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Abstract: Titanosilicates (Ti-5iO,) are well-known catalysts for the epoxidation of olefins. Isolated Ti
inserted in the silica framework in tetrahedral coordination are the active species. Recently, adjusting
the hydrophobic/hydrophilic balance of such catalysts” surfaces has appeared as a promising tool
to further boost their performance. However, adjusting the hydrophobic/hydrophilic balance via
a one-pot classical sol-gel generally leads to a decrease in the Ti dispersion and/or collapse of the
pore network. To overcome this limitation, hydrophobic mesoporous Ti-SiO, were here synthesized
by aerosol-assisted one-pot sol-gel, which allowed the simultaneous control of their Ti loading,
degree of methyl-functionalization, and textural properties. Methyl-functionalization was achieved
by a partial substitution of tetraethoxy silane (TEOS) by methyltriethoxy silane (MTES) in different
ratios. Solid-state 2’Si-NMR, FTIR, TGA, and vapor-phase water adsorption showed that methyl
moieties were effectively incorporated, conferring a hydrophobic property to the Ti-SiO, catalysts.
ICP-AES, DRUYV, XPS, and N, physisorption demonstrated that Ti dispersion and textural properties
were both successfully preserved upon the incorporation of the methyl moieties. In the epoxidation
of cyclooctene with tert-butyl hydroperoxide as oxidant, the hydrophobic Ti-SiO, showed higher
catalytic performance than pristine Ti-SiO; prepared without MTES. In addition to disentangling
the positive effect of adjusting the hydrophobic/hydrophilic balance of epoxidation catalysts on
their performance, this contribution highlights the advantages of the aerosol procedure to synthesize
mesoporous functionalized catalysts with very high dispersion of active sites.

Keywords: mesoporous titanosilicate TiO,-5iO,; aerosol-assisted sol-gel; one-pot methyl-functional-
ization; surface hydrophobicity; olefin epoxidation

1. Introduction

To improve heterogeneous catalyst performance, different approaches have been
proposed, such as tuning the catalyst texture, controlling the nature and dispersion of the
active sites, and optimizing the reaction conditions. Another interesting approach is the
adjustment of the hydrophobic/hydrophilic balance of the catalyst surface, which regulates
the interaction between the catalyst and the reactants and products and, if well-adjusted,
leads to more efficient adsorption of the reactants and desorption of the products. This
approach has been proven to enhance catalytic activity, limit side reactions, and improve
the stability of diverse catalysts in diverse model reactions [1-8]. Specifically, it was shown
that hydrophobic catalysts display better reactivity and stability than their hydrophilic
analogs in reactions occurring in the presence of water [9-13].
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Olefin epoxidation is important for the fine and bulk chemical industry and allows the
study of the effect of adjusting the catalyst hydrophobic/hydrophilic balance. The olefin,
which is hydrophobic, reacts with an organic hydroperoxide or hydrogen peroxide to
produce the epoxide, which is less hydrophobic. Hence, hydrophobized heterogeneous cat-
alysts should display higher affinity for the olefin and lower affinity for the epoxide. A wide
variety of Ti-containing materials, such as TS-1 [14-17], Ti-beta [18,19], Ti-SBA-15 [20-22],
Ti-MCM-41 [23-26], Ti/SiO, [18,25,27,28], and Ti-SiO, [29-34], have been studied as hetero-
geneous catalysts for the epoxidation of olefins. Ti in tetrahedral coordination inserted as
single atoms in the silica framework (FW-Ti) forms strong Lewis acid species and appears
as their active sites [15,31,35-40]. The accepted mechanism for the catalytic epoxidation
of olefins with heterogeneous Ti-based catalysts is the Eley—Rideal mechanism [40—42], in
which the oxidant adsorbs on the Ti active site and forms active intermediate species [40],
which react with the olefin to produce the epoxide that then desorbs from the catalyst.

Various attempts have been made to boost the catalytic performance of Ti-containing
catalysts [19,29,43-47], but only recently has more attention been paid to the effect of
adjusting the hydrophobic/hydrophilic balance and the environment surrounding the
active sites on the catalyst surface. Even though the epoxidation mechanism does not
require the olefin to adsorb on the catalyst, some affinity is desired so that the olefin can
approach the Ti active species on the catalyst surface. It has been indeed shown that
hydrophobic Ti-zeolites displayed higher affinity for olefins than hydrophilic ones [48].
Conversely, affinity between the catalyst surface and the epoxide should decrease so
that the epoxide desorbs immediately, avoiding undesired consecutive oxidation or ring
opening.

In general, two main approaches can be distinguished in the literature to tune the
hydrophobicity of Ti-containing catalysts. The first approach is the control of the silanol
surface density, which confers a hydrophilic behavior to the catalyst surface, by adjusting
the catalyst crystallinity (better crystallized TS-1 have less terminal silanols than Ti-beta
and appear more hydrophobic [45]), and by preparing the catalysts in fluoride (F) medium
(Ti-beta(F) with lower silanol surface density than conventional Ti-beta [49,50]). The high
epoxidation activity indeed displayed by these modified catalysts was attributed to their
higher hydrophobic character [45,49,50]. The second approach is the functionalization of
the catalyst surface with organic moieties by either post-grafting [28,46,51-55] or one-pot
functionalization [56-62]. Post-grafting of organosilanes was used to produce hydrophobic
Ti-MCM-41 [51], Ti-SBA-15 [51,52]. Ti/SiO; [53,54], and Ti-SiO; [13]. These hydrophobic
catalysts achieved higher yields in the epoxidation of cyclohexene with H;O, or 1-octene
with tert-butyl hydroperoxide (TBHP), and some of them even demonstrated higher sta-
bility in the presence of water [13,54]. In contrast, hydrophobization by silylation had no
significant effect on the epoxidation of 1-hexene and cyclohexene with H,O, catalyzed by
either silylated Ti/SiO, [28] or silylated TS-1 [46]. Moreover, silylated Ti-beta displayed
lower catalytic activity in the epoxidation of 1-hexene with H,O, than the pristine Ti-
beta [46]. Markedly, the effect of surface functionalization by post-grafting is different for
different Ti-based catalysts. This is explained by the fact that the post-grafting procedure
tends to also modify the catalyst structure, texture, and the nature of the active sites.

Direct hydrophobization through one-pot synthesis methods is less time-consuming
and can be more efficient than post-modification. Additionally, the functionalization is con-
trolled by the chemistry of the precursors, guaranteeing the functionalization of the desired
atoms. Some reports have utilized the one-pot approach to test the effect of adjusting the
hydrophobic/hydrophilic balance of Ti-containing catalysts. For example, hydrophobic
Ti-Si0; and hydrophobic Ti-MCM-41 achieved higher rates and yields in the epoxidation
of cyclohexene with tert-butyl hydroperoxide (TBHP) [56-58] and H,O, [58,59]. Contrar-
ily, in other studies, a negative effect of one-pot hydrophobization on the epoxidation
of 1-hexene and cyclohexene with TBHP [60,61] was found due to lower surface area,
diminished Ti dispersion, and excessive surface functionalization. In addition, one-pot
methyl-functionalized Ti-SiO, catalysts exhibited similar catalytic performance as their
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hydrophilic analogs in the epoxidation of cyclohexene in the presence of water [13]. The
negligible effect of hydrophobization was attributed to the lower concentration of sur-
face active sites resulting from the one-pot methyl-functionalization [13]. The results
obtained by one-pot functionalization are difficult to compare, and not much research
has been conducted to evaluate the catalytic performance per active Ti site and per acces-
sible surface area, so more exploration is necessary to clarify the effect of adjusting the
hydrophobic/hydrophilic balance on the epoxidation of olefins.

Recently, we showed that one-pot methyl-functionalization was successful at produc-
ing hydrophobic Ti-SiO, catalysts that yielded higher epoxidation rates than pristine ones
in the epoxidation of cyclooctene, proving the concept that adjusting the hydrophobicity of
Ti-SiO; catalysts by methyl-functionalization increases their catalytic activity [62]. How-
ever, the addition of the methylated precursor disturbed the Ti dispersion and diminished
the amount of active sites in the catalyst. This was clearly observed for the catalyst with the
highest methyl content, which exhibited the lowest number of active sites compared to the
other methyl-functionalized catalysts. Hence, there is a limitation to the degree of methyl-
functionalization that can be achieved by this method. Additionally, the specific surface
area of the samples was strongly influenced by the degree of methyl-functionalization,
which added another variable to be accounted for when comparing the catalysts’ perfor-
mance. These co-dependent variables make the elucidation of functionalization effects
challenging; thus, there is a demand for innovative synthesis procedures that allow the
control of Ti dispersion, textural properties, and surface functionalization simultaneously.

A method that has been demonstrated to produce catalysts with tailored texture and
well-dispersed active species is aerosol-assisted sol-gel (AASG), which is emerging as a
practical method to synthesize tailor-made mesoporous catalysts [29,63—-69]. The high
dispersion of Ti active sites is achieved thanks to the fast drying of the atomized precursor
mixture, which quenches the condensation kinetics and leads to the synthesis of materials
with homogeneous composition [63]. Moreover, a large variety of templates can be used
so as to finely tune the textural properties. In a previous study, we demonstrated that
mesoporous Ti-S5iO; catalysts prepared by AASG are highly effective for the epoxidation of
bulky olefins in organic conditions [29].

In this work, we therefore leverage the AASG process to synthesize methyl-functionali-
zed Ti-SiO; catalysts. We envisage that the high Ti dispersion achievable with the aerosol
method will promote the formation of more active Ti species. In this sense, we hypothesize
that methyl-functionalized Ti-SiO; catalysts synthesized by AASG will exhibit superior Ti
and methyl dispersion as well as higher mesoporosity than previous analogous catalysts
synthesized by conventional sol-gel approaches. Such aerosol-synthesized materials are
good model materials to study the effect of adjusting the hydrophobic/hydrophilic balance
achieved by one-pot surface functionalization on the catalytic epoxidation of cyclooctene
with tert-butyl hydroperoxide as oxidant since the textural properties can be kept constant.
Furthermore, it is possible to isolate the effect of the hydrophobic/hydrophilic balance
thanks to an extended characterization of the catalyst that allows the normalization of the
catalytic activity per specific surface area and per Ti active sites.

2. Results and Discussion
2.1. Assessing the Degree of Methyl-Functionalization and Hydrophobicity

Quantitative solid-state 2%Si magic-angle spinning (MAS) NMR spectroscopy was used
to examine the degree of methyl-functionalization (%Me) of Ti-SiO, catalysts (Figure 1). In
the 29Si direct excitation (DE) MAS spectra of all Ti-5iO, samples, a broad band, assigned
to Q" contributions typical of an amorphous silica matrix, was observed. A deconvolution
analysis using Gaussian functions allows the different contributions to be assigned, cen-
tered at —112, —102, and —92 ppm, which are attributed to Q* (Si(0Si)4), Q3 (Si(0OSi);0H),
and Q? (Si(OSi),(OH),) species, respectively. In methyl-functionalized Ti-SiO; samples,
an additional broad signal centered at —60 ppm revealed the presence of T3 (Si(OSi);Me)
and T? (Si(OSi),(OH)Me) contributions (deconvolution analysis shown in Figure S1). After
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calcination at 623 K, Ti-SiO, samples exhibited three degrees of methyl-functionalization—
3%, 9%, and 14%—determined from direct excitation NMR experiments by the following

formula: %Me = 100- (ﬁm) Previous studies have reported that methyl groups
strongly bonded to Si were largely preserved upon calcination temperatures as high as
773 K [60-62], which is in agreement with our own observations. Hereafter, our samples
will be named TS_Aer-x%Me, where “x” represents the effective percentage of methyl-

functionalization found via quantitative solid-state NMR.

—— TS_Aer-0% Me I
TS_Aer-3% Me M
TS_Aer-9% Me A
TS_Aer-14% Me ‘

Figure 1. Solid-state 2?Si direct excitation MAS-NMR spectra of calcined TS_Aer-x%Me. Spectra are
normalized to the Q* contribution and are vertically offset for clarity.

Furthermore, FTIR-ATR spectra of the methyl-functionalized samples confirmed the
presence of methyl moieties bonded to silicon (v(5i-C)) at 1279 cm ™!, whereas this band
was absent in the pristine sample (Figure 2). Qualitatively, the IR spectra of the methyl-
functionalized samples follow the same trend as observed by 2°Si NMR, with the v(Si-C)
band intensity increasing when increasing the MTES/TEOS ratio in the precursor solution.

0.50
—— TS_Aer-0% Me
TS_Aer-3% Me
- TS_Aer-9% Me
© TS_Aer-14% Me
[
o
=
©
2
o 025
@« /
Q
< /
0 k= —— 1 N
1350 1300 1250 1200

Wavenumber, cm”

Figure 2. FTIR-ATR spectra of the TS_Aer-x%Me catalysts.

TGA analyses of the pristine catalyst, namely TS_Aer-0%Me (produced only with
TEQOS as Si precursor), and methyl-functionalized catalysts (TS_Aer-3%Me, TS_Aer-9%Me,
TS_Aer-14%Me) were performed to: (i) further verify the presence of methyl moieties,
(ii) evaluate the removal of residual templating agents, and (iii) assess the hydrophobic
properties by quantification of the physisorbed water (water desorbing in the low tempera-
ture range). Three main mass losses were observed in the ranges of 313453, 453-773, and
773-873 K (Figure 3). The first mass loss was associated with physisorbed water whereas
the second mass loss was present equally in the four samples and it was presumably related
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to small amounts of organic contaminants, frequently found in such sol-gel samples, that
were still present after the calcination (e.g., traces of precursors, solvents, and templating
agents). In this work, a mild calcination temperature of 623 K was selected to remove
the templating agents while preserving the methyl-functionalization. Lower and higher
calcination temperatures, 523 and 723 K, were also tested but the best compromise between
templating agent removal and methyl content preservation was found at 623 K. More de-
tails about the selection of the calcination temperature can be found in the Supplementary
Materials. Interestingly, the third mass loss was only observed in the methyl-functionalized
samples. From the derivative curves in Figure 3, this mass loss occurred around 803 K
and presented a direct correlation with the degree of methyl-functionalization, thereby
suggesting a correspondence with the degradation of the methyl groups, as previously
reported in the literature [60-62].

Mass, %

[ ——TS_Aer0% Me °
TS_Aer-3% Me

TS_Aer-9% Me
TS_Aer-14% Me R C TSP ,'_‘0-2

sols 1 " 1 " 1 " 1

400 600 800 1000
Reference temperature, K

Figure 3. TGA analysis profiles (dotted lines) and derivative curves (solid lines) obtained under air
flow for the TS_Aer-x%Me catalysts.

The water desorbed in the 313453 K range was quantified to assess the degree
of hydrophobicity. The derivative curves in Figure 3 suggest that the pristine sample
TS_Aer-0%Me desorbed a higher amount of water compared to the methyl-functionalized
samples. Nevertheless, a valid comparison of physisorbed H,O among the samples must
be performed after proper normalization to the specific surface area.

N, physisorption analyses were performed to properly address the degree of hy-
drophobicity as well as to understand the effect of the methyl precursor addition on the
texture of the catalysts. The N, adsorption—desorption isotherms of all samples featured a
Type IV isotherm typically associated with mesoporous materials (Figure 4) [70-72]. The
specific surface area, excluding the surface area of micropores, was quantified following
the strategy described in the Experimental section. T-plots are shown in Figure S3. As
shown in Table 1, the samples with a higher degree of methyl-functionalization exhibited
higher specific surface areas and lower micropore volumes. All samples had the same
pore volume, close to 1.0 cm3g ™!, related to the templating effect of the surfactant (Ta-
ble 1). The pore size distributions (PSD) determined from the BJH method did not vary
significantly despite the addition of the methyl precursor, as the mesopore distribution
remained centered at ca. 12 nm (Figure 4, inset). These results demonstrate that, unlike
Ti-SiO, prepared by conventional sol-gel techniques [13,60,61], the catalysts prepared by
aerosol-assisted sol-gel show no alteration of their mesostructure upon the incorporation
of methyl groups during the synthesis. Additionally, SEM images of TS_Aer-0%Me and
TS_Aer-9%Me, given in the Supplementary Materials (Figure 54), showed that pristine and
methyl-functionalized catalysts are formed of microspheres with similar size in the range
of 1 to 20 um.
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Figure 4. N, physisorption isotherms of TS-Aer x%Me catalysts. Pore size distributions (PSDs) based
on the desorption branch of the isotherms are shown in inset.

Table 1. Textural properties of the TS_Aer x%Me catalysts.

1 SSAcorrected 2 Pore volume (77K)?  Micropore volume (77 K)
Sample m? g1 cmd g1 cm? g1
TS_Aer-0%Me 360 1.00 0.21
TS_Aer-3%Me 364 1.00 0.20
TS_Aer-9%Me 402 0.98 0.18
TS_Aer-14%Me 462 0.99 0.16

2 Specific surface area corrected by excluding the N, uptake due to micropore filling. ® N volume taken up at
77 K and relative pressure of 0.99. ¢ Determined from the intercept of the best tangent drawn in the t-plot in the
relative pressure range of 0.05-0.30.

The degree of hydrophobicity was then assessed by three different approaches (Table 2).
First, the amount of physisorbed water (calculated from TGA data) was normalized by the
specific surface area SSA oirected to €liminate the difference in surface area. As expected,
the pristine sample TS_Aer-0%Me presented the highest content of physisorbed water,
whereas the methyl-functionalized samples displayed smaller amounts of physisorbed
water per unit of surface area (Table 2). In general, methyl-functionalized catalysts ex-
hibited a stronger hydrophobic character than the pristine one. However, this approach
did not allow proper correlation of the methyl content with the degree of hydrophobicity
since all methyl-functionalized catalysts displayed similar amounts of physisorbed water.
Therefore, in a second approach, the fraction of Si atoms coordinated to -OH groups
(hydrophilic sites) was estimated from the contributions of Q® and Q? species in 2°Si
solid-state MAS NMR spectra (that correspond to the Si atoms existing as (OSi)3SiOH and
(OSi),Si(OH),. This strategy has been used previously to assess the degree of hydrophobic-
ity of a material based on the quantification of the fraction of Si atoms existing as distinct
silanol species [49,73]. As shown in Table 2, this analysis showed that the fraction of 5i as
(OSi)3Si0H and (OSi),;Si(OH), decreased with increasing amount of methyl content. Third,
in order to allow a better comparison of the hydrophilic/hydrophobic character of the cata-
lysts, water vapor sorption experiments were performed at 295 K. Figure 5 shows the vapor
water adsorption isotherms normalized to the specific surface area (SSAorrected) at low
relative pressures. The affinity of the catalyst surface for water is featured at low relative
pressures of the adsorption branch of the isotherm [74,75]. The adsorption isotherms in
the whole relative pressure range are shown in Figure S4. The normalized water uptake at
selected relative pressures of p/p, = 0.1 and 0.2 is displayed in Table 2. A reduced affinity
for water was featured by TS_Aer-9%Me and TS_Aer-14%Me compared to the pristine
TS_Aer-0%Me, thus confirming the results from TGA analysis. Interestingly, the water
sorption isotherms revealed that the TS_Aer-14%Me catalyst was more hydrophobic than
the TS_Aer-9%Me catalyst, regarding its lower H,O uptake, which is in agreement with its
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methyl content. Notably, at relative pressures lower than 0.15, a difference in hydrophobic-
ity between TS_Aer-0%Me and TS_Aer-9%Me is not marked due to the normalization to
SSA corrected, Which has an associated uncertainty in the measurement of 5% and does not
account for micropores filled at low relative pressures. The difference in hydrophobicity
becomes clearer at relative pressures higher than 0.15.

Table 2. Physisorbed water per specific surface area, fraction of Si atoms existing as Q3 (Si(0Si)30H) or Q2 (Si(OSi),(OH),),
and water uptake at p/po = 0.1 and p/po = 0.2 for TS_Aer-x%Me.

Phys Fraction of SI.aS 83 and Q* H,0 Uptake at p/po=0.1¢, H,O Uptake at p/po=0.2°¢,
Sample H>O/SSA orrected 2 species mol m-2 mol m-2
molygyo m—2 mole % 0'H20 0'H20
TS_Aer-0%Me 22.3 32.1 5.1 11.6
TS_Aer-3%Me 13.2 315 nm. 4 n.m. 4
TS_Aer-9%Me 9.3 30.7 5.1 9.1
TS_Aer-14%Me 13.1 24.2 34 6.1

@ Determined from the TGA analysis and the specific surface area corrected (SSA orrected) given in Table 1. b Determined from 2°Si solid-state
direct excitation MAS NMR by the formula: %SiOH = 100- (M> (Figure 1). ¢ Determined from the vapor water sorption analysis.

d Not measured.

Li(QI+TY)

—— TS_Aer-0% Me
TS_Aer-9% Me
TS_Aer-14% Me

[
o
T

2
H,O uptake, mol, , m
=

0.0 0.1 0.2 0.3
Relative pressure, p/p,

Figure 5. Vapor water adsorption isotherms normalized by the specific surface area (SSA orrected)
at low relative pressures. The normalized water uptake values are depicted on the curve and the
shaded regions denote the estimated uncertainty of 5% due to the N physisorption measurement of
SSA corrected-

In summary, one can infer from the characterization presented above that (i) our
aerosol protocol was successful at incorporating methyl moieties in the samples, in particu-
lar that a large proportion of the methyl moieties survived the thermal treatment applied
after synthesis, (ii) all aerosol-made samples exhibit a very similar mesoporous texture
featuring more accessible surfaces for the epoxidation reaction than the ones obtained by
conventional sol-gel, and (iii) the methyl-functionalized samples are more hydrophobic
than the pristine one.

2.2. Quantification of Ti Dispersion

Diffuse reflectance UV-Vis (DRUV) spectroscopy was performed to distinguish frame-
work Ti (FW-Ti) in the range 200-240 nm from extra-framework Ti (EFW-Ti) in the range of
240-330 nm [38,76-78]. While FW-Ti corresponds to Ti atoms in tetrahedral coordination,
EFW-Ti corresponds to Ti atoms in higher coordination numbers such as pentahedral or
octahedral coordination [38,76,79]. The latter species are the same Ti species found in
anatase (crystalline TiO;), and their presence can be detected by DRUVS in the range
310-330 nm [38,76,77]. Pristine and methyl-functionalized catalysts exhibit both FW-Ti and
EFW-Ti species (Figure 6). The contribution of FW-Ti species is significantly higher than
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that of EFW-Ti, and no contribution above 310 nm was detected, excluding the formation
of TiO; nanodomains. This is evidence of the high Ti dispersion that was achieved by the
aerosol synthesis method. The samples TS_Aer-9% Me and TS_Aer-14% Me exhibit slightly
higher amounts of EFW-Ti than the TS_Aer-3% Me and this should be kept in mind when
discussing their catalytic activity.

——TS_Aer-0% Me
—— TS_Aer-3% Me
TS_Aer-9% Me
TS _Aer-14% Me

F(R), a.u.

200 250 300 350
Wavelength, nm

Figure 6. DRUV spectra of the TS_Aer-x%Me catalysts. The white region corresponds to the FW-Ti
species and the red region corresponds to the EFW-Ti species.

The difference in Ti dispersion among the samples was quantified by calculating the
band gap energy values (Eg) for each sample. The Eg value has been used in several
studies to follow the evolution of the structure/coordination of titanium at different
loadings [18,80]. In this study, Eg was calculated from the optical absorption edge in the
DRUYV spectra using the Tauc method and considering a direct allowed transition [81]. The
calculated Eg was plotted as a function of the methyl-functionalization degree (Figure 7).
The calculation of the Eg value for each sample is shown in the Supplementary Materials
(Figure S6).
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Figure 7. Influence of the methyl-functionalization degree on the band gap energy values (Eg) for
TS_Aer-x%Me catalysts.

Higher Eg values are due to the presence of tetrahedral Ti (FW-Ti) corresponding
to a higher Ti dispersion, whereas poorly dispersed species in octahedral coordination
spheres (EFW-Ti) generate a lower Eg value. The value calculated for TS_Aer-0%Me fell
in the range of the Eg values calculated for other Ti-SiO, catalysts synthesized by Smeets
et al. [29] and De Clercq et al. [80]. As shown in Figure 7, TS_Aer-0% Me and TS_Aer-
3% Me exhibited higher Eg values than TS_Aer-9%Me and TS_Aer-14%Me. This was
attributed to the presence of EFW-Ti in the samples with a higher methyl-functionalization
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degree. This trend was supported by a previous study, where methyl-functionalization via
one-pot synthesis contributed to the formation of EFW-Ti in the catalyst [62]. In the present
work, aerosol-assisted sol-gel was applied in the attempt to diminish this detrimental
effect on the catalyst homogeneity. After comparing the Eg values range (4.03—4.65 eV)
measured for similar pristine and methyl-functionalized Ti-SiO; catalysts synthesized
by the conventional sol-gel method in a previous work [62] against the Eg values range
(4.79-4.87 eV) measured for the aerosol catalysts, it is clear that the aerosol synthesis
procedure allowed the preservation of the dispersion of the Ti active sites in the presence
of the MTES co-precursor. The calculations of the Eg values for the conventional sol-gel
samples can be found in the Supplementary Materials (Figure S7).

To further evaluate the homogeneity and the Ti surface dispersion in the TS_Aer-
x%Me catalysts, bulk and surface atomic Ti/(Si+Ti) ratios were determined by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) and X-ray photoelectron spec-
troscopy (XPS), respectively. Bulk atomic Ti/(Si+Ti) ratios were found to be equal to the
nominal Ti/(Ti+Si) molar ratio (0.020) in all samples (Table 3), meaning that the compo-
sition of the catalysts is well-controlled in the aerosol process, both in the presence and
absence of the methylated precursor. Surface atomic Ti/(Si+Ti) ratios for all catalysts were
calculated based on the decomposition of the XPS Ti 2p spectra and the XPS elemental
quantification, which is shown in Supplementary Materials, Table S2. The Ti 2p spectrum
is composed of two spin-orbit components (Ti 2p3,, and Ti 2p; /) which are separated
by 5.7 eV [82]. While the Ti 2p3/, binding energy of pure TiO, is 458.5 eV (octahedral
coordination) [82,83], it is known that Ti in titanosilicate displays peak broadening and
shift to higher binding energy (BE) [29,62,80,84,85]. In fact, the Ti 2p3,, peak can be de-
composed considering two kinds of Ti species: FW-Ti (460.0 eV) [83,86-88] and EFW-Ti
(458.5 eV) [82,83]. As shown in Figure 8, the binding energy values of the Ti doublet of the
TS_Aer-x%Me catalysts were shifted to values higher than 458.5 eV and exhibited peak
broadening, suggesting the presence of FW-Ti species. Therefore, the Ti 2p peak decompo-
sition of our catalysts was performed, and further details on the peak decomposition are
included in the Supplementary Materials. Here, we found that the FW-Ti species fell at the
binding energy of 460.0 eV, whereas the EFW-Ti species fell at 458.5 eV, consistent with the
literature [29,83,86-89]. As indicated in Table 3, the Ti surface content increased slightly in
more methyl-functionalized samples. On the contrary, the atomic fraction of FW-Ti over
total Ti on the surface gradually diminished in more methyl-functionalized samples. These
results reveal some heterogeneity in the TS_Aer-x%Me catalysts due to the presence of the
methyl precursor that caused slight Ti enrichment on the catalyst surface and affected its
dispersion. This supports DRUVS observations. Even though small heterogeneities were
detected in the aerosol samples, the Ti dispersion was superior to that reached by the con-
ventional sol-gel method (Surf. FW-Ti/Ti of around 0.70) [62]. Additionally, XPS confirms
that more methyl-functionalized samples have higher content of C and specifically higher
content of the C—(C,H) component per Si atom, which is likely related to the presence of
methyl moieties on the catalyst surface. This result is consistent with NMR, FTIR, and TGA
characterization of the methyl-functionalization degree in the TS_Aer-x%Me catalysts.

Table 3. Bulk atomic ratios based on ICP-AES and surface atomic ratios based on XPS elemental quantification.

. s R, Surf. Surf. Surf. Surf.

Sample B“‘;‘t Tll{’;tsilo"T‘) s“r:'t Tli/:tsi:'T‘) FW-Ti/(Si+Ti) FW-Ti/Ti C/(Si+Ti) C-H/Si

: : at. Ratio at. Ratio at. Ratio at. Ratio
TS_Aer-0%Me 0.020 0.015 0.013 0.85 0.227 0.133
TS_Aer-3%Me 0.020 0.016 0.013 0.83 0.282 0.191
TS_Aer-9%Me 0.020 0.017 0.014 0.79 0.306 0.205
TS_Aer-14%Me 0.020 0.019 0.014 0.77 0.383 0.273
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Figure 8. Decomposition of XPS Ti 2p spectra with two components FW-Ti (green solid line) and EFW-
Ti (red solid line). The measured spectra are represented by the gray solid line and the corresponding
fit is represented by the black solid line (sum of FW-Ti and EFW-Ti components). The BE of FW-Ti 2p
3/2 is represented by the green dashed line and the BE of EFW-Ti 2p 3, is represented by the red
dashed line.

Summarizing, the combination of results from XPS, DRUYV, and ICP-AES revealed
that one-pot methyl-functionalized samples with identical bulk Ti content (0.020) exhibited
higher Ti total content on their surfaces along with a slightly lower proportion of FW-Ti
species as compared to the pristine one. Further comparison among the samples is required
by determining their respective number of atoms of Ti and FW-Ti per unit of surface area.
As depicted in Table 4, all catalysts exhibited similar Ti and FW-Ti surface density, except
for the sample TS_Aer-14%Me, which seemed to have a smaller surface density of FW-Ti
species as compared to the others.

Table 4. Ti and FW-Ti surface density on the catalysts TS_Aer-x%Me.

Sample Ti atoms-nm~—2 * FW-Ti atoms-nm~2 *
TS_Aer-0%Me 0.37 0.32
TS_Aer-3%Me 0.40 0.32
TS_Aer-9%Me 0.37 0.31
TS_Aer-14%Me 0.37 0.27

* An example of the calculation is shown in Supplementary Materials.

2.3. Catalytic Performance of Hydrophobic Mesoporous Ti-SiO, on the Epoxidation of Cyclooctene

Pristine and methyl-functionalized mesoporous catalysts were compared in the epoxi-
dation of cyclooctene with tert-butyl hydroperoxide as oxidant. The catalytic activity was
assessed by following the epoxide production as a function of the reaction time (Figure 9).
The epoxide production was normalized by the specific surface area (SSAorrected, S€€
Table 1) to discriminate the detected effect of methyl-functionalization on the catalyst tex-
ture. The effect of the pore size was not taken into account as all catalysts displayed similar
pore size distributions (see Figure 4, inset).
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Figure 9. Kinetic data in terms of epoxide production per unit of surface area (SSA .y rected) for the
reaction of cyclooctene with TBHP. Error bars are shown for TS_Aer-14%Me (n = 3).

As shown in Figure 9, hydrophobic catalysts with effective methyl-functionalization
of 3% and 9% produced more epoxide per unit of surface area than the pristine catalyst, dis-
playing a positive effect of hydrophobization on the catalytic activity. This is in agreement
with our initial hypothesis that the high affinity of a hydrophobized catalyst for the olefin
facilitates the olefin approaching to the active epoxidation sites on the catalyst surface.
However, the methyl-functionalized sample with 14% as effective methyl content showed
lower performance.

The carbon balance was close to 100% for all the experiments and no other product
than the epoxide was detected, so the selectivity was 100% towards the epoxide. TBHP con-
versions measured during reaction experiments are shown in the Supplementary Materials
(Figure S8).

Further discussion of the effect of hydrophobicity on the catalytic activity requires
consideration of the Ti surface density since the catalyst characterization indicated that
methyl-functionalization affects not only the surface polarity but also the number of the
Ti atoms present at the surface. The pristine catalyst TS_Aer-0%Me contained as many
FW-Ti species per unit of surface area as TS_Aer-3%Me and TS_Aer-9%Me, so their epoxide
production should be similar if assumed on the basis of this criterion only. Inversely,
TS_Aer-3%Me and TS_Aer-9%Me produced more epoxide per unit of surface area as
compared to TS_Aer-0%Me, confirming the positive effect of methyl-functionalization. The
loss of performance for TS_Aer-14%Me, unlike the tendency observed for TS_Aer-3%Me
and TS_Aer-9%Me, could be explained by its lower content of active FW-Ti species available
at the surface. Indeed, after normalization to the number of FW-Ti species (Figure 10),
the epoxide production of TS_Aer-14%Me reached that of TS_Aer-3%Me and TS_Aer-
9%Me. An excessive methyl-functionalization degree induces a lower content of FW-Ti
that diminishes the catalytic activity. Notably, all methyl-functionalized samples displayed
better catalytic activity than TS_Aer-0%Me. This was also verified in terms of TOF for TBHP
conversion at the initial stage of the reaction (30 min) over TS_Aer-x%Me. Estimated TOF
values were 44, 45, and 57 h—! over TS_Aer-3%Me, TS_Aer-9%Me, and TS_Aer-14%Me,
respectively. TOF over methyl-functionalized catalysts was higher than that over TS_Aer-
0%Me (38 h~1). An example of TOF calculation is shown in the Supplementary Materials.
These results prove that methyl-functionalization and its corresponding hydrophobicity
improved the catalytic performance in the epoxidation of cyclooctene.
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Figure 10. Epoxide production normalized by the number of FW-Ti species on the surface of the
TS_Aer-x%Me catalysts. Error bars are shown for TS_Aer-14%Me.

3. Materials and Methods
3.1. Preparation of Methyl-Functionalized Mesoporous Titanosilicate via Aerosol-Assisted Sol-Gel

The catalysts were prepared via one-pot aerosol-assisted sol-gel to achieve good
Ti and methyl dispersion as well as good textural properties. A fraction of tetraethoxy
silane precursor (TEOS, Sigma-Aldrich, Diegem, Belgium, 98%) was substituted by a more
hydrophobic alkyl silane, namely methyltriethoxy silane (MTES, Sigma-Aldrich, Diegem,
Belgium, 99%), to obtain hydrophobic methyl-functionalized mesoporous catalysts with Ti
incorporated by the addition of titanium butoxide (TiBut, Sigma-Aldrich, Diegem, Belgium,
97% reagent grade) in Ti/(Si+Ti) molar ratio equal to 0.02 in all samples.

The procedure for the catalyst synthesis was adapted from Smeets et al. [29]. Precisely,
the precursor solution was prepared by adding 0.6 mmol TiBut dropwise to 79 mmol
tetrapropyl ammonium hydroxide (TPAOH, Merck, Darmstadt, Germany, 40%). After
10 min stirring, 513.6 mmol distilled water was poured and stirred for an additional 10 min.
Then, 29.4 mmol TEOS and MTES were successively added and the final mixture was
stirred overnight at room temperature in a closed vessel to hydrolyze the precursors.
Afterwards, the solution was aged in the oven at 343 K for 15 h. Then, 0.2 mmol Pluronic
F127 (F127, BASF, Ludwigshafen, Germany) was added and the solution was stirred for
1 h prior to atomization. The final molar composition of the precursor solution was x
MTES: 1 — x (TEOS + TiBut): 0.15 TPAOH: 0.005 F127: 19.6 H,O, where “x” represents the
molar fraction of MTES used in the synthesis of the hydrophobic samples, as defined in
Equation (1). In the case of the pristine sample, no MTES was added to the mixture (i.e.,
x = 0). For the methyl-functionalized samples, the MTES molar ratios used were 0.05, 0.10,
and 0.20, as defined in Equation (1).

molpmTES
molTpos + molrigys + molyTEs

Molar ratioyrgs = 1)

The clear precursor solution was sprayed by a Biichi Mini Spray Drier B-290 (Btichi
Labortechnik AG, Flawil, Switzerland) with a liquid flow rate of 5 mL/min and an air
pressure of 4 bars. The atomized sol was dried by traveling through a glass reactor fed
with air heated at 493 K. Under these conditions, the exit gas had a temperature of 393 K.
The powder was collected and aged at 343 K overnight in a static oven. After aging, the
powder was calcined in static air along a temperature program that started with a ramp
of 1 K min~! from room temperature to 623 K and followed by a dwell step at the final
temperature for 10 h. After cooling down inside the furnace for around 3 h, the calcined
solids were stored in a desiccator.
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3.2. Catalyst Characterization

Solid-state 2Si direct excitation magic-angle spinning nuclear magnetic resonance
(¥Si-DE-MAS-NMR) spectra were recorded on a Bruker Avance-500 (Bruker, Brussels,
Belgium) spectrometer operating at 11.7 T (99.3 MHz for 2Si) and equipped with a 4 mm
cross polarization magic-angle spinning (CP-MAS) Bruker probe under ambient conditions.
The sample was loaded into a 4 mm zirconia rotor (around 100 mg) and measured with
a spinning frequency of 8 kHz. The acquisition parameters were 300 s relaxation delay;,
3 us (90°) excitation pulse, 52 ms acquisition time. The processing consisted of exponential
multiplication of the free induction decay (FID) with a line broadening factor (Ib) of 30 Hz,
zero-filling, Fourier transform, phase and baseline corrections performed on the Bruker
TopSpin v2.1 software. Chemical shifts were referenced with respect to tetramethylsilane
(fixed at 0 ppm). Fourier transform infrared (FTIR) measurements were performed in
attenuated reflectance mode (ATR) using an IFS55 Equinox Bruker spectrometer (Bruker,
Brussels, Belgium) equipped with a DTGS detector. The spectra were obtained by recording
100 scans in the range from 400 to 4000 cm ™! at a resolution of 4 cm~!. The spectra were
analyzed using the software OPUS. Thermal gravimetric analysis (TGA) was performed on
a TGA/DSC 3* STAR System (Mettler Toledo, Zaventem, Belgium). A typical method was
aramp from 303 to 1173 K at 10K min~! under air flow (50 mL min~!, 80% N, and 20% O,
Alphagaz Air Liquide, Brussels, Belgium). Diffuse reflectance UV-Vis (DRUV) spectra were
recorded on a Shimadzu UV-Vis-NIR spectrometer (Shimadzu Benelux, The Netherlands)
equipped with a Praying Mantis in a spectral range from 200 to 600 nm using the Shimadzu
UV software package. A Spectralon pellet was used to measure the background spectrum,
and the Kubelka—Munk function F(R) was calculated based on the reflectance (R). The band
gap energy value (Eg) was calculated from the optical absorption edge in the DRUV spectra
using the Tauc method. To verify the effective Ti content, the Ti-5iO, samples were analyzed
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on an ICAP 6500
instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). The samples were calcined
at 823 K for 24 h to remove the organic matter and then were decomposed by sodium
peroxide fusion in carbon crucibles. X-ray photoelectron spectroscopy (XPS) experiments
were performed on a S5X-100/206 photoelectron spectrometer (Surface Science Instruments,
USA) equipped with a monochromatized micro focused Al X-ray source (powered at 10 kV
and 20 mA), a 30° solid angle acceptance lens, a hemispherical analyzer, and a channel
plate detector. Samples were pressed into clean stainless-steel troughs of 6-mm diameter
and placed on a ceramic carousel. Samples were degassed inside the sample introduction
chamber overnight and transferred to the analysis chamber, where pressure was around
10~° Pa. The angle between the surface normal and the axis of the analyzer lens was 55°.
The area of analysis was approximately 1.4 mm? and the passing energy was set at 50 eV.
Under these conditions, the full width at half maximum (FWHM) of the Au 4f 7/2 peak of
a clean gold standard sample was around 1.1 eV. Charging effects were stabilized using a
flood gun set at 8 eV and a fine-meshed Ni grid placed 1 mm above the sample surface.
The following sequence of spectra was recorded: survey spectrum, C 1s, O 1s, Ti 2p, Si 2p,
and C 1s again to check the stability of charge compensation with time and the absence of
sample degradation. The binding energy scale was referenced to the C—(C,H) component
of the C 1s peak of carbon fixed at 284.8 eV. Peak decomposition was performed with the
CasaXPS processing software (Casa Software Ltd., Teignmouth, UK). C 1s and Ti 2p spectra
were decomposed with the least squares fitting routine provided by the software with a
Gaussian/Lorentzian (85/15) product function and after subtraction of a non-linear Shirley
baseline. Surface elemental composition was calculated using peak areas normalized on
the basis of acquisition parameters and sensitivity factors provided by the manufacturer.
N, adsorption—desorption experiments were performed at 77 K using a Micromeritics
Tristar 3000 (Micromeritics, Brussels, Belgium). Before the analysis, the samples were
degassed overnight under vacuum (6.7 Pa) at 453 K. Adsorption—desorption isotherms
were obtained and the micropore volume was determined from the t-plot constructed
based on the adsorption data. The intercept of the best tangent drawn on the t-plot in the



Catalysts 2021, 11, 196

14 of 19

range corresponding to partial pressures between 0.05 and 0.30 of the t-plot was used to
determine the micropore volume, which was then subtracted from the N, volume adsorbed
at each data point to construct a second adsorption isotherm. The Brunauer-Emmet-Teller
(BET) method was applied to this second isotherm to calculate the specific surface area
excluding the consumption of nitrogen corresponding to micropore filling, and it was called
specific surface area corrected (SSA orrected). Having replicated the analysis three times
for one of the samples, we determined the uncertainty of the measurement of SSA .osrected
to be ca. 5%. The pore size distribution was determined from the desorption stage of the
isotherms applying the BJH method. Scanning electron micrographs were obtained with
a JEOL 7600F (JEOL, Zaventem, Belgium) operated at 15.0 kV. Samples were placed on a
piece of carbon black tape on an aluminum stub. A chromium sputter coating of 10 nm
was carried out under vacuum with a Sputter Metal 208 HR (Cressington, Watford, UK).
Vapor-phase water adsorption isotherms were acquired at 295 K, using a 3Flex instrument
from Micromeritics. Before the adsorption measurements, the samples were degassed
overnight under vacuum (6.7 Pa) at 453 K, and distilled water was purified applying
freeze—-pump-thaw cycles.

3.3. Catalytic Epoxidation of Cyclooctene

The catalytic performance of the synthesized Ti-SiO, was evaluated in the epoxidation
of cyclooctene (TCI, >90%) with tert-butyl hydroperoxide (TBHP, Sigma-Aldrich, Diegem,
Belgium, 5.0-6.0 M in decane), as defined in Scheme 1. The initial concentrations of
cyclooctene and TBHP were 0.5 and 0.25 M, respectively, whereas the catalyst concentration
was 10 g L. The reactants were successively added to a 10-mL reactor with 7.8 mL of
acetonitrile (VWR Chemicals, France, >99.9%) in the presence of 0.1 M dibutyl ether (DBE,
TCI, Zwijndrecht, Belgium, >99%) used as internal standard. The reaction temperature was
set at 343 K, and the reaction time was 8 h. In addition, 100 pL aliquots were sampled every
hour (an aliquot taken at 0.5 h) with a syringe through a septum fitted to the reactor. The
experimental setup is shown in Figure S9. The reactant consumption and product formation
were followed by gas chromatography (GC) on a SHIMADZU GC-2010 Plus (Shimadzu
Benelux, The Netherlands) equipped with a capillary column Shimadzu SH-RTX-5 with
a Crossbondx 5%diphenyl/95%dimethyl polysiloxane composition, 30 m, 0.25 mm ID,
0.10 pm film thickness, and a theoretical maximum temperature of 603 K. The temperature
program for GC analysis comprised two steps: a first ramp from 333 to 373 K at 7.5 K min~!
and a second one from 373 to 513 K at 30 K min~!. The temperatures of the injector and
FID detector were 543 and 548 K, respectively. Helium (Praxair, Schoten, Belgium, quality
5.0) was used as carrier gas at a flow rate of 20 mL min~! and 1 uL aliquot was injected
into the GC column with a split ratio (SR) of 20.

OH
H. H
¢ 0\0/ Ti-Si0,
+ % —_— - (o] 4+ HC gy
H.C 2 Acetonitrile, 343 K CHy
3 CH3 H.C
'3

Scheme 1. Epoxidation reaction of cyclooctene with TBHP as oxidant and Ti-SiO, as catalyst.

4. Conclusions

We succeeded in preparing hydrophobic mesoporous Ti-S5iO, catalysts with effec-
tive methyl-functionalization, controlled texture, and improved Ti dispersion through the
aerosol-assisted one-pot sol-gel procedure. Tuning the correct methyl precursor (MTES)
molar ratio in the catalyst synthesis is crucial to obtain hydrophobized mesoporous Ti-SiO,
catalysts, but also to prevent the detrimental effect of the addition of this methyl precursor
over Ti dispersion and/or the pore network. The increment of the degree of methyl-
functionalization of the aerosol-synthesized Ti-SiO; catalysts achieved higher degrees of
hydrophobicity, while maintaining their mesoporosity and pore size distributions. Beyond
the control of the textural properties such as specific surface area and pore size distribution,
the aerosol route proved its superiority at obtaining high Ti dispersion, maximizing the
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amount of the catalytically active Ti species (FW-Ti), despite the addition of the methyl pre-
cursor. This was confirmed by the comparison of the Ti dispersion in methyl-functionalized
catalysts synthesized by aerosol-assisted sol-gel with those prepared by conventional sol-
gel. Hydrophobic Ti-S5iO, samples perform much better in the epoxidation of cyclooctene
with tert-butyl hydroperoxide than the pristine, more hydrophilic Ti-SiO,. This tendency
was verified after normalization by the specific surface area and by the number of active
framework Ti (FW-Ti) species. An excessive degree of methyl-functionalization diminishes
the catalyst performance due to lower Ti dispersion. Overall, an appropriate balance of
the degree of methyl-functionalization and hydrophobicity of the Ti-SiO, mesoporous
mixed oxide catalysts allows the improvement of their catalytic performance. All in all,
it was demonstrated that the aerosol route is more advantageous than the conventional
sol-gel route to prepare functionalized Ti-SiO, porous catalysts with improved catalytic
properties.
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