 20 mL of the organic reagent
(propionic acid, PA; exylamine, EA; 2-methoxyethylamine, MA)
was added to 3.30g of TiO, suspended, after ultrasound treat-
ment, in 40 mL of anhydrous methanol. The amount of the organic
reagents was in large excess compared to the oxide. The obtained
suspensions were refluxed for 8 h and kept overnight under stirring
at room temperature (RT). Finally, the suspensions were divided
into 6 aliquots and the particles were separated by centrifugation
at 6000 rpm for 30 min and recovered by decantation. In order
to remove the unreacted chemicals and the residual traces of
methanol, each aliquot was washed for 30 min under ultrasound
conditions by ethyl acetate (2 times with 10 mL) and CH,Cl, (2
times with 10 mL), respectively. After each washing treatment, the
surnatant was separated by centrifugation and decantation. The
final wet powders were dried in air at RT overnight, and the residual
solvent evaporated 24 h in vacuum (10~2 Torr).

2.3. Preparation of TiO,-Si0; (TS)

TS was prepared by using differently functionalized TiO,
nanoparticles, obtained as previously described. The whole syn-
thesis procedure of TS is shown in Scheme 1. Specifically 0.723 g
of polyethylene glycol (PEG 20000) were dissolved in a water solu-
tion of acetic acid (6.90 mL, 0.10 M) under magnetic stirring. After
the completed dissolution of the polymer, 150 mg of functional-
ized TiO, particles (TiO,-PA; TiO,-EA; TiO,-MA), corresponding to
anominal content of the 10.7% (w/w) on the final TS material, were
added and uniformly dispersed under ultrasound (2-3 min) treat-
ment. Then, 3.10ml (3.17 g) of TMOS were added to the PEG/TiO,
mixture and stirred for 5 min at RT. Sol-gel transition was induced
by storing the samples in closed vessels at 40 °C for 24 h and, sub-
sequently, at 80 °C for 24 h than removed the surnatant and rinsed
the obtained gel with water (3 times with 20 ml). The gel was aged
and dried heating in open vessel at 100 °C for 24 h. TS material was
successively dried at 150°C for 1h and calcined in air at 500°C
for 5 h. The final calcination was also performed at 600°C, 700°C,
800°C and 900 °C in order to study the effect of the annealing tem-
perature on the material structure and morphology (e.g. porosity,
surface area, titania crystal phase and size) and on the photoactiv-
ity. TS was also prepared by using pristine anatase, according to the
same described procedure. TS samples from TiO,-PA, TiO,-EA and
TiO,-MA and from pristine TiO, are labelled TS-PA, TS-EA, TS-MA
and TS-UC, respectively.

2.4. Morphological and chemical characterization

X-ray diffraction (XRD) patterns of the powders were collected
with a Brucker D8 Advance (Cu K, radiation) in the range 20-60°
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Scheme 1. Overall synthesis process.

20 (26 step 0.025°, count time of 2 s per step). TiO, nanoparticles
functionalized with organic molecules were characterized by ATR-
FTIR and Solid-state NMR. ATR-FTIR analysis was performed by a
Perkin Elmer Spectrum 100 instrument (1cm~! resolution spec-
tra, 650-4000cm~! region, 16 scans). Solid-state NMR analyses
were carried out with a Bruker Avance 400WB NMR spectrom-
eter operating at a carrier frequency of 400.13 MHz for 'H. 13C
NMR spectra were acquired with cross-polarization and under
the following conditions: 13C frequency, 100.06 MHz; /2 pulse
length, 2.8 ws; 'H decoupling pulse power, 47 kHz; recycle delay,
5s; contact time during CP, 2 ms; number of scans, 14,000. Sam-
ples were packed in 4 mm zirconia rotors, which were spun at
8 kHz under air flow. Adamantane was used as secondary reference.
Quantitative determination of the amount of organic molecules
which functionalizes the oxide, was performed by Thermo Gravi-
metric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
measurements performed with a Mettler Toledo TGA/DSC1 STAR®
System, at constant gas flow (50 cm® min—!). Thermal profile was
the following: 40°C 5min (under N,); 40-150°C 10°Cmin~!
(under Ny); 150°C 5min (under N;); 150-1000°C 10°Cmin!
(under air). The size distribution of macropores (>50nm) was
measured by mercury porosimetry with a Pascal 140/240 Thermo
Fisher instrument, assuming 140° as contact angle between mer-
cury and sample. The pressure range varied between 15.8 kPa and
200 MPa.

Specific surface area (SSA) by BET method [27], desorption
cumulative pore volume (DCPV) and pore size distribution of
micro- and mesopores (<50 nm) by BJH method [28] were mea-
sured by nitrogen physisorption using Quantachrome Autosorb-1
apparatus. Powder samples were evacuated at 200°C for 16h
before the analysis. Scanning electron microscopy (SEM) mea-
surements were performed by a LEO 1450VP instrument.
Transmission Electron Microscopy (TEM), High-Resolution Trans-
mission Electron Microscopy (HRTEM) and Electron Diffraction
(ED) measurements were performed using a Jeol 3010 apparatus
operated at 300 kV with a high-resolution pole piece (0.17 nm point
to point resolution) and equipped with a Gatan slow-scan 794 CCD

camera. The powders were suspended in isopropanol, and a 5 L
drop of this suspension was deposited on a holey carbon film sup-
ported on 3 mm copper grid for TEM investigation.

2.5. Photocatalytic experiments

Photodegradation experiments were carried out in a specifically
designed discontinuous batch photoreactor, described in a previ-
ous study [20]. The reactor (600 mL), provided with an external
cooling jacket, was equipped with a UV 125W high pressure Hg
arc lamp and placed in a coaxial quartz cylinder without optical
filter. Photocatalytic tests were performed in aqueous solution by
using O, as oxygen donor and operating either with TS materials or
with pure TiO, powder slurries as catalysts. Approximately 1.20 g of
TS (TiO, loading 0.128 g, corresponding to 0.21 gL~1) were grossly
moulded and dispersed in 600 mL of phenol (PhOH) aqueous solu-
tion (121 +2mgL-! of PhOH, 93+2mgL-! as C). The obtained
mixture was recirculated by a peristaltic pump with a speed of
14mLs~1. TS samples were moulded to have the same hydrody-
namic conditions of the pure titania used as slurry in photocatalytic
experiments.

In the case of pure titania slurry, TiO, powder (160 +5mg;
0.25gL~1) was suspended by sonication in 600 mL of water con-
taining the same concentration of PhOH and recirculated at the
same conditions as in the experiments with TS. The reaction was
performed at 25 + 2 °C, by keeping the oxygen feed constant and by
eliminating the excess of gas through a non return check valve. The
dissolved oxygen content was monitored by an online sensor. The
slurry was circulated in the dark and saturated in an online cham-
ber by continuously bubbling oxygen (100 mLmin~!). The oxygen
content became maximum and constant in about 10 min. The UV
source was turned on after 1 h of recirculation in the dark. The PhOH
adsorption on the catalyst was checked by withdrawing suspension
aliquots (6 mL) of the solution at regular intervals and analyzing
the TOC by a Shimadzu TOC-V CSH analyzer. Powders were sepa-
rated by centrifugation before TOC analysis. The same procedure
was applied to monitor the kinetics until the complete mineraliza-
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Fig. 1. XRD powder pattern of (a) anatase powder and TS-MA calcined at (b) 500°C,
(c) 700°C and (d) 900°C. Inset: magnification of (101) peak. The vertical lines
indicate position and intensities of anatase reflections.

tion of the substrate. Finally, reference experiments (Blank) were
carried out in the absence of TiO, and TS.

3. Results and discussion

3.1. Characterization of pristine and functionalized TiO,
nanoparticles

The XRD pattern of pristine anatase TiO, nanoparticles is
reported in (Fig. 1). The average crystallite size, estimated from
the peak of (101) reflection using Scherrer’s equation, resulted
10.5nm. The XRD patterns (not reported) of TiO,-PA, TiO,-EA,
TiO,-MA, TiO, functionalized with propionic acid, exylamine and 2-
methoxyethylamine respectively, revealed the same size and phase
of the pristine TiO, nanoparticles.

TiO,-PA, TiO,-EA, TiO,-MA nanoparticles were characterized
by means of solid-state '3C NMR and ATR-FTIR. The obtained
NMR spectra assessed the effective functionalization of the anatase
surface (Fig. 2). The detected '3C signal peaks were assigned

1 3 H
HJC\O/\/N %
2

285

according to the literature values [29] and are summarized in
Table 1.

The 13C NMR spectra of TiO,-EA and TiO,-MA exhibit the sig-
nals due to hexylamine and 2-methoxyethylamine, respectively
(Table 1). In particular, the two different signals in the TiO,-EA
spectrum attributed to carbon C-6, are explained by the y-gauche
effect [30]. The hexylamine chains can exist in two stable confor-
mations, i.e. trans and gauche states of the C-4-C-5 bond, which
cause different electronic shielding at carbon C-6. Accordingly, the
gauche conformation induces an upfield shift of the 13C resonance
compared to the trans one. It is assumed that the attachment of the
chains to the anatase surface freezes the two conformational states
on the NMR timescale, and the different conformations give rise to
two different resonances of carbon C-6.

This behaviour is not detected in the TiO,-MA sample, where
the MA chain is too short to exhibit such a conformational effect.

The 13C NMR spectrum of TiO,-PA shows the signals of methyl
and methylene groups of PA (Table 1). The lack of C=0 peaks
can be ascribed to the poor signal-to-noise ratio and to the large
chemical shift anisotropy, which causes spinning sidebands and
a distribution of the overall intensity over several signals reso-
nances. Moreover, for carbonyl groups the signal enhancement due
to 13C-1H cross-polarization is rather limited due to the lack of
directly bonded protons. In TiO,-PA spectrum, the observed ethyl
acetate signals are due to traces of residual washing solvent.

FTIR spectra of TiO,-PA, TiO,-EA, TiO,-MA, compared to those
of PA, EA and MA and of pristine anatase, are shown in Fig. S1 (Sup-
porting Information).

The spectra confirm the grafting of the organic molecules on tita-
nia nanoparticles in agreement with the 13C CPMAS NMR results.
In TiO,-PA, the PA grafting is demonstrated by the presence of
the carboxylate stretching modes and the disappearing of the car-
bonyl stretching one. In TiO,-MA and TiO,-EA, the EA and MA
surface interactions are evidenced by the bands assigned to the
amino groups linked to the acid surface sites of the oxide (band
assignment in Supporting Information). The presence, in spite of
the repeated washing cycles, of the C-H stretching modes due to
the side chains of PA, EA and MA supports the formation of chemical
bonds between the functionalizing molecules and TiO, nanoparti-
cles in all the examined samples.

The number of functionalizing molecules linked to the anatase
nanocrystals (Table 2) was evaluated by thermogravimetric weight

160 140 120 100

T
80

T T T

60 20 0

ppm

Fig. 2. 13C CPMAS NMR spectra of (a) TiO,-MA, (b) TiO,-PA with residues of ethyl acetate and (c) TiO,-EA. Molecular structures and peak assignment, as reported in Table 1,

are shown.
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Table 1

13C chemical shifts and signal assignments.
Unit TiO,-PA Ref. Unit TiO,-EA Ref. Unit TiO,-MA Ref.
1[P] 7.5 8.9 1[H] 13.5 14.1 2 [M] 426 418
4[E] 15.8 143 2 [H] 23.1 22.8 1[M] 57.0 58.7
1[E] 21.7 21.0 3[H] 27.5 26.7 3[M] 74.4 749
2[P] 294 27.6 4 [H] 28.7 319
3 [E] 58.1 60.4 5[H] 322 341
3[P] [nd] 181.5 6 [H] 40.2;43.2 42.4
2 [E] [nd] 171.1

[P], propionic acid; [E], ethyl acetate; [H], n-hexylamine; [M], 2-metoxyethylamine; [nd], not detected.

The reference values are from liquid NMR studies of the pure species [20].

Table 2

Surface density of functional molecules on titania nanoparticles.
Functionalizing agent MW [g mol—'] Net loss [weight %] X [molnm~2] D [nm]
Propionic acid 74.1 1.18 0.60 1.46
Exylamine 101.2 3.31 1.25 1.01
2-Methoxyethylamine 75.1 1.72 0.86 1.22

loss in the interval 150°C<T<600 °C (Fig. S2, Supporting Informa-
tion), due to the combustion of the organic species. The amount
of the functionalizing molecules, expressed as weight %, was cal-
culated by the net weight loss of surface functionalized TiO,, i.e.
the total weight loss, excluding that of bare TiO,. The density of
surface molecules ¥ [mol nm~2] was calculated by using the BET
Specific Surface Area value of bare anatase (162 m2 g~1). Finally, the
distance between the functionalizing molecules D= (4/7 X)!/2 [nm]
was estimated. The results show that both surface density and dis-
tance of the linked molecules are in agreement with the literature
data of similar systems [31].

The ability of functionalized particles to be dispersed in organic
matrices was tested by simply mixing pristine TiO,, TiO,-PA,
TiO,-EA and TiO,-MA with water and diethyl ether. The mixture
water/diethyl ether was chosen to simulate the conditions of the
sol-phase, assimilating the water to the aqueous solution of TMOS
and the diethyl ether to the PEG phase. Fig. 3 shows the better dis-
persion of TiO,-MA particles (d) in the ether phase compared to

Fig. 3. Test tubes containing ~10 mg of (a) bare titania; (b) TiO,-PA; (c) TiO2-EA and
(d) TiO,-MA in water/diethyl ether mixture.

TiO,-EA (c) which tends to segregate in the organic phase while
TiO,-PA (b) and bare TiO, (a) form homogeneous dispersions in the
aqueous phase. This behaviour suggests that the short chain of PA
is not able to confer enough hydrophobicity to TiO, nanoparticles
to be dispersed into organic solvent, unlike TiO,-EA and TiO,-MA
which have longer chains. In addition, TiO,-MA nanoparticles are
better dispersed in diethyl ether than TiO,-EA, due to the presence
of ether group, which makes them more similar to the solvent as
for the polar character.

3.2. Morphological and structural characterization of TiO»-SiO,
samples

Macroporosity of TS-MA, TS-PA, TS-EA and TS-UC materials, cal-
cinated at 500 °C were measured by Hg porosimetry. The dimension
and the size distribution of the macropores are similar for all sam-
ples and not depending on the functionalizing molecules. 60% of the
macropores have an average pore radius in the range 0.82-1.21 wm,
while the total porosity is about 75 & 5% of the total volume. TS-MA
macropore distribution is shown as example in Fig. S3 (see Sup-
porting Information).

SEM analysis shows that the average size of silica particle in the
matrix in all TS samples is about 2.5 m and confirms the intercon-
nected macroporous structure whose dimensions are in agreement
with the porosity measurements (Fig. 4a, sample TS-MA reported).

TEM and HRTEM micrographs demonstrate that TiO, nanocrys-
tals are grafted on the surface of silica channels, the exposure and
dispersion of the TiO, crystallites on silica depending on the side
chain of the functional molecules and on their affinity with the PEG.
The best result in terms of TiO, distribution was obtained for TS-
MA, where TiO, crystals maintain the size of pristine anatase and
interact with the ceramic surface without forming large aggregates
(Fig. 4b-d). Comparison of the different samples (Fig. 5) reveals a
relevant influence of the functionalizing molecules used on the TiO,
crystallite dispersion.

In the absence of functionalizing molecules (TS-UC), TiO, par-
ticles are almost totally embedded in the silica matrix (Fig. 5a).
In TS-PA, TiO, particles are only partially located on the silica sur-
face (Fig. 5b), while in TS-EA, TiO, crystallites form large superficial
aggregates (Fig. 5¢) instead absent in TS-MA (Fig. 5d), as shown in
Fig. 5d or more clearly in Fig. 4c and d.

The different morphology of the materials may be related to the
different chains of the functionalizing molecules and to their affin-
ity with PEG. In particular, differently from the case of exylamine
and 2-methoxyethylamine, the surface modification induced by the
short side chains of propionic acid prevents a suitable dispersion of



M. Crippa et al. / Applied Catalysis B: Environmental 104 (2011) 282-290

287

aoUinm|
e

Fig. 4. (a) SEM, (b-d) TEM and (e) HRTEM images at different magnifications of TS-MA after calcination at 500°C.

& ' ” - ‘! _‘. I
- ) . |
# b 2 )
- | »gré‘
[ 2
[* 2 . :
r . 1y i
? e
) i 0 s

Fig. 5. TEM image of different TS materials calcinated at 500°C: (a) TS-UC, (b) TS-PA; (c) TS-EA; (d) TS-MA.



288 M. Crippa et al. / Applied Catalysis B: Environmental 104 (2011) 282-290

TiO, nanoparticles into the organic PEG phase during the sol forma-
tion. Consequently, PEG is not able to drive TiO,-PA particles into
the silica macropores and to avoid their embedding. Besides, the
affinity of the methoxy group of MA with PEG is higher than that
of the alkyl chain of exylamine. This implies that TiO,-MA particles
remain well dispersed without secondary aggregation in the PEG
phase. On the other hand, the TiO,-EA particles are both incompat-
ible with the silica phase and not well dispersible by PEG resulting
in secondary particle aggregations. The effect of the temperature on
the stability and morphology of the TS structure was investigated by
annealing TS-MA samples at 600, 700, 800, and 900 °C. XRD diffrac-
tion (Fig. 1b-d) and HRTEM analysis evidence that supported TiO,
also maintains the anatase phase at the highest temperature treat-
ment, wherein the anatase-rutile transition usually occurs [32].
Moreover, the average size of the particles does not substantially
change (Fig. 1 inset) even at 900 °C. These effects can be ascribed to
the distribution and grafting of titania nanoparticles on the silica
surface, preventing either crystal growth or phase transformation
usually due to oriented attachment of primary anatase nanocrystals
[26].

Finally, at each temperature, no modifications of the macrop-
orous structure were detected, as revealed by Hg porosimetry and
SEM analysis (not reported).

Nitrogen physisorption experiments were performed on the
pure silica host and on all TS materials. In particular, the
adsorption-desorption isotherms and the corresponding pore-size
distribution of TS-UC (pseudo-type I) and of TS-MA (type IV) are
shown in Fig. 6. The isotherms of TS-UC display high adsorption at
low relative pressure, typical of a microporous structure (Fig. 6a).
At higher relative pressure, between 0.4 and 0.8 P/Py, the curve
exhibits a very small hysteresis loop indicative of the presence of
a small amount of mesopores. This is also confirmed by the cor-
responding pore-size distribution (Fig. 6a inset) in which only a
weak peak in the mesopore range appears. Similar isotherms were
obtained for pure silica and TS-PA composite (Fig. S4a, Support-
ing Information). On the other hand, TS-EA and TS-MA, obtained
from TiO, nanocrystals functionalized with EA and MA, showed
significantly different isotherms. In particular, for TS-MA the result-
ing isotherm is of type IV and presents a wide hysteresis loop
suggesting a remarkable contribution of mesopores (Fig. 6b). The
pore size distribution (Fig. 6b inset) confirms the existence of
mesopores with average pore diameter centered on 3.6nm. A
similar behaviour was observed for TS-EA (Fig. S4b, Support-
ing Information), which shows an analogous type IV isotherm but
with less pronounced hysteresis loop, suggesting a lower pres-
ence of mesopores. By increasing the calcination temperature up
to 900°C, the shape of nitrogen adsorption-desorption isotherm
changes and becomes similar to that observed for TS-UC with
a decreased contribution of the mesopores (Fig. S4c, Support-
ing Information).

In order to better elucidate the relation between porosity
and structure of the functionalizing molecules, the mesopore and
micropore volumes of the pure silica and of the composites were
calculated and reported in Fig. 7. It is very evident that the micro-
pore volume, mainly associated to the silica matrix, remains quite
constant in all the samples while there is a huge increase of the
mesopore volume in TS-EA and TS-MA compared to the value calcu-
lated for TS-UC. On the contrary, TS-PA keeps the mesopore volume
unvaried in comparison to TS-UC. Finally, the increase of the cal-
cination temperature to 900°C in TS-MA produces a relevant but
not drastic reduction of the mesopore volume, probably due to the
growth of nanoparticle aggregates.

These results confirm the key role of the TiO; functionalization
in controlling the extent of mesoporosity of the composite mate-
rials, in agreement with the corresponding TEM images. In TS-MA,
titania nanocrystals well dispersed on the silica surface without
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Fig. 6. Adsorption/desorption isotherms at liquid nitrogen temperature for (a) TS-
UC and (b) TS-MA samples. The curves correspond to a pseudo-type I (a) and type
IV (b) isotherms with capillary condensation in the mesopores. Inset: pore size
distributions.

secondary aggregation (Fig. 5d), originate intra-grain mesoporos-
ity. The lower mesoporosity of TS-EA is relatable to the tendency
of TiO, crystallites to form large superficial aggregates (Fig. 5c).
The very low mesoporosity of TS-PA and TS-UC, similar to that
of the pristine silica, depends on TiO, nanoparticles fairly totally
embedded in the silica matrix (Fig. 5a).

3.3. Photocatalytic tests

The photocatalytic activity of TS samples obtained by differently
functionalized anatase nanocrystals was measured in the PhOH
mineralization in the presence of O, under UV radiation and com-
pared to the powder anatase in slurry. The catalyst activity was
evaluated by measuring the maximum degradation rate (dC/dt)max,
which corresponds to the maximum slope point of the fitted curves
and the half degradation time (t;,). Both (dC/dt)max and t;, values
were normalized to the same mass (160 mg) of TiO,.

The experimental data related to TOC disappearance of PhOH
mineralization, for TS samples and slurry, are reported in Fig. 8,
where 100% TOC at t=0 is the PhOH concentration measured just
before switching on UV irradiation. In all the performed experi-
ments, during the initial phase of recirculation in dark (30 min),
the loaded PhOH concentration decreased by about 5.0 & 1.5%.

The trends of the calculated values of t;;, and (dC/dt)max are
reported in Fig. 9a.
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Fig. 7. Mesopore and micropore volumes calculated by the BJH method for pure silica and different TiO,-SiO, samples.

In the blank test, without the catalyst, the PhOH mineraliza-
tion rate is very low, thus indicating a negligible contribution
of the direct PhOH photolysis to the whole process. The over-
all results evidence that the photoactivity of TS compounds is
strongly related to the nature of the functionalizing molecules.
In particular, t;j; value decreases and (dC/dt)max correspondingly
increases by increasing the chain length of the molecules as well as
their affinity with PEG. In particular, TS-PA and TS-UC display the
lowest photoactivity, while TS-EA and TS-MA show higher efficien-
cies. Surprisingly, TS-MA shows the same performance of anatase
slurry, thus demonstrating that the TiO, immobilization proce-
dure did not affect its catalytic properties. This behaviour can be
related to the high catalyst dispersion of anatase nanocrystals on
the surface of silica macropores which induces extended meso-
porosity in TS-MA composite. These properties guarantee high
accessibility of the catalyst at the solid liquid interface and an
intimate contact between the target molecules and the nanopar-
ticles.

The photocatalytic tests were repeated for six successive
degradation runs with the same batch, in order to validate the
reproducibility of the TS-MA catalytic behaviour. Photoactivity
remains substantially constant as demonstrated by the negligible
variation of the t;j, (Fig. 9b) and (dC/dt)max (not reported in the
figure) calculated for the successive runs.

Finally, the different calcination temperatures have a minor
effect on the catalytic properties of TS-MA, as assessed by
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Fig. 8. Mineralization curves of phenol (given as TOC %) in the presence of O, of
TS-PA, TS-EA, TS-MA and TS-UC samples compared with TiO, catalyst in slurry and
with the blank test without catalyst.

the very slightly increase of t;, values with the temperature
(115+6min, 125+ 6min and 133+ 7min for calcination tem-
perature of 500°C, 700°C and 900°C, respectively) and by the
constancy of (dC/dt)max (0.4240.02min~1!). The overall results
confirm that even at highest calcination temperatures morphol-
ogy of silica, TiO, phase and TS-MA composite porosity (see
Section 3.2) are substantially unchanged preserving the photoac-
tivity.
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six repeated photomineralisation runs.
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4. Conclusions

TiO,-Si0, composite materials with nanostructured TiO, par-
ticles grafted onto macroporous silica support were successfully
obtained by a novel sol-gel synthetic strategy which employs
hybrid organic-inorganic reactants. The materials exhibits high
thermal stability and a photocatalytic activity comparable to that
of powder TiO, in slurry.

The macroporous silica network was synthesized by hydrolysis
and condensation of TMOS assisted by PEG as templating agent.
TiO,-Si0, were prepared by grafting preformed titania nanocrys-
tals, suitably functionalized by different organic molecules which
facilitate their interaction with PEG, onto the macropores of the
silica matrix, avoiding their embedding into the support.

Titania dispersion on the silica surface depends on the chain
structure of the functionalizing molecules as well as on their affinity
with PEG. In particular, the highest affinity of the methoxy group
of 2-methoxyethylamine towards PEG enables TiO, nanocrystals
to maintain the pristine size and to disperse on the silica surface
as small mesoporous aggregates, independently of the calcinations
temperature.

The structure of the composites allows high photocatalytic
yields. Particularly, TS-MA shows outstanding photoactivity, equal
to that of the slurry. This is relatable to the dispersion of anatase
nanocrystals on the surface of silica macropores, which induces
extended mesoporosity of TS-MA composite. These properties
guarantee high accessibility of the catalyst interface and an
effective contact between the pollutant molecules and the nanopar-
ticles. The overall results confirm the ability of the immobilization
procedure to preserve the functional properties of the photoactive
oxide.

Therefore, this highly stable TiO,-SiO, meso/macroporous com-
posite represents a very promising material, easy to be obtained and
to be used in various applications. The simplicity of the immobiliza-
tion method should, in principle, be applicable to support different
oxides maintaining unchanged their peculiar functional properties.
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