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a b s t r a c t

In order to understand the effect of nanoparticle size on photocatalytic activity in gas phase propane
oxidation, TiO2 nanoparticles embedded in TUD-1 mesopores were prepared with a high degree of size
control in the range 3e8 nm. One sample of TiO2-TUD-1 was prepared with Ti/Si ratio of 2.5, and during
the synthesis, it was divided into four parts and hydrothermally treated for different times 8e24 h. The
produced samples were characterized by means of XRD, HR-TEM, N2 sorption, and DR-UV-Vis spec-
troscopy. Characterization data showed that the size of the TiO2 nanocrystals is increasing with the
hydrothermal treatment time. The photocatalytic activity of the four investigated samples, with identical
TiO2 loading, was performed under the illumination of ultraviolet radiation l¼ 335 nm, selectively
activating the nanoparticles. Results showed that the initial reaction rate in photocatalytic oxidation of
propane was found to be smaller for the TiO2 nanoparticles with an average size of 3.5 nm as compared
to the TiO2 nanoparticles with an average size of 7.5 nm. However, the larger total available surface area
lead to a higher propane consumption with higher photochemical selectivity toward acetone (desired
product), as compared to the 7.5 nm particles.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

TiO2 is a large-bandgap semiconductor with high photo-
catalytic activity. Extensive research efforts have been reported to
modify the properties of TiO2 for applications such as the decom-
position of organic contaminants [1], selective photo-catalysis [2,3],
photovoltaics [4], and gas sensing [5]. Significant improvements in
activity have been achieved by reducing the crystallite size, for
example by impregnation of TiO2 precursors on mesoporous ma-
terials such as MCM-41 [6], and SBA-15 [7]. Studying andmodelling
the recombination pathways of photogenerated electrons and holes
in TiO2 [8,9], might further assist in improving oxidative titania
catalysts.

One of the interesting gas phase photocatalytic reaction is the
selective oxidation of propane to produce acetone as a desired
product. However, acetone can be oxidized further to produce
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different carboxylic compounds which can be oxidized as well to
form carbon dioxide and water. Some attempts were reported to
increase the acetone selectivity, one of these studies was reported
by van der Meulen et al. [10], in which different phases of TiO2 was
used to activate the propane conversion. In another study [11], Kim
et al. investigated the selectivity of acetone production over Mo-
SBA-15. Moreover, another study reported by Wang et al. [12] in
which the photooxidation of propane was investigated over Cu2O/
TiO2 as a photocatalyst. Interestingly, to the best of our knowledge,
no published data are available about the effect of nano-size of the
photocatalyst on the selectivity of acetone production in the pho-
tocatalytic oxidation of propane.

The current study concerns the use of TUD-1, a form of meso-
porous amorphous silica, the physical and chemical properties of
which can be systematically tuned during synthesis [13,14]. The
addition of different amounts of titanium butoxide to the synthesis
mixture was previously reported to result in various Ti morphol-
ogies, ranging from isolated sites to nanoparticles in the range of
2e10 nm [13,14]. In a previous study by the current research team
[15], it was indicated that the nanoparticles of TiO2 (anatase phase)
embedded in TUD-1 are much more selective for the photo-
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oxidation of propane to acetone than commercial crystalline
anatase. Here, for the first time, we show that, by variation of the
hydrothermal treatment time alone, the size of the TiO2 nano-
particles in TUD-1 can be controlled independently of Ti loading. At
the large end of the size range (~7.5 nm) TiO2 is known to have
bulk-like optical properties; at the small end (~3.5 nm) confine-
ment affects the generation and fate of charge carriers [8,9]. As
shown here, this has consequences for photo-sensitized reactions
at the particle surface.
2. Experimental

2.1. Synthesis

One sample of TiO2-TUD-1 with a Si/Ti ratio¼ 2.5 was synthe-
sized described earlier [15] by using the molar composition of
1SiO2:0.4TiO2:0.3TEAOH:1TEA:11H2O. A mixture of triethanol-
amine (97%, ACROS) and deionized water was added dropwise into
a mixture of tetraethylorthosilicate (þ98%, ACROS) and titanium
(iv) n-butoxide (99%, ACROS) while stirring. After stirring, tet-
raethyl ammonium hydroxide (35%, Aldrich) was added dropwise.
The formed homogeneous mixture was aged for 24 h under
ambient conditions. After drying, the solid Ti-40 sample was
divided into four equal amounts, which were hydrothermally
treated in a Teflon-lined stainless steel autoclave to 450 K (at 5 K/
min.) and incubated for different times (8e24 h). Finally the sam-
ples were calcined at 873 K (1 K/min.) for 10 h in air. The samples
were labeled as Ti-40-xh, where x ¼ the heating time in hours.
2.2. Characterization

XRD patterns were recorded using CuKa radiation on a Philips
PW 1840 diffractometer equipped with a graphite monochromator.
The samples were scanned over the range of 0.1e80� 2q with steps
of 0.02�. Nitrogen sorption isotherms were recorded on a Quan-
tachrome Autosorb-6B at 77 K. Diffuse reflectance UVeVis spectra
were recorded on a CaryWin 300 spectrometer under atmospheric
conditions using BaSO4 as reference. Samples were scanned from
190 to 800 nm. Elemental analysis was carried out by instrumental
neutron activation analysis (INAA). HR-TEM was performed using a
Philips CM30T electron microscope with a LaB6 filament as the
source of electrons operated at 300 kV.
Fig. 1. A schematic diagram
2.3. Photocatalytic study

Ultraviolet light was obtained from a 200W HgeXe arc (Ushio
UXM-200H, PTI A-1010B housing). The excitation frequency was
selected by means of a grating monochromator (single for photo-
chemistry, bandpass 15 nm; double for luminescence excitation,
bandpass 8 nm). The excitation energy was measured with a ther-
mopile power meter (Scientech 360001). Ti-40 wafers of approxi-
mately 50 mm thickness were formed in an automatic press
(SPECTA) by applying 3 tons/cm2. The samples were edge-
supported in a copper sample holder incorporating a resistive
heater and type K thermocouples. The sample holder was placed in
a high vacuum chamber with CaF2 windows that allowed for
simultaneous ultraviolet-light irradiation and FTIR spectroscopy in
transmission. All samples were activated prior to use by ramping to
773 K (15 K/min) and dwelling for 30min under high vacuum (10-
6mbar). The cell was then loaded with 2.8mbar of propane gas and
400mbar of molecular oxygen (1 propane: 140 oxygen) and held at
300 K. The infrared spectra of adsorbed species were monitored in-
situ by an FTIR spectrophotometer Bio-Rad 175C, (Fig. 1). Decon-
voluted and integrated absorbance bands were converted to the
column density of molecules using known integrated cross-
sections [15]. Molar quantities are thus reported per unit external
surface area of the sample wafer (mmol/cm2). For visible-light
luminescence spectra the UV excitation was chopped at 1200Hz;
filtered emission was dispersed with a grating monochrometer
(resolution< 8 nm) and detected with a red-sensitive photo-
multiplier (Burle 4840) and lock-in amplifier (PAR model 122).
Sensitivity was calibrated with respect to a 3400 K blackbody.

3. Results and discussion

The elemental analysis of the four samples were identical, Si/Ti
ratio was found to be 2.38, which means that all the metal ions
added during the synthesis were obtained in the final product,
moreover, the obtained same ratio for the four samples reflects the
high stability of the structure during the hydrothermal treatment.
The XRD patterns for all Ti-40 samples were similar (Fig. 2), with a
single peak at small angle (1-2� 2q) arising from themeso-structure
of the material (corresponding to a length scale of approximately
4.5 nm). This peak was broader and less intense than observed in
Si-TUD-1, indicating that titania particles influence the integrity of
the pore network. Peaks due to crystalline TiO2 were not detected.
The diffuse-reflectance UV-VIS spectra of all the samples were
for the applied set-up.



Fig. 2. XRD patterns of the investigated TiO2-TUD-1 samples.
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similar. Two absorption maximawere resolved, centered at 220 nm
and 330 nm. These correspond to isolated Ti4þ centres, and poly-
titanate (TieOeTi)n species, respectively [16,17]. The peak at longer
wavelength is associated with solid TiO2 particles.

Morphological differences between the samples were evident
from the N2 sorption isotherms, which are presented in Fig. 3-a. All
of the isotherms are of Type IV e an indication of meso-porosity.
However, the hysteresis loops are markedly different. With
increasing hydrothermal treatment time, the hysteresis loops
Fig. 3. a- The N2 sorption isotherms for different Ti-40 samples. b- The BET surface area an
distribution of the different Ti-40 samples. d- The pore size distribution of Ti-40 samples a
change from Type H1 (Ti-40-8 h) to Type H2 (Ti-40-12 h and Ti-40-
18 h) and finally to Type H3 (Ti-40-24). This trend indicates the
development of larger, more uniform pores as a function of
increasing hydrothermal treatment time [18]. A quantitative anal-
ysis of these isotherms yields the specific surface area and pore
volume, which are plotted in Fig. 3-b against the duration of the
hydrothermal treatment. By using the Barret-Joyner-Halenda (BJH)
model [19], a pore size distribution can also be extracted from the
isotherms (Fig. 3-c). In Fig. 3-d the results of such an analysis are
shown for the samples as a function of treatment time.

It was proposed previously [15] that TiO2 nanoparticles grow
within the pores of the TUD-1 matrix. Therefore, tuning the pore
size should influence the size of the TiO2 inclusions. This is
confirmed by high-resolution transmission electron microscopy
(HR-TEM) images of samples Ti-40-8 h and Ti-40-24 h, as shown in
Fig. 4. Although the pore structure cannot be observed, TiO2 in the
anatase phase is identified by its electron diffraction fringes (Fig. S1,
supporting information section) and by Raman spectroscopic study
(Fig. S2). The size of these nanoparticles corresponds well to the
pore diameter obtained from the adsorption isotherms (Fig. S3).
This is additional evidence that the particles indeed grow within
the TUD-1 mesopores, and that the particle size in TUD-1 can be
controlled independently of the overall Ti loading. To the best of our
knowledge, this has not been demonstrated with any other meso-
porous material.

A useful assay of photo-catalytic performance is the oxidation of
propane to acetone (desired), carboxylates (undesired) and water.
The prepared samples were evaluated under identical conditions,
with 60 mW/cm2 of excitation at an ultraviolet wavelength of
d the pore volume plotted against the hydrothermal treatment time. c- The pore size
s a function of treatment time.



Fig. 4. HR-TEM micrographs of Ti-40-8 h (left) and Ti-40-24 h (right).

M.S. Hamdy et al. / Journal of Molecular Structure 1200 (2020) 1271134
335 nm. This wavelength was chosen to selectively activate the
nanoparticles, to exclusively demonstrate the effect of particle size
on the catalytic performance, without the participation of isolated
Ti-species, which require lower wavelengths to be activated. At
room temperature the products remain bound to the catalyst, and
can be identified by infrared transmission spectroscopy. Examples
of the vibrational spectra after 100min of irradiation are shown in
Fig. S4. The formation of acetone (1685 cm�1), water (1615 cm�1)
and carboxylates (1572 cm�1) is evident. Such spectra can be
deconvoluted (Fig. S5) and integrated to yield the concentration of
each species (more precisely, the “sheet density”, or moles per unit
external surface area).

The total amount of products is plotted as a function of time in
Fig. 5-a, fromwhich it is clear that the initial reaction rates of Ti-40-
12 h, �18 h, and �24 h samples are identical and significantly
greater than Ti-40-8 h sample (3.5 nm). However, Ti-40-24 h sam-
ple approached saturation faster than Ti-40-12 h and �18 h sam-
ples. For the smaller particles (i.e. Ti-40-8 h) a slower rate is
observed, but this rate is maintained over a prolonged period of
time (i.e. up to 600min). Acetone selectivity was decreased as a
function of time (Fig. 5-b) as a result of the over-oxidation re-
actions. The rate of the over-oxidation reaction over the Ti-40
samples is indeed different, acetone selectivity decreases slowly
over a long time (600min) than the other samples, which
Fig. 5. a- Time-propane consumption profiles, and b-surfac
decreased sharply in the first 200min of the reaction for the other
samples.

An interesting result was obtained by plotted the acetone
selectivity as a function of propane consumption over the four
photocatalysts (Fig. 6). At comparable conversion levels, the initial
selectivity towards acetone seems very close to each other (region
1e2 in all curves). Then, the selectivity remains nearly constant
over Ti-40 samples (region 2e3), this period seems to inversely
proportional to the size of the TiO2 crystals. Finally, over Ti-40-
12 h, �18 h and �24 h, the selectivity of acetone rolls off sharply
(region 3e4), and carboxylate side-products dominate the spectra.
In contrast, the long-term selectivity of acetone over Ti-40-8 h
(3.5 nm) remains nearly constant.

As all other reaction conditions were the same (Ti loading,
temperature, gas mixture, and irradiation) the differing catalytic
behaviour must be due to chemical or physical differences in the
samples themselves. For simplicity, we focus in the differences
between Ti-40-8 h and �24 h samples. By considering first the
greater reaction rate in sample Ti-40-24 h compared to the slow
rate of Ti-24-8 h. Both samples are opaque at 335 nm, so the
absorbed UV power is comparable. However, there is a conspicuous
difference in the intensity of light that is re-emitted. As shown in
Fig. 7, the luminescence from sample Ti-40-8 h has a blue compo-
nent that is several times stronger than emission from sample Ti-
e acetone selectivity (%), as functions of reaction time.



Fig. 6. The surface acetone selectivity (%) as a function of propane consumption over the different Ti-40 samples.
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40-24 h. In other words, charge carriers in Ti-40-8 h have a rela-
tively efficient radiative relaxation pathway, through recombina-
tion of the geminate ion pair [8,9]. This is consistent with the lower
chemical reaction rate (per absorbed photon) observed in this
material, and the proposed different modes of recombination of
Fig. 7. Steady-state luminescence spectra of the activated catalysts when pumped with
335 nm light at room temperature.
charge carriers in 3.5 nm vs. 7.5 nm particles [8,9].
Also reasonable is the different point for the two samples, at

which the batch reaction saturates. Larger crystals have fewer
surface sites (on a mass basis), so surface-mediated reactions will
be more rapidly poisoned by products that block these sites. To
confirm this point, CO adsorption on the two samples at 85 K was
performed and monitored by FTIR (Fig. 8). The arising band at
2154 cm�1 can be attributed to the CO hydrogen-bonded to the
hydroxyl radial of the silica matrix [20], while the peak at
2182 cm�1 is attributed to CO adsorption on Ti4þ [21]. The differ-
ence in the 2182 cm�1 peak area between the two samples reflects
the TiO2 surface available for the photo-reaction.

A possible explanation for the selectivity difference could be as
follows: The density of neighbouring adsorption sites determines
the relative chance for a (photon induced) oxidative split of
adsorbed acetone into adsorbed formate and acetate. The density of
these neighbouring sites is larger on the larger particles, explaining
the accompanying lower selectivity (see Fig. 9). More improvement
in the photocatalytic oxidation of propane will be carried out based
on the new trends in photocatalysts preparation [22e25].
4. Conclusions

In the present work the activity and selectivity of TiO2-TUD-1 in
propane photo-oxidation has been manipulated by fine-tuning the
mineralogical texture of this nano-composite material. The



Fig. 8. FTIR spectra of CO adsorbed on Ti-40-8 h and Ti-40-24 h at 95 K.

Fig. 9. A schematic diagram illustates the photoactivity differences between the TiO2 nanoparticles with n average size of 3.5 vs 7.5 nm.
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improvement obtained in the amount of acetone accumulated per
gram of catalyst is unprecedented, but the reduction in particle size
from 7.5 to 3.5 nm comes a fundamental decrease in photochemical
efficiency. Further improvements will be based on a detailed study
of the photochemical reaction mechanism, as well as further fine-
tuning of the wavelengths to which the catalytic materials are
exposed.
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