Aerosol route to TiO>-SiO; catalysts with tailored pore architecture
and high epoxidation activity
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Herein, we present the aerosol-assisted sol-gel preparation of hierarchically porous TiO,-SiO; catalysts having a sphere-like shell
morphology and a high Ti dispersion. In order to control the porosity at the micro-, meso- and macro- levels, we use the evapora-
tion-induced self assembly (EISA) of a surfactant, possibly combined with polymer beads as hard templates. These catalysts are
tested for the epoxidation of cyclohexene with cumene hydroperoxide as oxidant, and their performance is compared to the refer-
ence TS-1 zeolite. The high catalytic performance observed with the catalysts prepared by aerosol stems from their high specific
surface area, but also from the short diffusion path length generated by the meso-/macro-pore architecture which provide entryways
for bulky reactants and products. Besides, these materials can incorporate a higher Ti loading than TS-1 zeolite, while ensuring a
good control over the Ti speciation. Thus, the unique features of the aerosol process — which is also known to be scalable — allow us

to prepare catalytic materials with high epoxidation activity, also for bulky olefins.

1. Introduction

The simultaneous control over active site speciation and tex-
ture is key to develop high performance heterogeneous cata-
lysts. These parameters indeed dictate the intrinsic activity of
the catalyst and the efficiency of the mass transport within the
solid, and it is challenging to optimize both aspects simultane-
ously.

A common illustration of this dilemma is the titanium-
containing zeolite TS-1 which has been industrialized in the
mid-eighties as a selective oxidation catalyst.! More particu-
larly, the combination of TS-1 and hydrogen peroxide H.O-
has been mainly used in two industrial applications, namely
phenol hydroxylation and cyclohexanone ammoximation,? the
latter being involved in the production of caprolactam, an
important molecule used in the production of nylon 6.2 TS-1 is
also an efficient catalyst for the epoxidation of lower olefins
with H,O,, even at low temperature and in the presence of
water, thus bringing an environmentally friendly alternative to
typical epoxidation processes (e.g. for propylene oxide pro-
duction).* For these selective oxidation reactions, isolated Ti
species in tetrahedral coordination are known to be the active
sites.*5

Despite these appealing characteristics, TS-1 suffers from two
drawbacks: i) the Ti loading in the MFI crystal structure of
TS-1 is commonly limited to a maximum of 2.5 % (here and
after the loading is expressed as mol Ti / (mol Ti + mol Si) x
100 %)%7; ii) the intrinsic microporosity of the zeolite frame-
work is not compatible with the size of bulkier olefins — such

as cyclohexene for example, oxidizing agents, and reaction
products for which diffusion in and out the pores is strongly
hampered.2®

Extending the versatility of Ti-containing catalysts to a wider
range of substrates and conditions is a challenge that can be
tackled by two approaches. On the one hand, if the mi-
croporosity is assumed to be inaccessible, it is possible to
enhance the activity of TS-1 by decreasing the size of the
zeolite crystals so as to increase the proportion of external
surface.® In such case, small TS-1 crystals can be advanta-
geously dispersed at the surface of another porous solid sup-
port with the desired pore size and pore architecture. For ex-
ample, Liu et al.X® proposed the in situ hydrothermal synthesis
of a hierarchically porous TS-1/modified-diatomite composite,
exploited in the hydroxylation of toluene and phenol with
H20,. A similar idea is to prepare hierarchical materials based
on the TS-1 structure supplemented with larger pores.* How-
ever, the conversion is still limited by the titanium loading and
the microporosity of TS-1.

A second way out is to incorporate titanium atoms in silica-
based materials with controlled texture, featuring larger
pores'?3 (e.g. Ti-beta zeolites,* Ti-MCM-41," TiO,-SiO,
aerogels,'®1” TiO,-SiO, xerogels'®2Y). Sol-gel chemistry?>?
represents an important toolbox for the bottom-up preparation
of such mesoporous catalysts.?#?® The most significant pro-
gress in this direction was obtained thanks to the development
of templating strategies (e.g. evaporation-induced self-
assembly, EISA?27) or of specific drying strategies.?® How-
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ever, in these cases, controlling the transition metal dispersion
remains a challenge owing to the different hydrolysis and
condensation rates for Ti and Si precursors. This can be tack-
led with specific strategies, including the use of reactivity
modifiers,?®% or non-hydrolytic routes,® for instance. Never-
theless, the fine tuning of the porosity at the micro-, meso- and
macro- levels is still often limited by the numerous and time-
consuming steps required to generate, control and preserve the
pore architecture.

Currently, the aerosol-assisted sol-gel process is emerging as a
versatile and highly potent method for the preparation of ad-
vanced nanomaterials,>® in particular heterogeneous catalysts
(Figure 1).* Such bottom-up preparation route was shown
particularly powerful to control simultaneously the texture, the
composition and the homogeneity of various types of mixed
oxide catalysts,®** including TiO,-SiO, formulations.!#?
Based on the fast drying of the aerosol precursor solution, the
method exploits the quenching of the condensation kinetics,
leading to highly homogeneous formulations. Besides, the
porosity can be easily controlled by the incorporation of tem-
plating agents in the precursor solution.

Here, we propose to leverage on this aerosol strategy to obtain,
in one step and in a continuous fashion, sphere-like particles
of TiO,-SiO; catalysts with both tunable hierarchical porous
architecture and highly dispersed Ti species. To control the
texture at different levels, we use the evaporation-induced
self-assembly of a surfactant (Figure 1a), possibly combined
with hard templates, during the aerosol process. The advanta-
geous properties of these materials are exploited in a model
epoxidation reaction and compared to the reference TS-1.

2. Experimental Section
2.1. Preparation of the materials

The catalysts were prepared with a 4 % Ti loading starting
from precursor solutions prepared as follow:

Aer_15. For 1 g of calcined material, 0.231 g titanium butox-
ide (TiBuO, Fluka, 99%) was first added dropwise to 1.257 g
40% (w/w) aqueous tetrapropylammonium hydroxide
(TPAOH, Merck) under stirring. After 10 min mixing, 5.196 g
deionized H,O were added, followed by 10 min stirring and
the subsequent addition of 3.357 g tetraethyl orthosilicate
(TEOS, Sigma). The resulting solution was kept overnight
under vigorous stirring to hydrolyse the precursors and further
aged for 15h at 70°C in a closed vessel. 0.989 g of Pluronic®
F127 (BASF) were then added and the solution was thorough-
ly mixed for at least 1h. The composition of the resulting clear
yellowish solution was 1 SiO,: 0.042 TiO,: 0.16 TPAOH:
0.005 F127: 17 H,0: 4 EtOH. Aer_15 2%. The precursor
solution was prepared by the same procedure using 0.116 g
TiBuO, 1.262 g 40% ag. TPAOH, 5.218 g deionized H-0,
3.441 g TEOS and 0.993 g F127. The final composition was 1
SiO,: 0.02 TiO,: 0.15 TPAOH: 0.005 F127: 16 H,0: 4 EtOH.

Aer_20. The precursor solution was prepared using 0.231 g
TiBuO, 1.676 g 40% agq. TPAOH, 4.946 g deionized H.0,
3.358 g TEOS and 0.989 g F127. The final composition was 1
Si0;: 0.042 TiO,: 0.21 TPAOH: 0.005 F127: 17 H,0: 4 EtOH.

Aer_25. The precursor solution was prepared using 0.231 g
TiBuO, 2.091 g 40% ag. TPAOH, 4.686 g deionized H-0,
3.352 g TEOS and 0.987 g F127. The final composition was 1
SiO,: 0.042 TiO,: 0.26 TPAOH: 0.005 F127: 17 H,0: 4 EtOH.

The precursor solutions were sprayed by a Biichi Mini Spray
Dryer B-290 with an air pressure of 4 bars. The aerosol was
dried by passing through a glass reactor heated at 220°C
(Aer_15, Aer_20 and Aer_25) or 75°C (Aer_PS and
Aer_PMMA\). The obtained powders were aged at 70°C over-
night and then calcined in air at 550°C for 5 h (5°C/min).

Monodisperse colloidal suspension of PMMA was prepared
following a surfactant-free synthesis using ammonium perox-
odisulfate as thermal initiator according to the procedure of
Goodwin et al.*® The synthesis was carried out at 90°C in a
double envelop reactor thermostated with a waterbath circula-
tion. After synthesis, the colloidal suspension was filtered
through filter paper in order to remove few particles aggre-
gates produced onto the edge of the reactor. So obtained
PMMA latex exhibits a mean particle size distribution cen-
tered at 278 nm (with FWHM of 63 nm).

Monodisperse PS colloidal suspension was obtained following
an emulsion polymerization route initiated by potassium per-
sulfate initiator and sodium dihexylsulfosuccinate according to
the procedure of Blas et al.** The average particle size meas-
ured by DLS was 95 nm (FWHM 10 nm).

Aer_PS and Aer_PMMA were obtained after mixing 11.75 g
of the same precursor solution as Aer_20 with respectively 86
g of PS (7.9 % w/w) and 188 g of PMMA (3.6% w/w) latex.
The resulting suspension was mixed for 30 min before spray-
drying procedure.

A reference TS-1 catalyst was prepared with a Ti loading of
1.8% by hydrothermal synthesis according to a procedure
adapted from the literature,” using titanium isopropoxide and
tetraethyl orthosilicate as Ti and Si sources, respectively. The
detailed preparation procedure is available in the Supporting
Information.

2.2. Characterization of the materials

The Ti content of the materials was measured by ICP-AES on
an ICP 6500 instrument (Thermo Scientific Instrument) after
dissolution of the samples by sodium peroxide fusion. XPS
experiments were carried out using an SSX 100/206 spectrom-
eter (Surface Science Instruments, USA) with Al-Ka radiation
operated at 10 kV and 20 mA. The binding energy scale was
calibrated on the Si 2p peak, fixed at 103.5 eV.% The quantifi-
cation of Ti in Ti-O-Si and Ti-O-Ti was based on the de-
composition of the 2ps, peak at approximately 460.0 and
458.5 eV, respectively.*s4” Si was quantified on the basis of
the Si 2p peak at 103.5 eV.”* Powder X-ray diffraction
(PXRD) patterns were recorded at room temperature on a
Siemens D5000 diffractometer equipped with a Ni filter using
CuKao radiation (Bragg-Brentano geometry) operated at 40 kV
and 40 mA. Diffractograms were taken between 5° and 80°
(20) with a step size of 0.02° (20). The band gap energy (Ey)
values of Aer_15 and Aer_15 2% were calculated from the
optical absorption edge on DR UV-VIS spectra recorded on an
Agilent Cary 5000 UV-VIS-NIR spectrophotometer at room
temperature in 4000-50000 cm* range. The pelletized samples
(250-500 pum) were loaded into the U-tube, equipped with a
UV-VIS transparent window. Before measurement, the sam-
ples were dried at 300°C under N, for 1h with a heating rate of
5°C.min. After drying, the samples were kept under N, dur-
ing measurement. BaSO, pellets (250-500 pm), dried accord-
ing to the same procedure, were used to measure the back-
ground spectra. The DR UV-VIS spectra were background
corrected and the Kulbelka Munk function was used to display
the data. Other spectra were recorded on a Varian Cary 5000
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UV-Vis-NIR Spectrophotometer with a Harrick single-beam
Praying Mantis Diffuse Reflectance collection system. The
spectra were recorded at room temperature in 12500-50000
cm-1 range. Spectralon® Diffuse Reflectance Standard was
used to measure the background spectra. The DR UV-VIS
spectra were background corrected and the Kulbelka Munk
function was used to display the data. Scanning electron mi-
croscopy (SEM) images were taken using a JEOL 7600F
microscope at 15 kV voltage. Samples were pre-treated with a
chromium sputter coating of 15 nm carried out under vacuum
with a Sputter Metal 208 HR (Cressington). SEM-FEG pic-
tures were obtained with a Hitachi SU-70. Textural properties
were determined from N, adsorption/desorption isotherms at -
196°C using a Tristar 3000 instrument (Micromeritics, USA).
Prior to measurement, the samples were first degassed over-
night under vacuum at 150°C. The pore size distribution was
obtained from the adsorption branch using the BJH method.
The specific surface area was evaluated by the BET method in
the relative pressure range of 0.01-0.1 for the aerosol catalysts
and 0.01-0.05 for TS-1, in order to take into account the pres-
ence of micropores.”® The micropore volume and micropore
specific surface area were evaluated by the t-plot method in
the thickness range of 3.5-5.0 A.

2.3. Catalytic activity

The catalytic properties were investigated for the epoxidation
of cyclohexene with cumene hydroperoxide as the oxidizing
agent. The reaction was carried out in a two-necked glass
round-bottomed reactor at 90°C, equipped with a condenser, a
magnetic stirrer and a rubber septum. In a typical run, 0.765 g
(0.9 mol.I'Y) cyclohexene (Sigma-Aldrich, 99%), 0.065 g (0.05
mol.I'Y) nonane (TCI, > 98%) — used as the internal standard —
and 50 mg (5 g.I"%) catalyst were pre-mixed in 7.468 g of water
saturated toluene (ca. 330 ppm H,O) under stirring. After 10
min, 0.342 g (0.18 mol.I"Y) of cumene hydroperoxide (Sigma,
80%) was added and the mixture was allowed to react for 3h.
The product formation was followed by collecting aliquots at
regular time intervals and by analysing them in gas chroma-
tography, using a Varian CP-3800 chromatograph equipped
with a FID detector and a capillary column (BR-5, 30 m, 0.32
mm i.d., 1.0 pm film thickness). Catalyst recyclability has
been assessed on four consecutive measurements on the same
catalyst powder. After each catalytic test, the catalyst was
recovered by centrifugation, dried overnight at 120°C under
vacuum and calcined at 550°C for 5h (5°C/min). The hot
filtration test was carried out by removing the catalyst by
filtration after 30 min reaction time; the filtrated reaction
mixture was then allowed to react for an additional 2h30 min.

3. Results and discussion
3.1. Preparation of the materials

The aerosol process® consists in atomizing a precursor solu-
tion, containing the gel precursors, into small droplets which
are dispersed inside a carrier gas (i.e. aerosol) and processed
by passing through a heated zone (Figure 1b). In those condi-
tions, the solvent evaporates and the gel quickly condenses
and dries, forming solid microspheres. In typical conditions
(see the experimental section), we expected the formation of
spherical particles with a hollow morphology (Figure 1 c).
The titanium loading was set at 4 % in all experiments, which
is considerably higher than that in typical TS-1.
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Figure 1. Preparation of mesostructured TiO2—SiO2 microspheres
by a so-called Type llic aerosol technique.3* a) lllustration of the
evaporation-induced self-assembly (EISA) mechanism (TPAOH
has been omitted for clarity); b) Schematic representation of the
aerosol set-up; c) lllustration of the texture and morphology of the
calcined material in the typical conditions used (see the experi-
mental section for further details).

Macro- and meso-porosity were designed by the use of two
types of templating agents (Figure 2): (i) Pluronic® F127, a
block copolymer surfactant that forms micelles via evapora-
tion-induced self-assembly (EISA)*° and (ii) stable colloidal
suspensions of polystyrene (PS) or poly (methyl methacrylate)
(PMMA) polymer beads. The use of tetrapropylammonium
hydroxide (TPAOH) ensures the hydrolysis of the titanium
precursor and favours Ti** incorporation in tetrahedral sites.
Concomitantly, micropores were also formed in all materials,
due to the incorporation of TPA* cations in the inorganic
framework. Although these micropores are not relevant for the
conversion of large molecules, their presence demonstrates
how we can easily tune the porosity and obtain hierarchical
porous materials.
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Figure 2. Schematic representation of the routes used for the preparation of TiO2—SiO2 with tailored porosity. In “Route A”, the porosity
was controlled by increasing the TPAOH to (Si+Ti) molar ratio, which allows to move from a mesoporous material formed by an evapora-
tion-induced self-assembly mechanism (Route Al) to a macroporous solid resulting from a phase separation mechanism (Routes A2 and

A3). In “Route B”, macropores were generated by a hard-templating approach using polymer beads of various sizes.

Route A (Figure 2) corresponds to the use of F127 surfactant
molecules and TPAOH as templating agents. During the aero-
sol processing, the gel precursors condensed around the self-
assembled micelles of surfactant, which are known to form
spherical structure of about 6 nm in diameter.5® However, in
addition to the role of micro-structuring agent of TPAOH, it
was previously reported that TPA* cations are partitioned
between the inorganic walls and the F127 micelles, where it
plays a role of swelling agent (at low amount), and phase
separating agent (at high amount).3” We thus expected the
formation of large mesopores above 6 nm from its use. As a
consequence, in a first preparation, we used a F127 to Si molar
ratio of 0.005 and a TPAOH to (Si+Ti) molar ratio of 0.15 to
prepare a dual micro-meso-structured material (Route Al,
Figure 2). After calcination, to remove the organics and re-
lease the porosity, the material was denoted “Aer_15".

Variation of the TPAOH amount can be used to tune the pore
size of mixed oxides, as it was recently reported for the prepa-
ration of aluminosilicates acid catalysts with large pores.’” By
increasing the TPAOH to (Si+Ti) molar ratio in the precursor
solution to 0.20 and 0.25 (resp. Route A2 and Route A3, Fig-
ure 2), the pH increased and the condensation rate of the pre-
cursors decreased. Besides, the swelling effect of TPA* was
amplified as more cations were incorporated in the organic
phase. In those conditions, a phase separation was initiated,

since the interactions between the organic and inorganic phas-
es became too low to stabilize the mesostructure by EISA %5t
In the typical conditions of spray-dry processing, this metasta-
ble system has been quenched before it reached the thermody-
namic equilibrium, corresponding to a complete phase separa-
tion.> Using a TPAOH to (Si+Ti) molar ratio of 0.20, we
obtained a material with a heterogeneous porosity resulting
from the early transition between EISA and phase separation.
This material was denoted “Aer_20”. When the amount of
TPAOH was the highest (i.e. TPAOH/(Si+Ti) = 0.25), the
material, denoted “Aer_25”, almost presented a dual micro-
macro-porosity, with only a small proportion of mesopores in
the material (see Figure 2 and textural analysis below).

Although this strategy is appealing to tailor the porosity at
micro-, meso- and macro-scales, the control over the
macroporosity is not straightforward whenever phase separa-
tion is involved; for instance, the temperature gradient in the
heating part of the spray-drying apparatus may produce varia-
ble drying time and thus large macropore size distributions.
So, in Route B (Figure 2) PS (95 £ 10 nm FWHM) or PMMA
(278 = 63 nm FWHM) polymer beads were used as hard tem-
plates to prepare alternative and well-controlled porous mate-
rials with three-level micro-meso-macro-structure.**4 The
latex were thoroughly mixed with the same precursor solution
as Aer_20 and spray-dried at 75°C, thus lower than the glass
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transition temperature of the polymers (ca. 95°C for PS and
ca. 105°C for PMMA). The final composition of the precursor
solution allowed the incorporation of the polymer beads in a
close-packing arrangement. The materials were named
“Aer_PS” and “Aer_PMMA”.

3.2. Characterization of the materials

Elemental analysis (Table 1) showed that the experimental
bulk Ti content was close to the nominal content for all cata-
lysts. This result demonstrates an excellent control over the
bulk composition, with a quantitative incorporation of both
titanium and silicon species in the final material.

Table 1. Percentage of Ti species (mol Ti / (mol Ti + mol
Si) x 100 %) in the catalysts (bulk composition, ICP-AES)
and at the catalysts surface (from XPS)

Bulk Ti Surf. Surf. Ti- o4 Ti—O_siP
%2 Ti% O-Si%

TS-1 16(18) 13 1.2 90

Aer_15 40(4.0) 33 2.8 85

Aer 20 47(4.0) 42 35 85

Aer_25 48(4.0) 43 3.6 84

Aer_PS - 3.8 3.3 85

Aer_ PMMA -© 35 3.0 84

aNominal composition (corresponding to the precursor solution) is
given in brackets. "% Ti—O-Si = (Surf. Ti-O-Si % / Surf. Ti %) x
100. °Not measured in ICP-AES; materials obtained with the same
precursor solution as Aer_20.

XPS analyses were conducted in order to investigate the sur-
face composition and the quality of the Ti dispersion at the
surface (Table 1, see also Figure S1, Supporting Infor-
mation). For all aerosol catalysts, the surface Ti concentration
is close to the bulk content, showing that the aerosol method
leads to homogeneous mixed oxide particle compositions, as
there is no relative enrichment of the surface with Si or Ti
oxide.

Among the Ti detected at the surface of the catalyst by XPS,
one can distinguish the fraction that is truly incorporated into
the silica matrix (denoted “Ti—O-Si” in Table 1) from the
fraction that is not dispersed and is instead present as extra-
framework Ti—O-Ti species. The former is found at ca. 460.0
eV and the latter is found at ca. 458.5 eV.**4" The Ti 2p peak
deconvolution is shown in Figure S1 for all catalysts. In TS-1,
it is well known that almost all surface Ti atoms are incorpo-
rated in the well-defined crystalline framework. Indeed, the
results show a proportion of well-dispersed surface Ti atoms
of 90% for this sample. These isolated Ti sites are known to be
the active epoxidation species.*® Importantly, aerosol-made
catalysts show a similar excellent dispersion (Table 1). More-
over, the absolute amount of dispersed Ti—O-Si at the surface
is twice as high as for TS-1, in line with the corresponding
higher Ti loading (viz. ~4 vs. 1.8 %).

PXRD analyses indicated that the aerosol catalysts are all
amorphous (Figure S2, Supporting Information). No evidence
of the presence of a TiO; crystalline phase, such as anatase
with characteristic reflection at 20 = 25°, was found, which
excludes the presence of TiO, crystallites larger than 5 nm.
The TS-1 reference catalyst showed the expected diffraction
pattern, typical for its MFI structure.”

The high dispersion of Ti in aerosol catalysts is further con-
firmed by the maximum absorption band in the 210-225 nm

range on the DRUV-vis spectra of the catalysts, which corre-
sponds to Ti atoms in tetrahedral coordination (Figure 3).%
The small contribution above 250 nm could be characteristic
of the presence of small amounts of Ti in higher coordination
number, for instance due to water coordination, local oligo-
meric Ti species or small TiO, nanodomains.>*-%° However, no
evidence of the presence of a crystalline phase such as anatase,
having a maximum characteristic absorption around 330 nm,*
could be found in the spectra.
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—Aer_25
—Aer_PS
—_ Aer_PMMA
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Figure 3. DRS UV-visible spectra of the catalysts (Kubelka-
Munk Function).

SEM and SEM-FEG images of the mixed oxides are shown in
Figure 4 (route A) and Figure 5 (route B). The TiO>-SiO,
microspheres are in the 1-20 pwm size range and mainly show a
hollow spherical structure with some distortion. Images in
Figure 4 unravel the effect of the amount of TPAOH on the
pore size. Aer_15 shows a regular porous structure with small
mesopores clearly visible in the SEM-FEG image (Figure 4d).
Aer_20 presents the same type of pores at the external surface,
but shows also the characteristic structure of an early stage
phase separation, with discernible large pores formed mainly
on the inner side of the shell (Figure 4e). By comparison,
Aer_25 reached a more advanced state of phase separation
which strongly affected the meso-structuration of the material.
For this catalyst, macropores as large as 200 nm are clearly
distinguishable at the surface (Figure 4 f).



Figure 4. SEM (a—c) and SEM-FEG (d-f) images of Aer_15 (a, d), Aer_20 (b, e) and Aer_25 (c, ).

Alternatively, macropores have been formed using polymer
beads as sacrificial template. The same kind of distorted hol-
low structures are observed (Figure 5). SEM-FEG confirms
that the beads, which were removed by calcination, were in a
close-packing arrangement during the formation of the solid.
The macropore dimensions are ca. 80 nm and 150-200 nm for
Aer_PS and Aer_PMMA, respectively, in line with the tem-
plate size. The small shrinkage of the macropores observed for
Aer_PMMA may be attributed to a partial hydrolysis of the
PMMA side chains into polyacrylic acid under basic condi-
tions.5’

a)

Figure 5. SEM (a-b) and SEM-FEG (c—d) images of Aer_PS (a,
¢) and Aer_PMMA (b, d).

Table 2. Textural properties of the aerosol catalysts com-
pared to the reference material TS-1

SeeT Su Vp Vi
(m2gt)  (m2ghr  (emigh®  (cmigl)?
Ts-1 510 380 0.43 0.15
Aer_15 640 380 0.79 0.16
Aer 20 630 450 0.48 0.18
Aer_25 620 450 0.38 0.19
Aer_PS 520 370 0.45 0.15
Aer PMMA 890 380 0.80 0.15

aMicropore specific surface area and micropore volume calculated
from the t-plot (see Figure S3, Supporting Information).
bMeasured at P/Po = 0.98.

N2-physisorption isotherms are shown in Figure 6, along with
the BJH pore size distributions. The presence of mesopores in
all aerosol samples is evidenced by the type IV isotherms,
which are typically observed for mesoporous solids. Textural
data are summarized in Table 2. As expected, TS-1 solely
displayed micropores and interparticular spaces which con-
tribute to the total pore volume. In comparison, much higher
total pore volumes and BET specific surface areas were ob-
tained by the aerosol method, whereas the micropore volumes
and the micropore specific surface areas were in the same
range. Subtracting the microporous component, all aerosol
catalysts thus have higher specific surface areas and pore
volumes compared to TS-1, and are therefore expected to
facilitate the conversion of large molecules.
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Figure 6. N2 adsorption-desorption isotherms of the TiO2-SiO2
mixed oxides prepared by aerosol with different templates: F127
surfactant with various TPAOH to (Si+Ti) molar ratios (left); PS
and PMMA polymer beads (right). Pore size distributions (PSD)
based on the adsorption branch are shown in inset. The isotherm
of microporous TS-1 is shown for comparison. Full symbols are
used for the adsorption isotherms and empty symbols are used for
the desorption isotherms.

Pore size distributions of Aer_15, Aer_20 and Aer_25 are
centred at ca. 15 nm (inset, Figure 6). This pore size should
be related to the formation of swollen F127 micelles, whose
diameter has been increased by the incorporation of TPA*
cations.’” By increasing the TPAOH amount, this swelling
effect is amplified and leads to the disruption of the micelles,
likely explaining a part of the phase separation phenomenon.5!
Aer_20 and Aer_25 therefore present a lower mesostructu-
ration, as evidenced by the shape of the isotherms (Figure 6).
Nevertheless, the BET specific surface areas remain compara-
ble (Table 2).

Aer_PS and Aer_PMMA appear to have lower micropore
volumes (Table 2). This could be explained by strong interac-
tions between the polymer chains and TPA* cations, which
could tend to adsorb at the surface of the polymer beads and
therefore be unavailable to act as the structuring agent (see
Route B, Figure 2). For the same reason, the role of TPA*
cations as swelling agent is compromised, resulting in lower
mesopore size for Aer_PMMA (ca. 10 nm). In the case of
Aer_PS, such mesopores are absent and we assume that the
close packing of the PS beads creates inorganic walls which
are too thin to accommodate the F127 micelles. It must be
noted that the BET specific surface area of Aer_PMMA is
comparatively high (890 m2.g%); this appears to be due to the
presence of additional mesopores smaller than 3.8 nm. Alt-
hough not appearing clearly on the adsorption branch PSD
(inset, Figure 6), these pores can be evidenced by the forced
closure of the isotherm upon desorption at P/P, value of 0.4—
0.5 due to the tensile strength effect (TSE) and visualized on
the desorption branch PSD (see Figure S4, Supporting Infor-
mation).®® These small mesopores may result from the inter-
penetration of linear polymer chains within the inorganic
phase.

3.3. Catalytic performance

The materials were tested in batch mode for the epoxidation of
cyclohexene. Using hydrogen peroxide (30% w/w aqueous
solution) as the oxidant, the aerosol catalysts showed much
higher epoxidation activity as compared to TS-1 (Figure S5

and Table S1). Yet, we observed a ca. 50% activity loss after
four consecutive tests carried out on Aer_20 catalyst, whereas
TS-1 kept the same activity (Figure S6). In fact, it is generally
accepted that amorphous mixed oxides are sensitive to the
presence of water,®® which constitutes a certain limitation to
our aerosol-made catalysts.

Thus, the epoxidation of cyclohexene was investigated in
organic conditions, using cumene hydroperoxide (CHP) as the
oxidant. A hot filtration test was carried out, confirming that
all the catalytic activity was attributable only to the solid mate-
rial (see Figure S7).
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Figure 7. Reaction scheme for the epoxidation of cyclohexene.
Path A refers to direct epoxidation pathway; Path B refers to
radical oxidation pathway.

In addition to the targeted epoxide formation by direct epoxi-
dation pathway (Path A, Figure 7), the reaction scheme for
cyclohexene oxidation reveals the possible formation of other
products, including cyclohexane diol, formed by the epoxide
ring-opening, as well as 2-cyclohexen-1-ol and its oxidation
product 2-cyclohexen-1-one, formed by an unwanted radical
oxidation pathway (Path B, Figure 7).
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Figure 8. Kinetic data for the conversion of cyclohexene into
cyclohexene oxide in toluene using cumene hydroperoxide (CHP)
as oxidizing agent. Experimental conditions: T = 90°C, [CATA] =
5 g.IY, [Cyclohexene] = 0.9 mol.I*%, [CHP] = 0.18 mol.I%.



Table 3. Yield (Y), selectivity (S) and initial turnover frequency (TOF) for Ti-catalyzed cyclohexene epoxidation at 90°C

(3h) with cumene hydroperoxide

YEpox Y Dol Y Alcohol Y Ketone XcHp SEpox PB SEpox TOF

(%) (%) (%) (%) (%) (%) (%) ()
TS-1 20 <1 3 0 16 123 86 37
Aer_15 40 2 0 <1 45 87 94 48
Aer_15 2% 46 2 0 <1 51 90 96 122
Aer_20 32 2 0 <1 37 88 94 36
Aer_25 28 2 0 <1 30 93 93 30
Aer_PS 60 1 0 <1 63 96 97 89
Aer_ PMMA 58 3 0 <1 65 89 95 83

aThe yields are expressed as the amount of product formed divided by the initial amount of CHP. Epox = cyclohexene oxide, Diol = cyclo-
hexane diol, Alcohol = 2-cyclohexen-1-ol, Ketone = 2-cyclohexen-1-one. PProduct-based selectivity; these values have been calculated by
dividing the epoxide yield by the overall yield instead of the CHP conversion. ¢Initial TOF approximated from the CHP conversion at 15
min reaction time. It is defined as the number of mole of CHP converted per minute divided by the number of active sites (deduced from
“Surf. Ti-O-Si %”, Table 1); one example of TOF calculation is shown in the Supporting Information.

Under the experimental conditions depicted in Figure 8, our
catalysts present a much higher epoxide yield compared to
TS-1. From Table 3, all aerosol catalysts also present a higher
CHP conversion compared to the reference zeolite. Compari-
son among the catalysts is also presented in terms of initial
TOF, approximated by the CHP conversion at the early stage
of the reaction (15 min). The selectivity toward the epoxide
reaches 87 to 96% for the aerosol catalysts (Table 3), the
remaining gap in product selectivity being mainly explained
by the hydrolysis of the epoxide to form cyclohexane diol.

In the case of TS-1, almost no cyclohexane diol is formed,
consistent with the fact that the intrinsic hydrophobicity of the
zeolite might repel water molecules from the catalyst surface.®
However, the selectivity toward the epoxide — defined as the
amount of epoxide formed divided by the amount of CHP
consumed — is found to be higher than 100%. In fact, we found
that the same reaction, carried out in the absence of CHP,
leads to a production of epoxide and 2-cyclohexen-1-ol in
similar amounts. Actually, molecular oxygen was already
reported to be able to trigger the radical oxidation pathway
(Path B, Figure 7) in the epoxidation of cyclohexene.®® There-
fore, we interpret the unrealistic selectivity value obtained for
TS-1 in the light of a non-selective and CHP independent
formation of the epoxide. This interpretation is further sup-
ported by the presence of a significant amount of 2-
cyclohexen-1-ol in this case (Table 3). Interestingly, the non-
selective oxidation of cyclohexene seems to only occur on TS-
1 since no 2-cyclohexen-1-ol and almost no 2-cyclohexen-1-
one are found in the case of the aerosol catalysts, which all
appear to operate via the direct epoxidation pathway only
(Path A, Figure 7).

The higher catalytic activity obtained with the aerosol cata-
lysts can be ascribed to two key features: i) the higher amount
of well-incorporated Ti at the catalyst surface, and ii) the
texture and pore architecture, with a higher specific surface
area compared to TS-1 zeolite associated with the presence of
accessible mesopores. To discriminate between these two
possible explanations, we synthesized an aerosol catalyst with
a nominal Ti loading of 2 % (bulk) — closer to that of TS-1 —
while keeping the same gel composition as Aer_15
(“Aer_15 29%"”). In terms of texture, this catalyst was very
similar to Aer_15, with a BET specific surface area of 790
m2.g%, a pore volume of 0.87 cm®.g?, and a similar pore size

distribution (see Figure S8). The experimental surface Ti-O—
Si content determined by XPS was 1.3 %, similar to TS-1 (1.2
%). Aer_15 2% had an initial TOF about three times higher
when compared to TS-1 (Table 3). This is a strong indication
of the positive impact of the hierarchical texture of the aerosol
catalyst on the activity, allowing faster molecular transport
through the catalyst. Interestingly, the overall yield and selec-
tivity of Aer_15 2% is similar to that of Aer_15, despite a
two times lower Ti content and comparable texture. This trans-
lates into more than twofold higher initial TOF for
Aer_15 2%. Calculating the band gap energy (Eg) of the
catalysts from the optical absorption edges in the DR UV-vis
spectra obtained in dehydrated conditions®52 (see Figure S9),
we found that the value of Egy for Aer_15 2% (4.75 eV) is
higher than for Aer_15 (4.50 eV). The higher Ey value of
Aer_15 2% is related to a relatively higher proportion of
isolated tetrahedral Ti species, which contributes to the in-
crease in the epoxidation rate per surface Ti site.

The catalysts prepared by aerosol, having the same Ti loading
and similar Ti speciation, reached different levels of activity.
This is tentatively correlated with their textural properties. For
Aer_25, Aer_20 and Aer_15, the activity tends to increase as
the specific surface area increases and as the microporous
specific surface area decreases, pointing to a possible benefi-
cial effect of increasing the accessible surface area. The much
higher performance reached by Aer_PS and Aer_PMMA
does not seem to be fully explained by a high accessible sur-
face area. Although this should be verified by dedicated exper-
iments on diffusion phenomena, we suggest that the
macroporosity created by the close packing of polymer beads
facilitates mass transport phenomena, owing to the thinness of
the walls that separate the macropores.5

A recyclability study carried out on Aer_20 revealed that there
was only a ca. 20% decrease of the catalytic activity over four
consecutive tests (Figure 9), much less than for the same
catalyst tested in the presence of aqueous solution of H,O..
This small decrease could be associated to the presence of
small amounts of water in the solvent and potentially could be
further improved by working under strict non aqueous condi-
tions.?! Also, a N, physisorption analysis carried out on
Aer_20 and TS-1 after the four consecutive cycles revealed a
ca. 25% decrease of the BET specific surface area and pore
volume for the aerosol catalyst (490 m2.g?, 0.37 cm®.g?),
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whereas the BET specific surface area and pore volume of TS-
1 were not affected (550 m2g?l, 0.40 cmig?l). This result
suggests that the decrease in activity for the aerosol catalyst
may also be due to a surface loss upon repetitive reaction
cycles, and could be avoided by optimizing the recycling
procedure.
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Figure 9. Recyclability study of the TS-1 and Aer_20 catalysts
with CHP as oxidant. Data were collected in the initial stage of
the reaction (15 min reaction time) and the catalytic activity (ex-
pressed in terms of CHP conversion) relative to the first test
was calculated for each catalyst. The composition was identi-
cal to Figure 8.

4. Conclusions

In this paper, we demonstrated that the aerosol technique is a
powerful technology for the preparation of TiO>-SiO, mixed
oxides possessing a variety of pore sizes and architectures,
while controlling simultaneously the composition, homogenei-
ty and dispersion of the titanium species. High specific surface
areas with large pores in the meso- and macro-porous range
were reached. These latter characteristics stand for the higher
catalytic performance of these materials for the epoxidation of
cyclohexene compared to TS-1. Though these materials can
accommodate a higher Ti loading than typical TS-1 zeolite,
the increasing titanium loading was shown not to lead to a
substantial increase of the epoxidation performance (TOF), as
it results in higher Ti coordination.

TiO,—SiO, prepared by aerosol processing have a high poten-
tial for the synthesis of bulkier and highly valuable epoxides
(e.g. alpha-pinene oxide, norbonene oxide, linalool oxide)
potentially in continuous flow mode, since the particle size
should permit the design of a fixed bed reactor. Besides, it
should be reminded that such aerosol process can easily be
scaled-up, thus meeting requirements for future industrial
applications.
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