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Titania nanoparticles were confined inside the pore channels of preformed mesoporous silica nanoparticles 
MSN for the photodegradation of dyes and drugs.  
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TiO2-SiO2 composites containing 10 wt.%, 20 wt.%, 30% and 40 wt.% of TiO2, obtained by using 
preformed mesoporous silica nanoparticles MSNs and titanium isopropoxide as titanium source, have 
been investigated in detail using a variety of techniques. All the samples were characterized by N2-
physisorption, X-ray powder diffraction (XRPD), diffusive reflective UV–vis spectroscopy (DRUV-vis), 10 

X-ray photoelectron spectroscopy (XPS) and imaged using transmission electron microscopy (TEM). The 
TiO2-MSN composites, that exhibited a spherical morphology, high specific surface areas and titania in 
the anatase phase, owing to their specific chemical-physical properties were studied as catalysts in the 
photocatalytic degradation of Methylene Blue, Methyl Orange and Paracetamol, as examples of polluted 
wastewaters. The well-defined porous structures of MSNs may offer a special environment for titania 15 

nanoparticles, increasing the specific surface area and the thermal stability of the composite, thus 
modifying the photocatalytic behavior of the materials. The TiO2 loading, the particle size and the surface 
characteristics were related to the degree of UV absorption and the measured energy band gap of the 
nanocomposites. A cooperative effect between the two components (TiO2 and SiO2) could be the key 
factor at the basis of the good photocatalytic performances: nanostructured TiO2 in intimate contact with 20 

MSN provides the sites for generation of OH• radicals by oxidation of water and the SiO2 skeleton is able 
to adsorb the molecules of cationic dyes and prevent poisoning of the TiO2 surface. 

Introduction 

Titanium dioxide has been extensively studied as the most 
promising photocatalyst for the degradation of contaminants in 25 

solution because of its high photocatalytic activity, nontoxicity 
and low cost. 
 Titania is a heterogeneous semiconductor photocatalyst, which 
produces electron-hole pairs under ultraviolet light (200-400 nm) 
that initiates the formation of surface radicals capable of 30 

oxidizing adsorbed organic and biological pollutants. However, 
its exploitation has been restricted by a band gap energy (3.2 eV) 
that requires near UV wavelengths (387.5 nm) for efficient 
excitation and by the rapid recombination of charge carriers in the 
bulk. Generally the activity of anatase phase of TiO2 in the 35 

photodegradation of organic, biological and pharmaceuticals 
pollutants is much higher than that of rutile.1–3 Besides, it has 
been shown that the photocatalytic activity of TiO2 can be 
influenced by crystal structure, surface area, crystallinity and 
porosity.2 Many approaches have been used to obtain nano-sized 40 

titania samples in the anatase phase, such as chemical vapor 
synthesis,3 the sol–gel method 4,5 and the hydrothermal 6–8 or 
solvothermal methods.9 Moreover, the photocatalytic activity of 
anatase can be further improved by controlling the exposed 
surfaces, being the (001) the most active.10,11 45 

 The use of photosensitive semiconductors such as TiO2 has 
been reported in the literature for its application in reducing 
colour of the dye solutions owing to its great advantages in the 
complete removal of organic pollutants from wastewater 12 and to 
the environmental-friendly benefits in the saving of resources 50 

such as water, energy, chemicals, and other cleaning materials.4–

7,13 However, one of the main drawbacks is the very poor 
adsorptive power to some organic pollutants.14,15 It is well known 
that heterogeneous photocatalytic reactions mainly occur at the 
surface rather than in the solution bulk, and the surface properties 55 

of TiO2 are critical for the efficiencies.16,17 Many attempts have 
been made to modify the photocatalytic properties of titania.18,19 
TiO2 were formed in specific structures and morphologies, with 
the aim to expose the most reactive faces instead of the most 
thermodynamically stable.20–29 Band gap of TiO2 can be reduced 60 

by doping with either metal 30–35 or non-metal elements.35–40 On 
the other hand, in order to favour charge separation and/or extend 
the light absorption to the visible range, several kinds of TiO2-
based composites have been prepared using metal 
nanoparticles,41–45 a second nanostructured  semiconductor 46–53 65 

or carbon nanostructures.54–56 TiO2 supported on microporous and 
mesoporous materials such as, alumina, silica, zeolites or clays 
were proposed as interesting materials taking advantage of the 
adsorptive properties of the second component.14,15,27,57–61 The 
fabrication of mesoporous nanoarchitectures is of paramount 70 
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interest as quantum yield depends on crystal size and surface 
morphology, in addition high surface area and porosity promote 
the absorption and diffusion of the target molecules. In this last 
decade, silica nanoparticles with a controlled mesoporous 
structure (MSNs) have been extensively studied for the 5 

construction of variety of functional mesoporous 
nanomaterials.62–67 Their properties such as well-defined and 
controllable morphology and porosity, chemical and thermal 
stability make them a highly suitable host matrix for 
incorporation of variety of active particles and molecules. 10 

 In this study we report the synthesis of TiO2-SiO2 composites 
containing 10 wt.%, 20 wt.%, 30% and 40 wt.% of TiO2 obtained 
by the reaction of preformed mesoporous silica nanoparticles, 
MSNs, and titanium isopropoxide as titanium source. The 
resulting TiO2-MSN composites, that exhibited a spherical 15 

morphology, high specific surface areas and titania in the anatase 
phase, owing to their specific chemical-physical properties, were 
studied as catalysts in the photocatalytic degradation of dyes 
(methylene blue and methyl orange) and drugs (paracetamol) in 
aqueous suspension. 20 

Experimental 

Materials  

Tetraethoxysilane (TEOS, 98%), sodium hydroxide (NaOH), 
cetyltrimethylammonium bromide (CTABr), methanol (99.6%), 
titanium(IV) isopropoxide (TTIP, 97%), methylene blue (MB - 25 

3,7-bis(Dimethylamino)phenazathionium chloride), methyl 
orange (MO - 4-[4-(Dimethylamino)phenylazo]benzenesulfonic 
acid sodium salt) and paracetamol were purchased from Sigma-
Aldrich; n-hexane (99.6%) and ethanol (EtOH, 99.8%) from 
Carlo Erba. The water was distilled before use.   30 

Synthesis of mesoporous silica nanoparticles (MSN) 

For the synthesis of mesoporous silica nanoparticles, the 
procedure described by Ma et al. was adopted.68 An initial 
solution was prepared mixing CTABr (0.2 g), NaOH 2 mol/L 
(0.75 mL) and H2O (100 mL) under stirring. Once the solution 35 

was clear, n-hexane (15 mL) were added and then stirred for 15 
min (400 r/min). The stirring was stopped to allow the separation 
between the polar and non polar phases and TEOS (1 mL) was 
dropped slowly into the solution. The system was immediately 
put under vigorous stirring and the obtained solution was kept 40 

under stirring, at room temperature, for 5 h. The molar ratio of 
the reagents used for the synthesis was 1 TEOS: 0.12 CTABr: 
1268 H2O: 0.32 NaOH: 2.7 n-hexane. The system was filtered 
and the recovered solid product was washed several times with 
methanol and dried at 60°C overnight. A calcination at 550°C for 45 

5h (with a heating rate of 2°C/min) was performed in order to 
remove the surfactant (CTABr) from the material. The obtained 
sample was referred as MSN. 

Synthesis of the TiO2 nanoparticles loaded into MSN matrix 
(xTiO2-MSN) 50 

TiO2 nanoparticles were loaded into calcined silica MSN at room 
temperature by incipient wetness impregnation. The 
nanocomposites were synthesized with different TiO2 loadings 
and they were referred as xTiO2-MSN, where x represents the 
weight percentage of TiO2 calculated in the total nanocomposite.  55 

The procedure of incorporating TiO2 into the pores of MSN is 
that reported by Lihitkar et al.69 with slight modifications. In our 
typical synthetic procedure, the reaction was carried out under 
nitrogen flow. Different amounts of titanium tetraisopropoxide 
were dissolved in EtOH (25 ml) and each mixture was added to 60 

calcined silica (0.2 g) under magnetic stirring for 24 h. Then, the 
solvent was evaporated and the recovered solids were calcined at 
550°C, 2°C/min rate, for 5 h.  

Characterization 

TGA-DTG thermogravimetric analyses were performed in air 65 

from 30°C to 900°C with a heating rate of 20°C/min with a 
thermobalance Netzsch STA 409. 
 Adsorption-desorption isotherms of nitrogen were obtained at 
the liquid nitrogen temperature using a Micromeritics ASAP 
2010 system. Each sample has been degassed at 130 °C overnight 70 

before measuring the N2 physisorption isotherm. From the data, 
the Brunauer-Emmett-Teller (BET) equation and the Barrett-
Joyner-Halenda (BJH) model were used to calculate the specific 
surface area and the pore size distribution, respectively.  
 X-ray powder diffraction (XRPD) analyses were recorded with 75 

a Philips X’Pert powder diffractometer (Bragg-Brentano 
parafocusing geometry). A nickel-filtered Cu Kα1 radiation (λ = 
0.15406 nm) and a voltage of 40kV were employed.  
 Size and morphology of the nanoparticles were studied 
through a JEOL JEM 3010 transmission electron microscope 80 

(TEM) operating at 300 kV; the powder specimens were 
suspended in isopropyl alcohol and then sonicated, 5µl of this 
suspension were deposited on a copper grid (300 mesh) coated 
with holey carbon film. The copper grids were allowed to dry in 
air.  85 

 The diffusive reflective UV–vis (DRUV-vis) spectra were 
collected with a JASCO V-570 UV-vis spectrophotometer. The 
powder samples were loaded in a quartz cuvette and the spectra 
were recorded in 200-800 nm wavelength range. The absorption 
coefficient (α) can be calculated from the following formula: 90 

α = ln(1/T)/d, where T is the measured transmittance and d is the 
optical path length. Band gap energy, Eg, was determined 
thoroughly the absorption coefficient α (m-1) from a plot of 
(αhν)2 versus photon energy (hν), where h is Planck’s constant 
(4.135 x 10-15 eV·s) and ν is the frequency (s-1). The intercept of 95 

the tangent to the absorption curves was used to estimate the band 
gap energy.  
 X-ray photoelectron spectra (XPS) were collected using a 
Physical Electronics PHI 5700 spectrometer with non 
monochromatic Mg Kα radiation (300W, 15 kV, 1253.6 eV) for 100 

the analysis of the core level signals of C 1s, O 1s, Ti 2p and Si 
2p and with a multi-channel detector. The spectrometer was 
calibrated using the signal Au 4f7/2

 = 83.9 eV. Binding energy 
values were referenced to the C 1s peak (284.8 eV) from the 
adventitious contamination layer. The PHI ACCESS ESCA-V6.0 105 

F software package and Multipak v8.2b were used for acquisition 
and data analysis, respectively. A Shirley-type background was 
subtracted from the signals. Recorded spectra were always fitted 
using Gauss-Lorentz curves, in order to determine the binding 
energy of the different element core levels more accurately. The 110 

error in BE (binding energy) was estimated to be ca. 0.1 eV. 
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Photocatalytic Degradation 

The degradation of two representative dyes (methylene blue – 
MB – and methyl orange – MO) and of paracetamol were chosen 
as test reactions to evaluate the photocatalytic activity of the 
synthesized materials under UV-vis irradiation. A 100 ml Pyrex 5 

photochemical reactor with a 125W medium pressure mercury 
lamp (model UV13F, Helios Italquartz, Italy) was used. The 
initial concentrations of target molecules were 6.0x10-5 M for 
MB, 7.5x10-5 M for MO and 1.3x10-4 M for paracetamol. The 
amount of the photocatalyst was fixed at 1.25 g/L. All the 10 

degradation experiments were carried out at 293 K. The photon 
flux was measured by using a DeltaOHM radiometer HD2302.0 
leaned against the external wall of the photoreactor containing 
only pure water. The irradiation power was 29mW/cm2 in the 
UV-A range (310 - 400 nm) and 100 mW/cm2 in the visible/near 15 

IR range (400 - 1050 nm). To reach the adsorption equilibrium 
before irradiation, the suspension was stirred in the dark for 30 
min.70 After switching on the lamp, aliquots of 2 ml of the 
aqueous suspension were collected from the reactor and filtered 
through a 0.45 µm PTFE Millipore disc to remove the catalyst 20 

powder. 
 A Shimadzu Uv-2450 UV/Vis spectrometer was used for the 
determination of the dye concentration, after calibration. The 
degradation processes were monitored following the absorbance 
at the maximum of the UV-vis spectrum of the target molecules 25 

(660 nm for MB, 465 nm for MO and 243 nm for paracetamol). 
Since the degradation pathways for the selected dye are known 
with high reliability,71–75 the eventual formation of by-products 
was checked monitoring the overall UV-vis spectrum of the 
solutions recovered at different times during the degradation 30 

experiments. The mineralization of the target molecules and the 
production of intermediate inorganic species have been checked 
by ionic chromatography, using a Metrohm 883 instrument 
equipped with a conductometric detector. The inorganic anions 
were analyzed using a Metrosep A Supp5 250/4.0 column using a 35 

NaHCO3 1mM / Na2CO3 3.2 mM solution as mobile phase while 
the cations were analysed using a Metrosep C4 250/4.0with 
HNO3 4.0mM as mobile phase. 

For each target molecule, the material that demonstrated the 
best photocatalytic performance has been chosen to assess the 40 

reusability of the present nanocomposites. After switching off the 
lamp at the end of the first degradation experiment, a certain 
amount of the target molecule and of the photocatalyst was added 
into the reactor of the photocatalyst in order to restore the initial 
concentrations. After equilibration in the dark for 30 min, the 45 

lamp was switched on and samples of the solution (2 mL) were 
collected during time for UV-vis analysis. Four cycles have been 
performed for each target molecule. 

Results and discussion 

Thermogravimetric analysis  50 

TGA analysis was performed from 25 to 1000°C under air 
flow, in order to determine the post-synthesis thermal treatment 
to be applied to the bare siliceous matrix MSNs, to completely 
remove the organic phases of the surfactant and of the silica 
precursor. From Fig.1, it is evident that the majority of weight 55 

loss occurs at temperatures lower than 400°C. An initial weight  

 
Fig. 1 Thermogravimetric curve of bare mesoporous silica nanoparticles 
MSN. The dotted curve is the first derivative of the weight loss (DTG). 

loss of 5% is due to the removal of residual solvent. A second 60 

minimum at 250°C, visible in the derivative of thermogravimetric 
curve (DTG), has been ascribed to the removal of the organic 
fraction comprising CTABr which has a melting point of 237°C 
and decomposes at around 243°C. The slight difference with the 
reported values could be due to its encapsulation in the pores, 65 

which creates an interaction between the surfactant molecules and 
the internal surface of the MSNs. In the 250-550°C temperature 
range the combustion of unreacted ethoxy groups arising from 
TEOS, the decomposition of residual organic molecules and the 
condensation of neighbouring silanol groups occurred. Above 70 

550°C a further loss of approximately 2% was observed due to 
thermal dehydroxylation of internal surface silanol groups to 
form siloxane bridges. After this preliminary study, the MSNs 
support was calcined at 550°C. 

N2 Physisorption 75 

Fig. 2a shows the N2 adsorption-desorption isotherms at the 
liquid nitrogen temperature of the calcined mesoporous silica 
compared to the xTiO2-MSN composites containing different 
amounts of titania. The textural parameters (specific surface area, 
pore size distribution and specific pore volume) are reported in 80 

Tab. 1. 
 The isotherm of the calcined silica MSN displays the type IV 
profile with a H1 hysteresis loop (according to the IUPAC 
classification),76 typical of ordered and mesoporous materials 
with one-dimensional cylindrical channels. The bare silica shows 85 

a high BET specific surface area (900 m2/g) and the distribution 
of the pore diameter, according to the BJH model applied on the 
adsorption branch, is very narrow and centred at 4.3 nm (Tab.1). 
 After the impregnation with different TiO2 loading, all the 
xTiO2-MSN composites maintain a type IV isotherm profile. This 90 

means that the very ordered mesoporous channels of the silica 
matrix are kept intact after the formation of TiO2 nanoparticles 
(Fig. 2b). 
 Furthermore, the loading of titania nanoparticles gives rise to a 
decrease of the amount of adsorbed nitrogen. The capillary 95 

condensation that causes the filling of the mesopores occurs at 
relative pressures p/p0 in the range of 0.4-0.6. Furthermore, the 
size and the distribution of the pores characterize the inflection 
points and the sharpness of the isotherms.77 
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Table 1 Physicochemical parameters derived from nitrogen physisorption 
of the MSN and xTiO2-MSN samples and from XRD measurements of 
TiO2 crystallite size. 

Sample 
aS.A.BET 
(m2/g) 

bDp 
(nm) 

cVp 
(cm3/g) 

dDc 
(nm) 

MSN 900 4.3 0.90 - 

10TiO2-MSN 720 4.3 0.84 2.8 

20TiO2-MSN  665 4.2 0.76 2.6 

30TiO2-MSN  505 4.3 0.69 6.8 

40TiO2-MSN  411 4.3 0.57 13.7 

a BET specific surface area (S.A.BET);  

b Mean pore size (Dp);  5 

c Total pore volume (Vp); 

d TiO2 XRD average crystallite size (Dc). The estimated error is ±10%. 

 
Fig. 2 (a) N2 adsorption-desorption isotherms of the bare silica 

nanoparticles and the xTiO2-MSN nanocomposite materials; (b) BJH pore 10 

size distribution estimated on the adsorption branch of the calcined 
samples. 

 A comparison of the textural properties of the xTiO2-MSN 
nanocomposites with that of the bare silica matrix indicates that, 
while the maximum of the pore size distribution is almost 15 

constant for all the samples, the specific surface area and the total 
pore volume of the TiO2-MSN samples decrease with the 
increase of TiO2 loading. This suggests that titania should be 
confined inside the pores of the silica matrix or blocking the 
channels aperture, causing the partial filling of the pores of 20 

pristine MSN. 

X-Ray Powder Diffraction 

The XRPD profile of the calcined MSN silica (not shown) 
exhibits two well-resolved diffraction peaks, at 2θ = 1.60 ± 0.05°, 
2.60 ± 0.05° indexed as (100), (110), associated to an ordered 25 

hexagonal mesoporous materials. The lattice constant (a0) and the 
pore wall thickness (wp) of the bare nanostructured silica are: 
6.6±0.3 nm and 2.3±0.4 nm respectively. As the material is not 
crystalline at the atomic level, no reflections at higher angles 
were observed. Fig. 3 displays the XRPD patterns of the four 30 

nanocomposite samples. 
 In the low angle region (inset of Fig. 3), the xTiO2-MSN 
composites show XRD profiles similar to that of the MSNs 
support, indicating that the hexagonal ordered structure of silica  
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Fig. 3 XRPD patterns of the four xTiO2-MSN samples in the wide-angle 

region. In the inset the low-angle region is reported. 

matrix is well retained and the loading of TiO2 into the pores of 
the MSN does not cause a collapse or a modification of the silica 40 

network and its morphology.  
 As expected, a decrease of intensity is observed in these 
reflections and it can be ascribed to the filling of the silica pores 
that cause a reduction of the scattering contrast between the 
channels and the pore walls of the silica.77 Nevertheless, the 45 

pattern is conserved confirming that the hexagonal arrangement  
of ordered mesoporous MSNs is retained even after the 
incorporation of titania nanoparticles into the channels of the 
silica matrix. 
 In the XRD wide-angle region, the patterns of all the xTiO2-50 

MSN samples calcined at 550°C exhibit reflections at 2θ values 
corresponding to the characteristic pattern of anatase (the only 
present crystalline phase of TiO2, PDF 21-1272). 
 The crystallite sizes of titania in the xTiO2-MSN samples were 
determined by Line Profile Analysis (LPA)78 of the peaks 55 

corrected for the instrumental broadening. The crystal sizes of the 
samples based on the volumetric average are reported in Tab.1.  

Transmission Electron Microscopy 

TEM micrograph of the bare silica (Fig.S1a) shows an ordered 
two-dimensional hexagonal mesoporous structure with pore 60 

diameter of about 5 nm, in agreement with the BJH distribution. 
The silica nanoparticles have spherical morphology, with 
diameter ranging from 100 to 200 nm. 
 TEM micrographs of the specimens containing TiO2 (Fig. S1b, 
c, d, e) are reported, showing the crystal lattice fringes of titania 65 

nanoparticles. 
 The size distribution of TiO2 is somewhat heterogeneous (from 
1.8 to 5.0 nm) but in agreement with the silica pores size. These 
results are coherent with the average crystallite size obtained by 
LPA. For the 10TiO2-MSN specimen the main size distribution of 70 

titania nanoparticles is in the range between 2 and 3 nm; whereas 
for 20TiO2-MSN it is around 3-4 nm (Fig. S1b, c). Fig. 4 reports 
low magnification micrographs for all the TiO2-containing 
specimens. 10TiO2-MSN and 20TiO2-MSN materials show no 
TiO2 particles on the MSN surface. The 30TiO2-MSN specimen 75 

shows a small fraction of the titania nanoparticles decorating the  
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Fig. 4 Representative TEM micrographs of (a) 10TiO2-MSN, (b) 20TiO2-

MSN, (c) 30TiO2-MSN and (d) 40TiO2-MSN. 

surface of silica and an average crystallite size slightly larger than 
the size of the silica pores. TEM picture (Fig. 4d) of 40TiO2-5 

MSN reveals a decoration of TiO2 nanoparticles on the surface of 
MSN and also a consistent growth of larger TiO2 nanoparticles 
outside the MSN with sizes ranging from 7.5 to 12 nm. 
 From these experimental observations, it could be inferred 
that, in case of lower content of TiO2 (10TiO2-MSN and 20TiO2-10 

MSN materials), the channels of the silica are able to control the 
growth of titania nanoparticles keeping their sizes within the 
silica pore diameters (i.e. lower than 5 nm). In the case of higher 
TiO2 contents (30TiO2-MSN and 40TiO2-MSN specimens), TEM 
micrographs evidence the existence of two different size 15 

distributions of nanoparticles: one distribution having an average 
size below the average diameter of the silica pore, while the 
second size distribution is characterized by particle sizes much 
bigger. These observations could suggest that there is a threshold 
concentration below which the titania is able to grow inside the 20 

channels of SiO2; when this threshold is exceeded, the growth of 
TiO2 takes place also on the external surface of the silica 
network, forming large aggregates as the TiO2 content increases.   
 The Selected Area Electron Diffraction (SAED) performed in 
the xTiO2-MSN specimens provides a series of ring patterns that 25 

can be indexed as the anatase phase of TiO2, in agreement with 
the results obtained by XRD. 
 The EDX measurements carried out inside the MSN show the 
presence of the chemical element Ti, Si and O. 

XPS 30 

The surface chemical analysis of the composite samples has been 
carried out by XPS. The binding energy value for Ti 2p3/2 shifts to 
lower values with the content of titania and presents a value of 
458.3 eV for sample 40TiO2-MSN. This value is very similar to 
that reported for pure TiO2 nanospheres.79 The binding energy 35 

values of Si 2p (103.3-103.5 ev) are typical to that found for 
SiO2. The relative intensities of Si and Ti signals show that the  

Table 2 Comparison between the theoretical and surface (determined by 
XPS) Si/Ti atomic ratios and band gap energies for the studied xTiO2-
MSN nanocomposites. 40 

Sample 
Si/Ti 

theoretical 
Si/Ti 

surface 
Energy gap 

(eV) 

10TiO2-MSN  11.96 4.11 3.26 

20TiO2-MSN  5.32 3.34 3.26 

30TiO2-MSN  3.10 1.77 3.22 

40TiO2-MSN  2.00 1.24 3.20 

 
Fig. 5 O1s core level spectra for samples 10TiO2-MSN, 20TiO2-MSN, 

30TiO2-MSN and 40TiO2-MSN. 

values of surface Si/Ti atomic ratios are always lower than the 
theoretical ones. This is indicative that titanium is mainly on the 45 

surface of the solid. With higher contents of titanium the 
observed difference is less pronounced. That is, in the case of 
samples 40TiO2-MSN the surface Si/Ti ratio is 1.24 and the 
theoretical one is 2.00. This suggests that, with a high content of 
titanium, the fraction of titanium incorporated into the 50 

mesoporous channels is much higher.  
 The evolution of the O 1s core level signals with the content of 
TiO2 is presented in Fig. 5. These spectra can be decomposed in 
at least three contributions at 530.1, 531.1 and 532.8 eV (Fig. SX 
shows, as an example, the deconvolution obtained for the 55 

10TiO2-MSN material). The contribution at higher BE is assigned 
to oxygen from SiO2 while the one at lower BE is attributed to 
oxygen from TiO2.

80 The contribution at 531.1 eV has been 
attributed to Ti-O-Si.81 The O 1s spectra presented in Fig. 5 
suggest that significant differences are present in the materials 60 

depending on the TiO2 content. The relative intensity of the 
contribution at 531.1 eV is appreciable for samples 10TiO2-MSN 
and 20TiO2-MSN, where a strong interaction between titania and 
silica occurs. This is in agreement with the formation of small 
anatase crystallites (as evidenced by XRD), in strong contact with 65 

SiO2 mainly within the channels of MSN. The contribution at 
531.1 eV is very weak while the relative intensity of the 
contributions due to titania at 530.1 eV shows a significant 
increase for the samples with higher titania contents, in 
agreement with the formation of TiO2 nanoparticles on the 70 

external surface of MSN. These results, in combination with 
TEM analysis of the materials, suggest that a critical threshold in 
the TiO2 loading exists between 20 and 30 wt%. Below this 
threshold, a strong interaction between SiO2 and TiO2 takes 
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place, resulting in highly dispersed Ti-species and/or small TiO2 
nanoparticles mainly inside the MSN channels. Above the critical 
threshold, the amount of TiO2 is large enough to completely 
cover the surface and the growth of TiO2 nanoparticles takes 
place also on the external surface of the MSN, as revealed by 5 

TEM and XPS. Moreover, the mean crystallite size of TiO2 
increases because their growth is not limited by the nanometric 
diameter of the pores of MSN. 

UV-vis 

The diffuse reflectance UV-vis spectra xTiO2-MSN samples are 10 

presented in Fig. 6, evidencing that a strong absorption of light 
takes place on these materials below 400 nm. As a comparison, 
the diffuse reflectance UV-vis of the pristine MSN is presented in 
Fig. S2, demonstrating that the contribution of MSN is negligible 
in this range. 15 

 As it is clearly evident, the decrease of titania content 
corresponds to a shift of the UV absorption edge to shorter 
wavelengths. Plots of (αhν)2 versus photon energy (hν) are 
shown in the inset of Fig. 6. The same methodology have been 
previously adopted to determine the band gap of TiO2-SiO2 20 

composite materials.82,83 The energy band gap values were found 
to be in the range of 3.20 – 3.26 eV. In particular, the Eg decrease 
with the increase of titania content (Table 2). The blue shift in the 
absorption edges and the correspondent increase in the bang gap 
values could be reasonably associated to the well-known quantum 25 

size confinement resulting from the decrease in crystallite size by 
the.77,84,85 This effect has been previously observed in the case of 
other TiO2-SiO2 composites prepared by different techniques.86–90 
The origin of the blue shift in the absorption edge has been 
ascribed to the existence of Ti–O–Si chemical bonds.89,90 In 30 

agreement with this, in the present xTiO2-MSN composites, the 
largest blue shift is observed for the materials with the lower 
TiO2 content, in which the Ti-O-Si contribution represents the 
most important Ti-related species as revealed by XPS. 

Photocatalytic activity 35 

The xTiO2-MSN composites were studied as catalysts in the 
photocatalytic degradation of dyes (methylene blue and methyl 
orange) and drugs (paracetamol) in aqueous suspension.  

 

Fig. 6 Diffuse reflectance UV-Vis spectra of the TiO2-MSN composites 40 

and the (αhν)2 against photo energy (hν) of the TiO2-MSN composites 
(inset). 

 
Fig. 7 Performances of adsorption and MB photodegradation on xTiO2-
MSN catalysts before and under UV-vis irradiation, with the calculated 45 

kinetic constants (inset). 

Methylene blue (MB) degradation 

Fig. 7 presents the decrease of MB concentration as a function of 
time during photocatalytic experiments in the presence of the 
TiO2-MSN materials under UV-vis irradiation. 50 

 After 30 min of equilibration in the dark, a high amount of MB 
is adsorbed on the surface of the materials, decreasing from 75% 
to 35% as the fraction as the TiO2 amount increases from 10 wt% 
to 40 wt%. This could be related to the decrease in surface area 
observed increasing the content of TiO2 and with a potential 55 

selective adsorption of MB on the SiO2 fraction of the TiO2-MSN 
materials. Notably, the pristine MSN support adsorbs ~ 50% of 
the dye (not shown). In the case of a charged dye, the quantities 
adsorbed in the dark depend on both the surface area and the 
Point of Zero Charge (PZC) of the materials. In the case of the 60 

TiO2-SiO2 composites, PZC values usually lower than 4 pH unit 
were reported.91,92 Therefore, in our working conditions (slightly 
acidic pH), the surface of the catalysts is deprotonated and 
covered by negatively charged moieties, able to adsorb large 
quantities of the cationic dye MB, especially on the SiO2 exposed 65 

surface. The adsorption of large amounts of cationic dyes on 
SiO2-TiO2 materials was in fact reported in the literature.91,92 
 After switching on the UV-vis lamp, the concentration of MB 
decreases exponentially with the time for all the xTiO2-MSN 
samples. Pseudo-first order kinetic constants are calculated 70 

plotting ln(C0/C) vs time for the first part of the exponential 
decay curves. The values of the kinetic constants k are reported in 
the inset of Figure 7. The highest value of k (0.264 min-1) is 
obtained for 10TiO2-MSN, although this result could be 
influenced by the very high MB adsorption observed for this 75 

material (75%). On the other hand, the other samples 
investigated, that show comparable MB adsorption properties 
(35–45%), present a trend in the values of k with a relative 
maximum for 30TiO2-MSN (0.194 min-1).  
 The pathway for MB degradation on TiO2-based materials has 80 

been studied in detail by Houas et al. by LC/MS and GC/MS 
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analysis of the intermediate compounds.72 The degradation of 
MB starts with the oxidation of S to form a sulphonic group and 
the opening on the central aromatic ring and the formation of an 
NH2 group. Further oxidation by reaction with OH• leads to the 
dissociation of the two benzenic rings, with the formation of 5 

sulphonic acid and aniline substituted with dimehtylamino 
groups. Subsequent reaction of these intermediates with OH• 
leads to the formation of hydroxylated phenols, the opening of 
the aromatic ring and its mineralization through the formation of 
carboxylic acids. The degradation of the aromatic ring is 10 

accompanied by the release of sulphates and ammonium ions into 
the aqueous media. To check the presence of intermediates in 
solution, UV-vis spectra in the 300 – 900 nm range of the 
solutions were collected at different reaction time (Figure S3):  no 
new absorption bands, indicating that the organic by-products are 15 

easily oxidized and decomposed to small fragments. The IC 
analysis of the solutions  recovered at the end of the degradation 
experiments showed the presence of chlorides and sulphates in 
good stoichiometric ratio with respect to the initial MB 
concentration. Moreover, traces of anions such as formiate, 20 

acetate, oxalate and nitrate, and of cations such as ammonium 
ions have been detected. Formiates, acetates and oxalates are 
intermediate products of the degradation of the organic skeleton. 
Ammonium ions are released from the N-containing functional 
groups of the MB molecules and are partially converted into 25 

nitrates during photocatalytic degradation.93,94 These results 
suggest that skeleton of MB is completely destroyed during the 
photocatalytic experiments leaving inorganic ions and only minor 
amounts of non-toxic compounds. 
 The 30TiO2-MSN material, that demonstrated the best 30 

photocatalytic performances, was chosen for the reusability test. 
After the first degradation experiment, MB was introduced in the 
reactor restoring the initial concentration. The degradation of the 
dye was monitored during 4 consecutive cycles (Figure S4), 
observing a slight minimal decrease in the photocatalytic 35 

performances of the material. Nevertheless, complete removal of 
MB is always achieved after 2h of irradiation. The progressive 
deactivation observed could be related with the progressive 
accumulation in the solution of inorganic anions, such as 
chloride, sulphates and nitrates.  40 

 The results from photocatalytic degradation of MB over the 
xTiO2-MSN samples suggest that a strong synergy between the 
two components of the materials (TiO2 and SiO2) are required to 
obtain the best performances in water remediation. The role of 
the two components (TiO2 and SiO2) is complementary: SiO2 45 

adsorbs the cationic dye from solution through electrostatic 
attraction of the surface Si-Oδ- groups, while the anatase TiO2 
nanocrystals provide the photoactive sites producing the OH• 
radicals required for the MB degradation. In this context, the 
maximum in activity demonstrated by 30TiO2-MSN could be 50 

rationalized considering that this composition is just above the 
critical threshold of the TiO2 incorporation inside the channels of 
MSN, presenting TiO2 nanoparticles mainly located inside the 
pores with a small fraction decorating the surface of MSN. This 
finding results in the closest interaction between the sites of 55 

adsorption of MB and the sites for OH• production inside the 
mesopores of MSN. Similarly, a cooperative effect between TiO2 
and SiO2 was previously reported in the degradation of cationic 

dyes 91,92 for materials with higher TiO2 contents (60-90%). In 
these studies, the authors suggested that inner surface of pores 60 

was pre-enriched by adsorption of the dye in SiO2 surface. The 
degradation of the dye was promoted by the photoactive TiO2 
moieties while the complete mineralization was possible due to 
the confinement of intermediate products inside the mesopores. 
Beyers et al. 95 demonstrated that the inclusion of TiO2 65 

nanoparticles (both for anatase and rutile phases) inside the pores 
of SiO2-based materials is essential to obtain a high 
photocatalytic activity in the degradation of cationic dyes. 
 
Methyl Orange (MO) degradation 70 

 The xTiO2-MSN materials were also tested in the 
photocatalytic degradation of methyl orange, which is negatively 
charged in a wide pH value range. 
 Figure 8 shows the decrease of MO concentration with time 
during photocatalytic experiments using the four xTiO2-MSN 75 

catalysts. The amount of MO adsorbed on the materials in the 
dark, measured at the time t = 0, is proportional to the amount of 
TiO2 present in the composite, increasing from 1.8% to 21.8% of 
the initial amount of MO moving from 10TiO2-MSN to 40TiO2-
MSN. This result suggests that, differently from the case of MB, 80 

MO adsorption could take place preferentially on the TiO2 
nanoparticles. The PZC of anatase is reported to be 5.3 – 5.6, 
depending on the preparation condition and measurement 
technique,96 values close to the natural pH of the dye solution 
(slightly acidic pH). Therefore, the adsorption of an anionic dye, 85 

such as MO, is less favored with respect to a cationic dye (MB) 
and, in any case, should take place on the TiO2 phase, presenting 
a PZC value significantly higher than that of the SiO2 part. 
 The photocatalytic activity in the decolourization of MO 
increased up to the TiO2 content of 30wt%, while a further 90 

increase to 40wt% resulted in a significant decrease of the 
performance. In agreement with this, the kinetic constants, 
calculated on the basis of a first-order kinetic, show a maximum 
for the 30TiO2-MSN material (0.0699 min-1).  
 The pathway of photocatalytic degradation of MO in aqueous 95 

solution has been studied by HPLC-MS by Baiocchi et al.71 The 
reaction of MO with photo-generated OH• results, in different 
order, to the hydroxylation of the aromatic rings, demethylation 
of the dimethylamino group and substitution of the sulphonic  

 100 
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Fig. 8 Performances of adsorption and MO photodegradation on xTiO2-
MSN catalysts before and under UV-vis irradiation, with the calculated 

kinetic constants (inset). 

group with a OH group. Further oxidation and fragmentation of 
the molecule leads to the aniline and sulphonic acid, eventually 5 

hydroxylated on the aromatic ring and/or substituted with the azo 
group. Finally, further degradation produces sulphates, N2 and 
NH4

+ and different carboxylic acids after oxidation and opening 
of the benzenic ring. The presence of organic by-products has 
been checked analyzing the UV-vis spectra in the 300 – 900 nm 10 

range of the solutions collected at different reaction times.  Also 
in this case, the appearance of new absorption bands was not 
observed (Figure S5), indicating that degradation of MO and of 
its aromatic by-products were fast under the photocatalytic 
conditions adopted. 15 

 The IC analysis of the solutions recovered at the end of the 
degradation experiments showed the presence of Na+ in good 
stoichiometric ratio with respect to the initial MO concentration 
and traces of NH4

+ deriving from the degradation of 
dimethylamino group. Also in this case, traces of anions such as 20 

formiate, acetate, oxalate, sulfates and nitrate have been detected, 
as intermediate products of the degradation of the organic 
skeleton and from the oxidation of NH4

+.93,94 Notably, the amount 
of SO4

= ions detected in solution is in good stoichiometric ratio 
with the initial amount of MO. These results indicate that 25 

skeleton of MO is completely degraded during the photocatalytic 
experiments with the production of inorganic ions and only minor 
amounts of non-toxic compounds. 
 The trend observed for MO decolourization on xTiO2-MSN 
nanocomposites (Figure 8) could be due to the combination of 30 

various factors. The adsorption of MO takes place mainly on the 
TiO2 surface, with various important consequences: 
i) the surface of TiO2 nanoparticles is less available for the 
adsorption of water, reducing the possibility to produce OH• 
radicals responsible for the dye degradation in solution;  35 

ii) considering the absorption spectrum of the dye, MO (both 
adsorbed and/or in solution) could act as a light filter, reducing 
the number of photons with the correct energy approaching the 
surface of the photocatalyst and therefore reducing the ability to 
produce the radical species responsible for dye decolourization; 40 

iii) at the same time, adsorbed MO could act as a sensitizer, 
absorbing photons and transferring electrons from the excited 
state of the dye to the conduction band of TiO2.

97  
 The first two possibilities suppress the photocatalytic activity 
while the latter enhances the performances of the semiconductor 45 

photocatalysts. In the present case, the 30TiO2-MSN material 
shows the best photocatalytic performances as a result of the best 
compromise between the opposite effects induced by adsorbed 
MO. For this reason, the 30TiO2-MSN nanocomposite has been 
selected for the reusability test, obtaining the results presented in 50 

Figure S6. The performance of the present photocatalyst slightly 
decreases during various cycles of reaction, although the 
complete decolourization of MO solution is always achieved 
within the 2h of irradiation. Also in this case, this result can be 
related with the accumulation of the inorganic by-products (Na+, 55 

NH4
+, sulphates, nitrates) in the aqueous solution, ions that can be 

adsorbed on the surface of the TiO2 and/or SiO2 components 
affecting all the processes taking place on the surface of the 

material (adsorption of the target molecule and possible by-
products and production of OH• radicals by photo-oxidation of 60 

water or photo-reduction of dissolved O2). 
 
Paracetamol degradation 

 
Finally, the xTiO2-MSN materials were tested in the 65 

photocatalytic degradation of paracetamol, as a model reaction 
for the purification of water from pollutant drugs. Moreover, 
paracetamol is a neutral molecule and contains a phenolic ring, 
one of the most recalcitrant moiety to be degraded by 
decontamination techniques. The degradation of paracetamol as a 70 

function of irradiation time under UV-vis light is presented in 
Fig. 9. 
 As to paracetamol, the amount adsorbed on the surface of the 
photocatalysts is always negligible (lower than 2%), because of 
the neutrality of the target molecule. 75 

 During irradiation with UV-vis lamp, the behavior of the 
xTiO2-MSN photocatalysts depends on the amount of TiO2. In 
the case of 10TiO2-MSN and 20TiO2-MSN, the concentration of 
paracetamol decreases monotonically. At the same time, the 
appearance of new bands is observed in the UV-vis spectra of the 80 

solution samples recovered during the photocatalytic experiments 
(Figure S7). These new bands are centered at 215 nm, that is 
present also after complete conversion of paracetamol, and at 320 
nm, even with a low intensity and disappearing after 30 – 40 min 
of irradiation. On the other hand, increasing the amount of TiO2 85 

present in the composite materials, the degradation of 
paracetamol is very fast in the initial 20 minutes. After this 
period, the concentration of paracetamol decreases slowly and, 
after 90 minutes of irradiation, the degradation rate increases 
again. In these last cases, the band at 215 nm is always less 90 

intense than that observed in the case of the materials with a 
lower loading of TiO2 and the intensity of the band at 320 nm is 
always negligible (Figure S7).  
 The mechanism of paracetamol degradation under 
photocatalytic conditions (mainly under UV-vis irradiation) have 95 

been previously reported in the literature.73,74 Generally, the 
reaction involves, in a different order, the deacylation of the  

 
Fig. 9 Degradation profile of paracetamol solution using the various 

xTiO2-MSN catalysts under UV-vis irradiation. 100 

Page 9 of 12 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

molecule and the hydroxylation of the aromatic ring, producing 
p-aminophenol, N-(3,4-dihydroxyphenyl)-acetamide, N-(2,4-
dihydroxyphenyl)-acetamide and hydroquinone as intermediates. 
Finally, the phenolic ring is broken by reaction with OH• radicals, 
producing dicarboxylic acids, that will be further degraded until 5 

complete mineralization. The formation of p-aminophenol has 
been evidenced by the increase in the absorbance at 320 nm 73 
while absorption band around 215 nm can be associated with the 
formation of the dicarboxylic acids. Moreover, the IC analysis of 
the solutions recovered at the end of the degradation experiments 10 

revealed the presence of NH4
+, NO3

-, formiates, acetates and 
oxalates. NH4

+ is the product of the mineralization of the amide 
group of paracetamol and produces nitrates by oxidation 93,94 
while the other by-products represent the last steps in the 
degradation of the dicarboxylic acids produced by the opening of 15 

the phenolic ring. 
 The studied xTiO2-MSN composites show a very different 
behavior depending on the loading of TiO2. This is the result of 
the different morphology of the materials observed by TEM as 
the amount of TiO2 increases. Anatase nanoparticles are located 20 

mainly inside the mesopores of the MSN materials up to a 
loading of 20 wt% and molecules in the solution must diffuse 
inside the mesopores to reach the photocatalytic sites. 
Considering the small dimension of the pores of the TiO2-MSN 
materials (~ 4.3nm), the diffusion of paracetamol could be 25 

strongly hindered with respect the diffusion of water. Moreover, 
paracetamol is only weakly adsorbed on the surface of the 
composite materials. Therefore, it is reasonable that the 
photoactive surface of TiO2 can be reached mainly by water 
resulting, after activation by UV light, in the production of large 30 

quantities of OH• radicals. These can be released in the external 
solution being responsible for the degradation of paracetamol to 
p-aminophenol and finally to dicarboxylic acids, following the 
mechanisms previously proposed for the photocatalytic 
degradation of this molecule.74 Increasing the amount of TiO2 in 35 

the nanocomposite materials, some TiO2 is present also outside 
the pores of the MSN support. In this case, the outermost surface 
of the material is mostly available for the photocatalytic 
reactions. Therefore, the initial rate of degradation of paracetamol 
is very high but the adsorption of intermediate compounds that 40 

can be produced by the partial decomposition of paracetamol by 
reaction with OH• radicals could hindered the surface to 
following degradation reactions. Notably, positively charged 
(NH4

+) or basic compounds (p-aminophenol) are present among 
the by-products of paracetamol decomposition.  The deactivation 45 

by adsorption of the intermediates on the surface of the materials 
is suggested by the low intensities of the bands related to p-
aminophenol and dicarboxylic acids in solution. The degradation 
rate of paracetamol remains low for a certain period (from 30 to 
90 – 120 min of reaction). During this time, an equilibrium 50 

should take place between the degradation of the molecules 
adsorbed on the surface, the production of OH• radicals on the 
free photocatalytic sites and the adsorption of the new 
intermediate formed. Once a certain amount of the intermediates 
is fully degraded and removed from the surface, the rate of 55 

paracetamol degradation increases again (after 90 – 120 min of 
irradiation) until the complete mineralization of the molecules is 
obtained. 

 On the basis of the degradation experiments presented in 
Figure 9, the 20TiO2-MSN material has been selected for the 60 

reusability test. The results of the four consecutive experiments 
are presented in Figure S8. Although paracetamol is always 
completely degraded after 4h of irradiation, a progressive loss of 
performance was observed in the central part of the degradation 
experiments. In agreement with the considerations previously 65 

reported for the materials with higher TiO2, loading, also in this 
case the decrease in the paracetamol degradation rate observed 
during the reusability test can be ascribed to the interference of 
the inorganic by-products produced during the previous 
experiment: the adsorption of by-products as nitrates could hinder 70 

the formation of OH• while the adsorption of ammonium ions or 
carboxylate molecules (formiates, acetates, oxalates) could be 
oxidized instead of paracetamol itself. Moreover, it must be 
underlined that the initial concentration of paracetamol is higher 
than that employed during degradation of MB and MO. 75 

Therefore, also the concentration of inorganic by-products is 
higher, finally leading to a deeper deactivation. 

Conclusions 

In summary, nanocomposite materials based on pure anatase 
TiO2 nanoparticles confined inside the channels of ordered 80 

mesoporous silica nanospheres, with very high surface area and 
narrow pore size distribution centred at 4.3 nm, have been 
synthesized. The TiO2-SiO2 composites, containing 10 wt.%, 20 
wt.%, 30% and 40 wt.% of TiO2, were obtained by the reaction of 
MSNs and titanium isopropoxide as titanium source.  85 

 XPS results and TEM micrographs suggest that a critical 
threshold in the TiO2 loading exist between 20 and 30 wt%: 
below this threshold, the growth of TiO2 crystallites takes place 
in the constricted space of the mesopores of MSNs, keeping their 
sizes within the silica pore diameters; when amount of TiO2 90 

exceeds this threshold, the growth of TiO2 occurs also on the 
external surface of the silica network. For the samples with the 
lower TiO2 content, a strong interaction between the two 
components of the materials, as evidenced by XPS 
measurements. The results from photocatalytic degradation of 95 

pollutant compounds suggest that xTiO2-MSN catalysts provide a 
good combination of potential adsorptive and photocatalytic 
properties. The role of the two components seems to be 
complementary to obtain good performances in water 
remediation. 100 

 In MB degradation, mesoporous SiO2 nanospheres adsorb the 
cationic dye while the anatase TiO2 nanocrystals provide the 
photoactive sites for the dye degradation. In particular, the high 
activity demonstrated by 30TiO2-MSN could be rationalized 
considering that this composition presents TiO2 nanoparticles 105 

mainly located inside the MSN pores, with a small fraction 
decorating the surface of MSN. 
 In MO and paracetamol degradation, the adsorption of the 
target molecules on TiO2 inside the pores of the MSN support is 
limited by the diffusion. This results in the protection of the 110 

photoactive material with respect to the adsorption of large 
amounts of organic compounds (target molecules or by-products 
of their partial degradation). Increasing the amount of TiO2, some 
photoactive material is present in the external surface of the SiO2 
nanospheres, being more easily deactivated by adsorption of by-115 
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products. 
 Finally, also considering the low amount of titania loaded, this 
type of nanocomposites could offer a simply way to tune the 
nanoarchitecture of a material, controlling the size and dispersion 
of the active phase present in the system, thus improving the 5 

catalytic behavior.  
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