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Abstract: Selective oxidation of organics over an efficient heterogeneous catalyst under mild liquid
phase conditions is a very demanding chemical reaction. Herein, we first report the modification of the
surface of mesoporous silica MCM-41 material by phosphate for the efficient incorporation of Ti(IV)
in the silica framework to obtain highly ordered 2D hexagonal mesoporous material STP-1. STP-1 has
been synthesized by using tetraethyl orthosilicate, triethyl phosphate, and titanium isopropoxide as
Si, P, and Ti precursors, respectively, in the presence of cationic surfactant cetyltrimethylammonium
bromide (CTAB) under hydrothermal conditions. The observed specific surface area and pore volume
of STP-1 were 878 m?g~! and 0.75 ccg ™!, respectively. Mesoporous STP-1 has been thoroughly
characterized by XRD, FT-IR, Raman spectroscopy, SEM, and TEM analyses. Titanium incorporation
(Ti/Si = 0.006) was confirmed from the EDX analysis. This mesoporous STP-1 was used as a het-
erogeneous catalyst for the selective oxidation of styrene into benzaldehye in the presence of dilute
aqueous HyO, as an oxidizing agent. Various reaction parameters such as the reaction time, the
reaction temperature, and the styrene/H;O;, molar ratio were systematically studied in this article.
Under optimized reaction conditions, the selectivity of benzaldehyde could reach up to 93.8% from
styrene over STP-1. Further, the importance of both titanium and phosphate in the synthesis of
STP-1 for selective styrene oxidation was examined by comparing the catalytic result with only a
phosphate-modified mesoporous silica material, and it suggests that both titanium and phosphate
synergistically play an important role in the high selectivity of benzaldehyde in the liquid phase
oxidation of styrene.
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1. Introduction

Oxidation of olefin is considered to be one of the primitive reactions in synthetic or-
ganic chemistry [1]. A series of value-added chemicals such as epoxides, diols, and carbonyl
compounds are obtained as a result of olefin oxidation under mild reaction conditions [2,3],
and often, they are found as key precursors for the targeted organic synthesis in different
chemical industries. Thus, selective catalytic oxidation under eco-friendly conditions has
gained significant industrial importance over the years [4-6]. The traditional synthetic
route for this oxidation reaction surprisingly still involves hazardous pathways such as
ozonolysis [7], which can lead towards tremendous threat to the Earth and atmospheric
safety [8]. Thus, the global scientific community is exploring alternative safe routes over
the years to invent suitable heterogeneous catalysts in the selective oxidation reactions.
Scientists have paid particular attention to developing sustainable and economical as well
as eco-friendly strategies on oxidation of olefins. In this context, epoxidation of olefins
through a catalytic-peroxide-mediated pathway [9-11] is currently regarded as one of
the important alternative routes. Strategies such as peroxo-mediated olefin conversion
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have gained significant attention in this regard. The use of hydrogen peroxide in this
context is very significant due to its benefits such as operating ease, cost effectiveness, high
synthetic yields, and remarkable safety [12], as this reaction involves generation of water
as the only byproduct. Although initially the process starts with mainly generation of
homogeneous catalysts, the high cost and no scope of recyclability associated with this
process [13] motivate scientists to shift the process towards a heterogeneous [14] path-
way. The main scientific interests growing on development of an olefin oxidation strategy
through a heterogeneous approach have come up with some excellent catalysts with good
reproducibility. Thus, today, transition-metal-catalyzed oxidation [15,16] is the most suc-
cessful reaction for the synthesis of epoxides. In this context, Stack group has developed
a cationic manganese complex to effectively epoxidize electron-deficient olefins [9], and
Sun group reported another manganese-based catalyst [17] capable of generating epoxide.
Various other transition-metal-based catalysts [18-21] are also under rapid progress in this
field. Although very diverse research already has been carried out till now, the process
still lags some serious drawbacks due to the limitations such as cost effectiveness, tough
synthetic procedures, lack of recyclability, and low catalytic stability, demanding more
catalyst modification for the accomplishment of this oxidation reaction.

Porous nanomaterials [22] are currently attracting considerable attention to the sci-
entific world due to their widespread applicability in a variety of real-world issues. The
excellent fundamental material properties such as the high specific surface area, ease of
synthetic methodologies, enhanced chemical stability, and tunability of the chemical compo-
sitions are responsible for their wide range of potential applicability in solving energy and
environmental problems such as gas sorption [23], sensing [24], waste water remedies [25],
and removal of toxic pollutants from natural resources [26]. In this scenario, ordered meso-
porous silica materials are considered to be one of the promising candidates in the family
of porous materials. Starting from the discovery by the Mobil researchers in 1992 [27], a
vast amount of research has been carried out so far, which come up with some excellent
members of this class such as SBA-15 [28], SBA-16 [29], and single-crystalline MCM-48 [30].

Although a large number of heteroelements can be incorporated into the mesoporous
silica framework, incorporation of tetrahedral Ti(IV) in the silicate framework offers unique
advantages in designing a reactive heterogeneous catalyst to carry out a large spectrum
of oxidation reactions under mild reaction conditions. Extensive research has already
been carried out by using an MFI-type microporous titanium silicate catalyst for this
purpose. For example, Lamberti et al. have reported TS-1 as a single-site catalyst in this
context [31], Coperet and coworkers have reported efficient epoxidation over dinuclear
sites in titanium silicalite-1 [32], and Shen group have reported zeolite-modified TS-1 in
1-hexene epoxidation reaction [33]. High stability of titanium-hydroperoxo species, which
are generated in the liquid phase oxidation reactions in the presence of HyO,, plays a
crucial role in these oxidation reactions. Further, considering enhanced affinity of titanium
towards phosphates [34], we have explored the possibility of phosphate modification in
the synthesis of a mesoporous titanium silicate framework to enhance its catalytic activity.
We have fabricated a 2D hexagonal phosphate-modified mesoporous titanium silicate
material STP-1 containing reactive Ti(IV) species which was incorporated into the silica
framework. STP-1 showed excellent catalytic activity in the selective oxidation of styrene
into benzaldehyde under very mild reaction conditions using HyO, as an oxidant. This
high selectivity of STP-1 for benzaldehyde could be attributed to the synergistic effect
of titanium and phosphate species. We have also synthesized the phosphate containing
mesoporous silica material (SP-1) and used the same in this catalytic reaction.

2. Materials and Methods
2.1. Chemicals

Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), triethyl
phosphate, and titanium isopropoxide were purchased from Sigma Aldrich, Bangalore,
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India. Dilute aqueous HyO, (25%) was purchased from Merck, Bangalore, India. All others
reagents and solvents were used without any further purification.

2.2. Instrumentation

The mesophase formation and crystalline/amorphous nature of the particle of the
as-synthesized and calcined materials were investigated by small angles (26, 1°-5°) and
wide angles (20, 10°-80°) powder X-ray diffraction analysis, respectively, using a Bruker
D8 advance X-ray diffractometer (Germany). The bonding connectivity and the state of
titanium incorporation in the materials were scrutinized by Fourier-transform infrared
spectroscopy (FTIR) using a Shimadzu FI-IR 8400S (Kyoto, Japan) instrument where the
samples were prepared in KBr pellets. UV-visible spectroscopic analysis was performed
for studying the titanium incorporation and spectral properties. All the UV-visible spectra
were taken in Shimadzu 2401PC (Kyoto, Japan). Raman spectroscopy was measured by a
Horiba T64000 instrument. JEOL JEM 2100F was used for the investigation of microscopic
dimension of the particle in STP-1, and the crystal fringe pattern of the particle was
investigated by ultra-high-resolution TEM. The particle assembly and elemental analysis in
STP-1 analyzed by field-emission scanning electron microscopy (FE-SEM) using a JEOL JSM-
7500 F (Tokyo, Japan) scanning electron microscope. The presence of permanent porosity
in STP-1 was analyzed by N, sorption analysis at 77 K using a Anton Paar QuantaTec
(Boynton Beach, FL, USA) iSorb HP1 instrument. The formation of the catalytic products
and the yield of the products were analyzed using gas chromatography analysis (GC)
with the help of Centurion Scientific (New Delhi, India) GC, where an FID was used as
a detector.

2.3. Synthesis of STP-1

STP-1 was synthesized through a hydrothermal synthesis route in an autoclave using
an autogenous pressure at 85 °C. In a typical synthetic route, 0.54 g CTAB, 10.6 g H,O,
and 5.7 g aqueous ammonia (pH = 11.8) were taken in the teflon chamber of the autoclave
followed by vigorous stirring for 2 h. Then, 1.038 g TEOS (4.984 mmol) was added followed
by a subsequent addition of 177 mg of titanium isopropoxide (0.623 mmol), and finally,
113 mg of triethyl phosphate (0.623 mmol) was added as a phosphate source. The final
reaction mixture was allowed to stir for another 4 h; finally, the mixture was kept in 85 °C
in a static condition for 48 h. After the completion of the reaction, the white precipitate was
filtered and thoroughly washed with water. After drying at a 70 °C oven, it was kept for
calcination at 550 °C for 6 h. A finely powdered white color material was obtained.

The phosphate-modified mesoporous silica without titanium (SP-1) was synthesized
by the same procedure of STP-1. Here, 0.54 g CTAB, 10.6 g H,O, and 5.7 g aqueous ammonia
(pH = 11.8) were taken in the teflon chamber of the autoclave followed by vigorous stirring
for 2 h. Then, 1.038 g TEOS (4.984 mmol) was added followed by a subsequent addition of
113 mg of triethyl phosphate (0.623 mmol) added as a phosphate source. The final reaction
mixture was allowed to stir for another 4 h; finally, the mixture was kept in 85 °C in a static
condition for 48 h. After the completion of the reaction, the white precipitate was filtered
and thoroughly washed with water. After drying at a 70 °C oven, it was kept for calcination
at 550 °C for 6 h. A finely powdered white color material was obtained.

2.4. Styrene Oxidation Catalysis

Styrene (0.572 mL, 5 mmol), hydrogen peroxide (0.142 mL, 5 mmol), a catalyst (52 mg,
10 wt%), and acetonitrile (5 mL) as a solvent were added in a two-necked round bottom
flask. The whole reaction mixture was heated at different temperatures for several time
intervals. The reaction was monitored by collecting the aliquot of the reaction mixture at
different time intervals, and the catalyst was separated by centrifugation. The composition
of the product into the reaction mixture was analyzed by gas chromatography.
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2.5. Catalyst Activation

Prior to the all catalytic reactions, the catalyst needed to be activated for the removal of
trapped solvent molecules, which affected the catalytic activity due to the blocking of active
sites. Hence, the material was activated by heating at 130 °C for 2 h for each catalytic cycle.
To measure the catalytic recyclability, the catalyst was again isolated, dried and activated
by the same procedure.

3. Results

Phosphate-modified mesoporous titanium silicate material STP-1 was synthesized by
using CTAB as a structure directing agent (SDA) under hydrothermal conditions in the
presence of aqueous ammonia. The small-angle powder X-ray diffraction (PXRD) pattern of
STP-1 material is shown in Figure 1a, which was well matched with the pure silica MCM-41
material [35]. In the PXRD pattern, there were four diffractions in the 26 range of 0.5°-10°
corresponding to the reflection of the planes 100, 110, 200, and 210, respectively [36,37].
The diffraction peaks remained same after the calcination of the material at 550 °C that
concluded that the hexagonal arrays of the 2D hexagonal mesoporous structure remained
intact after calcination (Figure 1a). Furthermore, the wide-angle PXRD of STP-1 material
after calcination showed a broad peak around 23°, suggesting the amorphous pore wall of
silica (Figure 1b). Further, it is important to mention that there was no peak corresponding
to the TiO; phase in the STP-1 sample, which suggests that the titania species was nicely
dispersed into the silica framework [38].
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Figure 1. (a) Small-angle powder XRD pattern of the as-synthesized and calcinated STP-1; (b) wide-
angle powder XRD pattern of the calcinated STP-1 material; (c) FI-IR spectra of the as-synthesized
(blue) and calcinated (red) STP-1; (d) UV-Vis DRS data of STP-1 (Tauc plot as the inset).
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FI-IR spectra of KBr palletized as the synthesis and calcined STP-1 samples are shown
in Figure lc. A strong band at 962 cm~! was associated to tetrahedral Ti unit (Si-O-Ti
stretching), which was incorporated into the silica framework [39]. The as-synthesized
STP-1 material showed two peaks at 2923 and 2843 cm~ ! due to the C-H bond stretching, as
this sample contained a CTAB template. However, these peaks disappeared in the calcined
STP-1 material. A characteristic broad peak appearing at 3300-3750 cm ! confirmed the
~OH group of silanol overlapped with absorbed water molecules. A band at 1634 cm~! was
also observed due to Ti-O-Si lattice overtones. For symmetric stretching and bending of
Si-O bonds, two bands appeared at 801 and 463 cm ™!, respectively [40].

Raman spectroscopy is an important tool for the identification of coordination envi-
ronment of titanium atoms in the mesoporous silica framework. The Raman spectrum
shown in Figure S3 supports the structural feature associated with the STP-1 material. The
presence of the peaks at 504.5 and 1083 cm ™! could be assigned due to the asymmetric
stretching of the Si-O-Si unit [41]. The peak at 627 cm~! signified Ti-O-Ti [42], and the
peaks at 485, 515, and 1125 cm~1 signified the presence of the Si-O-Ti moiety [43].

UV-visible diffused reflectance spectra (DRS) is extensively used to characterized the
coordination environment of titanium into the silica framework. The UV-Vis DR spectra of
STP-1 (Figure 1d) showed a broad absorption in the range of 210-220 nm, which could be
attributed to a strong absorption peak for the ligand-to-metal charge transfer (LMCT) from
O?~ to Ti** [44]. From the Tauc plot, we also calculated the band gap of STP-1 that came at
3.41 eV, which also suggested that TiO, was not formed [45].

The analysis of the permanent porosity inside the architecture of STP-1 was carried
out through N sorption analysis at 77 K. The Brunauer-Emmett-Teller (BET) isotherm
represented in Figure 2a belonged to the classical type IV isotherm [46] according to IUPAC
classification. The sharp N, uptake at a lower-pressure region and no hysteresis indication
of the capillary condensation clearly supported the formation of silica mesophase [47]. The
pore size distribution analysis (Figure 2b) carried out using the nonlocal density functional
theory (NLDFT) conferred the presence of mesopores with a pore size of 4.4 nm. The BET
surface area of the material was found to be 878 m?/g. The pore volume of the material
was 0.75 cc/g.

The morphological analysis of the calcinated STP-1 sample was performed by high-
resolution transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) analysis. The TEM images obtained in lower resolution indicated the formation of
spherical nanoparticle assembly with a particle size of 0.8 um (Figure 2d(i)). By increasing
the resolution, the images (Figure 2d(ii-iv)) clearly indicated hollowness in particles. This
result suggested the high specific area of the materials. The high-resolution TEM images
clearly revealed the crystal fringe pattern (Figure 2d(v,vi)) with a fringe width of 3.96 nm,
which was also supported by the small-angle PXRD pattern. To obtain further insights of
the morphological feature, we carried out the scanning electron microscopic analysis. The
SEM images also clearly confirmed the presence of a hollow globular morphology with the
particle sizes of 0.5-0.8 um (Figure 2c(i-iv)) [48]. The elemental mapping images obtained
from the TEM analysis confirmed uniform distributions of Ti, Si, O, and P all over the
material (Figure S4). The titanium amount in STP-1 was calculated as Ti/Si = 0.006 from
energy-dispersive X-ray spectroscopic analysis (EDX). The characterization results (small
angle PXRD and FT-IR) of the phosphate modified mesoporous silica without titanium
(SP-1) is provided in supporting information file (Figures S1 and S2).
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Figure 2. (a) N, sorption isotherm of STP-1 at 77 K; (b) pore size distribution of STP-1 by using the
NLDEFT method; (c) SEM images (i-iv) of STP-1; (d) TEM images (i-vi) of STP-1.

4. Discussion
4.1. Catalysis

After the successful incorporation of Ti on the phosphate-modified mesoporous silica
framework, it was employed as a catalyst for the classical oxidation of styrene (Scheme 1).
A harsh reaction condition was used for the oxidation of styrene to form benzaldehyde,
but the major challenge was to attain high selectivity. Here, we have performed all the
reactions under mild reaction conditions using dilute aqueous H,O; as an oxidant. All
the parameters, which governed the reaction such as the temperature, the reaction time,
and the molar ratio of H,O, were thoroughly studied. To assess the catalytic role of STP-1,
a blank test was performed (Table 1, entry 1), which gave only a 3.2% conversion with
moderate selectivity after a 5 h reaction time. When pure silica MCM-41 was used as a
catalyst, it did not give any noticeable conversion of styrene in this oxidation reaction.
Therefore, in this study, we systematically optimized all the parameters step by step.
Initially, in the presence of a 10% catalyst loading, we achieved a 16.15% conversion
after 5 h reaction (Table 1, entry 9). This investigation also suggested that the selectivity
is obvious for benzaldehyde and subtle for styrene oxide. It is important to note that
the selectivity also increased over the time (Table 1, entries 2-6). The other byproducts
such as phenylacetaldehyde, formaldehyde, and benzoic acid also formed during the
reaction, and these were quantified from the GC analysis (Figures S7-511). As a moderate
conversion was achieved by increasing the reaction time at 70 °C (Table 1, entries 2-6),
the reaction was further performed in 80 °C under the same catalyst loading. A time-
dependent analysis clearly demonstrated that there was no significant conversion beyond
4 h (Table 1, entry 10). Again, when the reaction was conducted at an 80 °C temperature,
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a huge byproduct formation was observed by increasing the reaction time. Both the
blank test and the reaction at an 80 °C temperature indicated the role of the phase of
the catalyst on the benzaldehyde selectivity and suggested that 70 °C is the optimum
temperature for this liquid phase oxidation reaction. To achieve the higher selectivity of
benzaldehyde, we increased the molar ratio of HyO; under the same reaction conditions.
Entries 11-13 showed that a considerable conversion of styrene with a 93.8% selectivity
of benzaldehyde could be achieved when the reaction was conducted at 70 °C for 10 h.
We also checked the catalytic activity of STP-1 in the presence of oxygen instead of H,O»,
which did not give satisfactory results (Table 1, entry 14). The high benzaldehyde selectivity
over STP-1 catalyst also suggested a synergistic effect of phosphorous and titanium into
the mesoporous silica framework. We also conducted the styrene oxidation reaction over
only phosphate-modified mesoporous silica material SP-1, which gave a 6.61% conversion
with a 71.6% benzaldehyde selectivity (Table 1, entry 15). This result clearly indicated that
there was some impact of phosphorous in this catalytic reaction. Hulea et al. showed that
various Ti-containing molecular sieves, i.e., TS-1, Ti-beta, and Ti-MCM-41, gave different
product selectivities [45]. Phenyl acetic acid was selectively formed when styrene oxidation
performed over TS-1, whereas benzaldehyde formed as a major product over Ti-beta
and Ti-MCM-41 catalysts. This observation suggested that the selectivity of the product
in styrene oxidation reaction is highly dependent on the topology of the frameworks.
We also compared this finding to the results of other catalysts, and these are shown in
Table 2. Various types of mesoporous titanium silicate-based catalysts were used in this
liquid phase styrene oxidation reaction, including Ti-doped and Ti/Fe-doped catalysts,
which gave moderate yields together with low benzaldehyde selectivity. TS-1 showed a
selectivity of 26.5% for benzaldehyde, which was considerably low when compared to
that of the Ti-MCM-41 counterpart. Ti-SBA-15-based materials were also employed for
this reaction; a significant conversion was observed, but the selectivity was not quite high.
Both the yield and the selectivity were also insufficient over MOF-based materials. Thus,
our catalytic results on STP-1 suggested that the phosphate modification on Ti-MCM-41 is
very important for obtaining high selectivity for benzaldehyde in this liquid phase styrene
oxidation reaction. From this observation, we can infer that the synergistic assembly of
both titanium and phosphate plays a more crucial role than the individual one in the
overall catalysis.

9
— H_O

STP-1 (Catalyst)

y +
H,O,, acetonitrle,

Styrene heat time Benzaldehyde Styrene oxide

By products: O

H HO. _O
O
HJLH
Phenyl Benzoic acid Formaldehyde

acetaldehyde

Scheme 1. Oxidation of styrene over STP-1.
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Table 1. Optimization table for the liquid phase oxidation of styrene over STP-1.

Catalyst SO BA
Entry Catalyst Amount Temperature (°C) Time (h) Conversion (%) Selectivity Selectivity
(wt%) (%) (%)
1 Blank - 70 5 3.2 9.6 67.3
2 STP-1 10 70 1 44 8.7 70.1
3 STP-1 10 70 2 9.1 7.8 63.7
4 STP-1 10 70 3 11.9 9.6 86.2
5 STP-1 10 70 4 13.5 6.5 89.3
6 STP-1 10 70 5 16.5 52 84.5
7 STP-1 10 80 1 7.6 79 60.0
8 STP-1 10 80 2 8.4 7.5 50.5
9 STP-1 10 80 3 16.1 10.5 73.0
10 STP-1 10 80 4 20.7 7.5 53.1
114 STP-1 10 80 10 25.2 6.3 47.2
122 STP-1 10 70 5 29.1 3.9 48.6
132 STP-1 10 70 10 32.8 4.6 93.8
14b STP-1 10 70 10 0.6 n.d 20.2
15°¢ SP-1 10 70 10 6.6 22.5 71.6
Reaction conditions: styrene (5 mmol), H,O, (5 mmol), catalyst (10 wt%), and solvent acetonitile (5 mL). ?: Styrene
(5 mmol), H,0, (10 mmol), catalyst (10 wt%), solvent acetonitile (5 mL). P: An oxygen atmosphere was used
instead of HyO,. (n.d. refers to not detected). “: phosphate modified mesoporous silica without titanium (SP-1)
was used as a catalyst.
Table 2. Comparison study with the previously reported state-of-the-art catalysts.
Entry Catalyst Reac‘fifm Styre_ene o BeSr:ezlzlctlievl;z; ) Ref.
Condition Conversion (%) (%)
1 Ti-MCM-41 (H;05,) 70°C,5h 26.1 52.3 [45]
2 Ti-Fe-MCM-41 (H,0O5) 70°C,12h 50 90.1 [49]
3 TS-1 (Hp07) 70°C,5h 21.1 26.5 [45]
4 H3PW12040/SBA-15 (Hy0,) 70°C,24h 22.6 100 [50]
5 CoVSB-5 (H,0,) 70°C,6h 57 75 [51]
6 Ti-Fe-SBA-15 (H,05,) 70°C,12h 37.1 86.3 [49]
7 Ti-beta (H,O;) 70°C,5h 20.1 57.2 [45]
8 5i0, (H,03) 50°C,6h - - [48]
9 1.97% Ce0,-510, 50°C,6h 429 4290 [48]
10 0.98% CeO,-510, 50°C,12h 81.40 27.30 [48]
11 Ni/SiO, (Hp0;) 75°C,12h 31.2 90.20 [52]
12 FePcS/NH;-MCM-48 RT,6h 21.9 23.90 [53]
13 FePcS/NH;-MCM-48 RT, 24 h 65.5 214 [53]
14 MIL@NTU-1 (TBHP) 80°C,12h 314 12 [54]
15 STP-1 (H,0,) 70°C,10h 32.7 93.8 This work
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4.2. Plausible Reaction Mechanism

In the styrene oxidation reaction over STP-1 catalyst by using H,O,, the free radical
mechanism involves the interaction of H,O; with the tetrahedrally coordinated Ti (A),
which is nicely dispersed into the silica framework. After that tetradedrally coordinated Ti
into the silica framework (A), species interact with H,O, to form highly reactive hydroper-
oxyl species (B). This hydroperoxyl species (B) species reduces one electron to form Ti
peroxo species (C) [Ti(IV)-O' radical] and removes a water molecule. This Ti-peroxo species
(C) interacts with the m-bond of styrene and produce styrene oxide. The C=C bond cleavage
of styrene occurs to produce benzaldehyde via the radical transformation reaction due to
the presence of polar water molecules. Lubis et al. nicely presented that this overall reaction
pathways occurs through free radical mechanism [55]. In addition, the isomerization of
styrene oxide produces phenyl acetaldehyde [56]. The overall proposed selective oxidation
reaction pathway in the presence of HyO, is shown in Figure 3.
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Figure 3. Plausible mechanistic pathway of styrene oxidation over STP-1.

4.3. Recyclability Test

A recyclability experiment was also carried out in order to check the heterogeneity
of the catalyst. To carry out the catalytic recyclability experiment, we chose the optimized
reaction condition for selective styrene oxidation over STP-1 catalyst. After each of the
reaction cycles, the catalyst was separated from the reaction mixture by a simple centrifu-
gation process; after that, the catalyst was dried at a 150 °C hot air oven for 2 h and used
for next catalytic cycle. It was observed that there was no significant change in selectivity
up to five cycles (Figure 4). After the completion of five cycles, small-angle powder XRD,
FT-IR, and SEM analyses were carried out, and these did not show any noticeable changes
(Figures S5 and S6). All the collective experimental results confirmed the robustness of this
mesoporous phosphate-modified titanium silicate (STP-1) catalyst and used as a potential
candidate for the selective conversion of styrene oxide.
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Figure 4. Recycling ability of STP-1 catalyst in the liquid phase oxidation of styrene to benzaldehyde.

5. Conclusions

In conclusion, we have synthesized a Ti-incorporated mesoporous silica molecu-
lar sieve through a novel phosphate modification strategy. The mesoporous phosphate-
modified titanium silicate material STP-1 showed a 2D-hexagonal mesoporous nanostruc-
ture with a pore diameter of 4.4 nm and a very high specific surface area of 838 m?g~!.
STP-1 was successfully utilized in the selective styrene oxidation using dilute aqueous
H,0O, as a peroxide source. The incorporated Ti inside the silica matrix was involved in this
C-C bond cleavage under mild liquid phase conditions. Optimization studies suggested
good conversion of styrene with a 93.8% selectivity for benzaldehyde. We have also shown
that phosphate-modified mesoporous silica gave only a 6.6% styrene conversion and a
71.6% benzaldehyde selectivity. These results suggest that incorporating phosphate and
titanium into the silica framework synergistically plays an important role in forming highly
selective benzaldehyde products. These results also suggest that phosphate-modified meso-
porous titanium silicate can be a promising catalyst for the selective oxidation of organics
for the sustainable and cost-effective synthesis of valuable fine chemicals.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /chemistry5010042 /s1, Figure S1: Small-angle powder XRD
data of SP-1; Figure S2: FI-IR spectra of SP-1; Figure S3: Raman spectra of STP-1 sample; Figure
S4: Elemental mapping of STP-1; Figure S5: FT-IR spectra of STP-1 catalyst after 5 catalytic cycles;
Figure S6: SEM image after 5 catalytic cycles; Figure S7: GC-FID data of the styrene oxidation reaction
mixture after 1 h by STP-1 catalyst; Figure S8: GC-FID data of the styrene oxidation reaction mixture
after 2 h by STP-1 catalyst; Figure S9: GC-FID data of the styrene oxidation reaction mixture after 5 h
by STP-1 catalyst; Figure S10: GC-FID data of the styrene oxidation reaction mixture after 10 h by
STP-1 catalyst with O, used as an oxidant; Figure S11: GC-FID data of the styrene oxidation reaction
mixture after 10 h by SP-1 catalyst by HyO,.
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