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Abstract 

Hydrogen Peroxide to Propylene Oxide (HPPO) reaction is an attractive process exploiting 

Titanium Silicalite-1 (TS-1) as catalyst in combination with aqueous hydrogen peroxide as 

oxidizing agent. Beyond the industrial interest, TS-1 represents one of the most widely 

characterized catalyst due to its unique properties. However, a unified description on the 
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speciation of the different Ti species and their correlation to catalytic performances is missing in 

the literature. This work aims to exploit spectroscopic techniques (namely Diffuse Reflectance 

UV-VIS, Raman, FT-IR and Ti K-edge XANES) in a qualitative and quantitative way to 

thoroughly characterize Ti sites in a selected set of industrially relevant TS-1 samples, each one 

owning a peculiar Ti speciation. The outcomes of this study have been then related to the activity 

of each catalyst in HPPO reaction, showing its linear correlation with the content of perfect Ti 

sites (i.e. isomorphously substituting Si in the zeolitic framework). Other Ti species, such as 

amorphous TiOx and bulk titania, are instead not involved in the peroxide conversion (neither in 

a detrimental way).  

 

1. Introduction 

Titanium Silicalite-1 (TS-1), a synthetic zeotype where titanium atoms are introduced as 

isomorphous substituent of the tetrahedral silicon sites in a purely siliceous MFI zeolite,1 is an 

important selective catalyst in low temperature partial oxidation reactions. Being used in 

combination with aqueous solutions of hydrogen peroxide, TS-1 is able to catalyze selective 

oxidation reactions for a large variety of organic substrates with minimal byproducts production, 

such as the epoxidation of alkenes2–11 and other allylic/aromatic compounds (alcohols, aldehydes, 

ketones).12–20 Among these, the conversion of propylene to propylene oxide through the 

Hydrogen Peroxide to Propylene Oxide (HPPO) reaction4–6,10 is one of the most investigated 

processes as it is an economically and ecologically superior technology since, potentially, water 

is the only waste product.21 The industrial process (as independently developed by Evonik/Uhde 

and BASF/Dow Chemical) exploits fixed bed reactors operating in continuous flow conditions.6 
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Even if plain TS-1, as originally synthesize by its inventors, already exhibits high 

performances in partial oxidations, along the years many academic and industrial studies have 

attempted to further improve them. Excluding improvements related to the process and reaction 

conditions (indeed falling outside the focus of this work), two fundamental research lines mainly 

dealt with the increase of TS-1 performances: i) the improvement of the microporous TS-1 

transport properties by inducing additional porosities and/or peculiar morphologies; and ii) the 

final elucidation of the catalytic role of the possible Ti species present in TS-1 to tune the 

syntheses in order to favor the formation of the most active ones.  

The introduction of meso- and/or macro-porosities in the microporous network of a plain TS-1 

ensures the enhancement of the catalytic properties, mainly due to the overall improvement of 

the catalyst transport properties.22–35 Another route to achieve similar results is to shorten the 

diffusion path along the microporous system by decreasing the size of the TS-1 crystals.36–38 

Concerning the study of the different Ti species, in the last decades the research topic was 

mostly focused on the characterization, with both experimental8,39–48 and computational49–57 

methods, of the perfect Ti sites and on their interaction with H2O2 to form the active Ti-peroxo 

species. Nowadays, the research interest is progressively shifting toward the characterization of 

non-perfect Ti species.37,43,58–62 In fact, the synthesis of a perfect TS-1 (i.e. where all the 

introduced Ti is effectively substituting the Si) is rather complex and, depending on the Ti 

loading and on the synthetic route, often the “non-perfect” TS-1 show different Ti species other 

than ones in framework positions (i.e tetrahedral) such as the so called “amorphous” species58,60, 

supposed pentacoordinated or hexacoordinated TiOx and antase-like clusters.43,60 In the worst 

case, normally observed for high Ti loading (e.g. larger then ~3 wt% of TiO2),63 a wide fraction 

of titanium is transformed in a bulk oxide phase (i.e. titania). Amorphous pentacoordinated or 



 4 

hexacoordinated TiOx species, whose fingerprints have been recognized by means of several 

techniques, are still object of debate in the scientific community since their exact structures are 

unknown.37,43,58–62 

What has been understood is that these particular Ti species most probably own a higher 

coordination with respect to the perfect tetrahedral framework Ti (e.g. five- or six-folded). 

Likely, they are no longer single Ti site (e.g. Ti-O-Ti chains, titania nanoclusters, etc.): the 

possibility to form dimeric or multimeric Ti species has been proven in Ti/SiO2 catalysts, where 

supported complexes containing multiple Ti atoms exhibited catalytic acitvity in partial 

oxidation reactions like isolated tetrahedral Ti centers.33–35,38 The role of these Ti species in 

propylene epoxidation reaction is hardly debated in the literature and a unique interpretation is 

absent. In particular, Song et al.60 considered the catalytic properties of TS-1/SiO2 extrudates in 

propylene epoxidation and they found that, upon increase of non-framework Ti species, the 

selectivity of propylene oxide (PO) slightly decreased, while the conversion of H2O2 slightly 

increased. Su et al.58 focused their attention on amorphous non-framework (NFW) Ti species that 

severely decreased the catalytic performance of TS-1 by causing by-products formation and 

H2O2 decomposition. They found that sulfosalt impregnation method reduces the negative effects 

of the amorphous Ti species because of the inhibition of the acidity by metal ions such as Na+, 

K+, and the inactivation of the H2O2 decomposition capability of the NFW Ti species by the SO#$% 

ion. More recently, Zuo et al.59 claimed that pentacoordinated Ti sites are more active than 

tetrahedral in HPPO. In detail, they showed as treatment with tetrapropylammonium hydroxide 

can improve the catalytic performance of TS-1, partly due to the formation of pentacoordinated 

Ti. 
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The different catalytic behaviors of the various Ti species most probably relates to the diverse 

interaction they establish with H2O2, finally leading to a modified catalytic cycle. The case of 

perfect tetrahedral sites has been deeply investigated:57,64–66 in a very crude description, H2O2 first 

adsorbs over the Ti sites generating a Ti-peroxo or a Ti-hydroperoxo (depending on the level of 

hydration) species, involving the hydrolysis of a Ti-O-Si bond as well. Similar mechanisms have 

been inferred also in the case of tripodal Ti sites, where the bare Ti site already miss a linkage 

with the framework, thus exposing a titanol group. Then, the Ti-(hydro)peroxo reacts with 

propylene, transferring an oxygen atom to its double bond to form the epoxide moiety. By 

eliminating the residual water molecule, the Ti site is restored and the catalytic cycle concludes. 

On the other hand, few literature works proposed catalytic cycles involving defective Ti sites. Su 

et al.58 suggested as Ti defects structures like Ti-O-Ti chains, which can interact with H2O2 after 

the hydrolysis of a Ti-O-Ti (or Ti-O-Si) bond to generate a titanol group, thus forming Ti-

(hydro)peroxo species fully comparable to those involving perfect Ti sites, but whose lower 

stability results in an increased H2O2 decomposition. Guo and coworkers67 postulated an isolated 

octahedral defective Ti, bipodally linked to the zeolitic framewok and whose coordination sphere 

is completed by two titanols and two adsorbed water molecules. Such Ti center interacts with 

H2O2 forming a Ti-peroxo complex through the elimination of a titanol and an ancillary water 

molecule; upon contact with propylene the latter oxidizes it to propylene oxide. Alternatively, 

they also proposed a side reaction path leading to propylene glycol. 

Besides the above considered different Lewis Ti sites, also weak Brønsted acid sites (generated 

by Si or Ti vacancies in the framework)68–70 seem to have a role in HPPO reaction. In fact silanol, 

titanol and Ti-hydroperoxo species participate quite efficiently to the PO solvolysis (alcoholysis 

and hydrolysis).71 
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In the present work, three TS-1 samples, showing different amounts of all the above described 

Ti families and weak Brønsted acid species, are considered. A deep qualitative and quantitative 

characterization (by means of DR-UV-Vis, Raman, FT-IR and Ti K-edge XANES 

spectroscopies) of all these active sites has been performed and these results have been correlated 

to the catalytic activity in the HPPO process. 

 

2. Experimental Section 

2.1. Materials 

Three Titanium Silicalite-1 (TS-1) samples were provided by Evonik Industries AG and fully 

characterized as shown in the following sections. The three materials will be hereafter referred to 

as TS-1A, TS-1B and TS-1C. They possess the expected MFI structure and similar crystallinity, 

as shown by the powder XRD patterns reported in Figure S1 of SI. Their Ti content (from ICP 

analysis, as provided by the producer) and the Specific Surface Areas (SSAs, derived from the 

N2 adsorption isotherms at 77 K reported in Figure S2 of SI through the Langmuir and the 

Brunauer-Emmett-Teller (BET) models) are reported in Table 1. The main feature of the selected 

samples is the different Ti speciation, as will be discussed in the following. TS-1A and TS-1B 

materials have similar Ti contents, whereas TS-1C was synthesized with a higher Ti loading, in 

order to deliberately increase the number of non-perfect Ti-species. The SSA values are in 

agreement with the ones expected for an MFI zeolite.72 SEM analysis of the three samples shows 

they are closely similar under the morphological point of view, presenting nearby spherical 

aggregates with diametes in the 0.5-10 µm range (see Figure S3 of SI). 

 

 



 7 

Table 1. Ti loadings, as calculated by ICP analysis, and SSA (BET) for the TS-1 samples 
considered in this study. 

Sample name TiO2 wt% 
SSA (m2g-1) 

Langmuir BET 

TS-1A 2.44 573 430 

TS-1B 2.89 663 496 

TS-1C 4.33 635 476 

 

2.2. Catalysts characterization 

A multi-technique approach has been applied to the characterization of the selected TS-1 

catalysts, employing Diffuse Reflectance (DR) UV-Vis spectroscopy, Raman spectroscopy 

(exploiting multiple laser lines) and FT-IR spectroscopy (both in transmission and ATR mode). 

DR-UV-Vis spectra were collected on a Varian Cary5000 spectrophotometer, equipped with a 

diffuse reflectance sphere. The samples were measured in a home-made bulb quartz cell, 

allowing to perform thermal treatments. All the materials were measured first “as such” in air, 

then upon the following activation procedure: each sample was heated up to 500 °C with a ramp 

of 5 °C/min under vacuum (< 10-3 mbar); after 1 hour of outgassing at 500 °C, 50 mbar of pure 

O2 were dosed in the cell and left in contact for 1 further hour in order to oxidize the residuals of 

organic pollutants. 

ATR-IR spectra were collected directly inside the glove-box, thus avoiding the contact of the 

activated samples with the atmosphere, by means of a Bruker Alpha instrument, equipped with 

Deuterated TriGlycine Sulfate (DTGS) detector and single reflection diamond ATR accessory. 

ATR-FTIR spectra were collected with a resolution of 2 cm-1, accumulating 32 scans. The same 
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fractions of sample measured in activated form by DR-UV-Vis were exploited in the ATR-FTIR 

measurements as well. 

FT-IR spectra in transmission mode were collected accumulating 32 scans at 2 cm-1 resolution 

on a Bruker Vertex 70 spectrophotometer, equipped with a MCT cryodetector, at “beam 

temperature”, i.e. the temperature reached by samples under the IR beam (around 50°C). The 

samples were examined in the form of self-supporting pellets mechanically protected with a pure 

gold envelope. Before each measurement, all samples were activated in controlled atmosphere 

following the procedure reported in the DR-UV-Vis section, using a home-made quartz IR cell, 

equipped with KBr windows and characterized by a very small optical path (ca. 2 mm). After the 

sample activation, the cell was connected to a conventional high-vacuum glass line, equipped 

with mechanical and turbo molecular pumps (capable of a residual pressure p < 10-3 mbar), that 

allows in situ adsorption/desorption measurements of the employed molecular probe (2,4,6-

trimethylpyridine - collidine). 

The band deconvolution of the UV-Vis and transmission FT-IR spectra was carried out using 

the FIT routine by Bruker, that allows the interactive research of the best-fit to the examined 

experimental spectral segment on the basis of a number of spectral components imposed by the 

operator. All the major spectral parameters (spectral position, half-bandwidth, percent of 

Gaussian profile) were allowed floating freely. 

Raman spectra were measured first in air, then on the activated samples (for UV excitations 

only). The same treatment procedure reported above for UV-Vis measurements was applied. 

Three different excitation lines were chosen: 1064 nm (Bruker, solid state laser), 266 nm 

(CryLas FQSS 266-Q2, Diode Pumped Passively Q-Switched Solid State Laser) and 244 nm 

(Coherent MotoFred 300C, frequency doubled Ar+ laser). Each laser is coupled with a different 
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instrument: 1064 nm spectra were collected on a Bruker RFS100 Fourier-transformed Raman 

spectrometer. The 266 nm spectra were collected at the BL10.2-IUVS beamline at the Elettra 

Sicrotrone Trieste by exploiting the experimental set-up described in Ref. 73: the scattered light is 

analysed by using a triple stage spectrometer (Trivista 557, Princeton Instruments) equipped with 

a 1800 line/mm grating and detected by an UV enhanced CCD. The 244 nm Raman was 

performed on a Renishaw inVia Raman Microscope spectrometer, equipped with 3600 line/mm 

grating and UV enhanced CCD detector. 

Ti K-edge XANES spectra were collected in transmission mode at the XAFS beamline74 of the 

Elettra synchrotron operating at 2 GeV with an almost uniform current of 310 mA, in the top-up 

mode. Spectra where collected in transmission mode using three ionization chambers; a Ti metal 

foil was positioned after the second ionization chamber for on-line energy calibration.75 The 

photons delivered to the sample were selected from the white beam emitted by the bending 

magnet using a double crystal Si(111) monochromathor detuned to 50% to minimise the third 

harmonic contamination. The energy resolution was DE/E <10-4, that is better than 0.5 eV at 

5000 eV. XANES spectra were collected with a step of 5.0 eV in the pre-edge region 

(4750-4940 eV), that progressively reduces to 0.25 eV in the edge region (4965-5000 eV), and 

progressively increases in the post edge region that was collected till 6000 eV to guarantee an 

excellent evaluation of the edge jump. TS-1 samples were hosted inside home-conceived cells 

that allows activation at high temperature to be made in situ.76 The heating ramp was used to 

activate the samples was 5 °C/min up to 450 °C in a dynamic vacuum with a residual pressure 

better than 10-3 mbar.  
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2.3. Catalytic tests 

The catalytic tests were carried out under model conditions exploiting a continuously stirred 

batch reactor (Medimex/Premex autoclave able to work in liquid phase under propylene 

atmosphere) with powdered catalysts at 40°C and 3 bar. Initially, the powdered catalyst (1g) was 

charged inside the reactor within a basket attached to a gasing stirrer, then 400 g of a 1 wt% 

solution of MTBE (p.a. grade, used as internal standard) in methanol (p.a. grade) were 

introduced by means of a HPLC pump. The reactor was pressurized with propylene (99.996%) at 

the desired reaction pressure (3 bar) and heated up to 40°C with a heating rate of 2 C min-1 under 

continuous stirring of the basket with 1800 RPM. The amount of charged propylene was 

evaluated by weighing the propylene bottle before and after the admission inside the reactor. In 

each catalytic test around 30 g of propylene were introduced inside the reaction chamber. In the 

final step, around 44 g of 30 wt% aqueous H2O2 solution were introduced inside the reactor by 

means of a HPLC pump. The time zero of the reaction was taken just after the introduction of 

hydrogen peroxide inside the autoclave. The initial composition of the reaction mixture 

(expressed as molar ratios of H2O2 : Propylene : H2O : Methanol) is approximately 1 : 2 : 4 : 32. 

Offline gas chromatography (Agilent 7890B) was used for the quantitative analysis of the 

reaction solution. The conversion of H2O2 was determined by cerimetric titration. Samples were 

taken for the analysis after roughly 5, 10, 20, 30, 45, 60, 90, 120 and 180 min.  
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3. Results and Discussion 

3.1. Catalysts characterization 

3.1.1. Qualification of Ti sites 

The three materials considered in this study were deeply characterized in order to obtain a 

clear view about the speciation of their Ti sites. Thereby, optical, UV-Raman and XANES 

spectroscopies were applied, as reported in Figure 1.  

 

Figure 1. (a) DR-UV-Vis spectra, deconvoluted in their main spectral components (P, Perfect 
sites; A, Amorphous Ti sites; T; Titania); (b) UV-Raman spectra (l = 244 nm, solid lines; l = 
266 nm, dot-dash lines); and (c) Ti K-edge XANES spectra of the three TS-1 samples. All the 
spectra refer to activated materials (the asterisk labels the peculiar sharp white line of the TS-1 C 
sample). The inset of part (c) reports a magnification of the pre-edge peak representing the 
fingerprint of Ti(IV) species. The UV-Raman spectra have been normalized to their most intense 
signal for sake of visualization. The XANES spectra have been normalized to the edge jump. 
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The optical spectra of Figure 1a (reported in a band resolved form to help the reader in the 

identification of the different spectral components) clearly depict the different nature of the three 

catalysts. For the sake of simplicity, the band resolution has been performed considering each 

component as a Gaussian peak (even if for the TiO2 contribution an arctg function would have 

been more appropriate to describe the edge shape of the absorption) according to a methodology 

often exploited in the literature.37,59 It is important to mention as these components have been 

deconvoluted only to facilitate the recognition of the three most important components in the 

optical spectrum of TS-1 samples considered in this work. Still, their meaning is barely 

qualitative since: i) in principle, more than a single Ti specie could contribute to the same 

spectral component; and ii) each electronic transition associated to a specific type of Ti structure 

is in principle characterized by a different extinction coefficient, i.e. the relative intensities of the 

three bands are not directly correlated to their relative amounts. In order to better evaluate the 

nature of the Ti sites, samples have been activated to remove every possible interaction within Ti 

and possible undesired adsorbates, which could affect its electronic transitions.41 The comparison 

of the DR-UV-Vis spectra of all samples before and after activation are reported and commented 

in the SI (Figure S4a). The TS-1A sample (see black curves in Figure 1a) shows a single signal 

peaked at 50000 cm-1 (resolved component termed as P): this feature has been univocally 

attributed to the perfect tetrahedral framework Ti sites,77,78 which are the only type of Ti species 

belonging to this sample. Considering the TS-1B material (see red curves in Figure 1a), 

additionally to the spectral feature proper of perfect Ti sites, a second band is revealed at 37000 

cm-1 (resolved component termed as A). The origin of this electronic transition is still debated in 

the literature: in most of the cases, it has been attributed to isolated or polymerized amorphous 

hexacoordinated Ti species,43,58 not incorporated into the framework. The TS-1B sample contains 
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a relevant fraction of such peculiar amorphous Ti species and the band width (comparable to the 

one of the monodispersed perfect sites) suggests that they belong to a well-defined structure. In 

this regard, it is worth noting that hexacoordinated Ti species forming one-dimensional 

…-Ti-O-Ti-O-Ti-… wires embedded in the microporous ETS-10 titanosilicate exhibit an 

adsorption in this region.79,80 A further minor component is present at lower wavenumbers 

(resolved component termed as T), around 31500 cm-1. This signal can be related to the 

formation of a polymorph of bulk TiO2, whose electronic transitions fall in this spectral region.81–

83 However, on the basis of the only optical spectroscopy, the assignment of this component to a 

specific polymorph of titania is not straightforward. Finally, the TS-1C sample (see blue curves 

in Figure 1a) exhibits the larger amount of extra-framework bulk TiO2 (as expected from its 

considerably large Ti loading), being decreased the amount of amorphous Ti species (A). In fact, 

in this case, the 31500 cm-1 band (T) exhibits the highest intensity along the whole set of 

materials. Furthermore, an almost continuous absorption is evident in the case of this sample, in 

the spectral range between the tetrahedral Ti-framework electronic features and the bulk TiO2 

signal. Even if the 37000 cm-1 component (A) is sufficient to account for it, the existence of 

different amorphous Ti species cannot be excluded a priori, since no sharp features are observed 

in the reflectance profile. As an example, pentacoordinated sites, expected to produce electronic 

transitions in the 40000-45000 cm-1,59 could be present.  

In order to get further insights on the different Ti species, UV-Raman spectra of activated 

samples were also collected (see Figure 1b). The comparison of the UV-Raman spectra of all 

samples before and after activation are reported and commented in Figure S4b and Figure S4c of 

SI. The great advantage of Raman and UV-Raman spectroscopy in TS-1 characterization arises 

from the possibility to selectively exploit the resonance of the different Ti species.10,39,40,42,43,58,84,85 
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Thanks to the resonance effect, some vibrational modes, associated to Ti species absorbing the 

excitation light, are selectively enhanced as the spectra reported in Figure 1b (compare solid- 

dot-dash spectra). Starting from TS-1A, the main evidences of the introduction of the Ti in 

tetrahedral position are found at 960 cm-1 and 1125 cm-1, in the spectra collected with both the 

available excitation lasers (see solid and dash-dotted spectra in Figure 1b), respectively due to 

due to Ti-O-Si antisymmetric and symmetric stretching vibrations.40,42 At lower frequency, as 

already described by Li et al.,44 further absorptions, observed around 500 cm-1, were assigned to 

modes still involving Ti(IV) in tetrahedral coordination. The Raman spectrum collected on the 

TS-1A sample with the 266 nm laser excitation (see the dash-dotted black spectrum in Figure 

1b), with a lower resonant enhancement of the vibrational modes associated to the tetrahedral Ti 

sites, exhibits all the above mentioned spectral features, except for the band at 380 cm-1
, 

ascribable to the 5-membered rings typical of the MFI topology.86,87 

For what concerns the TS-1B sample, the 244 nm Raman spectrum (see the solid red spectrum in 

Figure 1b) closely resembles the TS-1A one, except for the sharp signal centered at 700 cm-1. By 

means of the 266 nm excitation laser, this latter band appears as the most intense signal of the 

spectrum, overcoming the perfect Ti signals by an order of magnitude. The signals of the perfect 

Ti sites becomes thus poorly visible, but they are still present as highlighted in Figure S5 of SI. 

As the excitation frequency is close to the one of the electronic transition attributed to the 

amorphous Ti sites, it is reasonable to attribute this band to a resonantly enhanced mode of these 

species. This assumption is in good agreement with the previous experimental observations,43,58,67 

even if the assignments proposed in the literature concerns different Ti structures. Since the UV-

Raman spectra reported in Figure 1b have been collected after sample activation at 500 °C under 

high vacuum, these spectral features cannot likely be ascribed to the isolated octahedral sites 
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suggested by Guo et al.67 because the ancillary water ligands considered in this model should 

reasonably desorb under the present activation conditions, causing a significant alteration of the 

related vibrational modes. Finally, the TS-1C catalyst exhibits an UV-Raman spectrum similar to 

TS-1A sample, employing the 244 nm excitation laser (see the solid blue spectrum in Figure 1b), 

whereas the spectrum collected with the 266 nm laser (see the dash-dotted blue spectrum in 

Figure 1b) (clearly shows an intermediate situation, in which the 700 cm-1 component possesses 

an intensity perfectly comparable to the signals generated by perfect Ti sites. According to its 

DR-UV-Vis spectrum (see solid blue curve in Figure 1a), the TS-1C sample is expected to be the 

richest of amorphous Ti sites. In fact, due to the almost continuous UV-Vis absorption of this 

sample in the 50000-30000 cm-1 range, this material probably possesses amorphous species of 

different nature with respect to those showed by the TS-1B sample that, even giving similar 

electronic transitions, are not resonantly enhanced. The resonant enhancement does not occur for 

these species most probably for symmetry reasons (i.e. the symmetry of the electronic transition 

does not match with the vibrational ones).40,42 

To further validate our investigation, we exploited the element selectivity of X-ray absorption 

spectroscopy, collecting the XANES spectra of the three activated TS-1 samples (Figure 1c).  

The 1s ® 3pd electronic transition in the pre-edge region of the XANES spectra of Ti(IV) 

minerals, glasses xerogels and materials in general is directly correlated, in both energy position 

and intensity, with the coordination of Ti atoms: moving from tetrahedral through penta-

coordinated to octahedral Ti(IV) species, the 1s ® 3pd transition blue shifts by about 2 eV and 

loses intensity from ~ 0.8 to ~ 0.2 with respect to the edge jump. Indeed, the same electronic 

transition for Ti(IV) species in TiO2 (anatase or rutile) or in ETS-10 titanosilicate, where Ti(IV) 

species are in octahedral environment, is characterized by a very low intensity due to the small 
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pd hybridisation which occurs in octahedral symmetry. The A1g ® T2g transitions are 

symmetrically forbidden in the case of octahedral coordination of Ti(IV), whereas the A1 ® T2 

transitions are allowed in the case of tetrahedral coordination of Ti(IV), as for [TiO4] units 

hosted in the dehydrated perfect TS-1.40,46,88,89 

The most peculiar feature of the spectra of the dehydrated TS-1A material (Fig. 1c, black curve). 

is indeed the narrow and intense 1s ® 3pd pre-edge peak at 4968.9 eV, testifying the 

unambiguous tetrahedral coordination of Ti(IV) species proper of perfect TS-1.46,88,89 The 

XANES spectrum of sample TS-1B (red curve in Fig. 1c) exhibits the same features of that of 

sample TS-1A, with the only exception of a slightly less intense pre-edge peak. The intensity 

decrease reflects a decrease of the fraction of Ti(IV) in tetrahedral coordination, that however 

remains the dominant Ti species in activated TS-1B. No spectral components ascribable to the 

fraction of non-perfect Ti can be straightforwardly appreciated in this spectrum. The 1s ® 3pd 

peak undergoes a further intensity decrease in the XANES spectrum of activated TS-1C but, in 

this case, additional features are observed. In the spectral region between the pre-edge and the 

edge (4970-4975 eV), two very weak features appeared (indicated as A2 and A3 in the inset of 

Figure 1c): these are the fingerprints of a bulk TiO2 phase.88,90,91 A third, low energy peak 

(labeled as A1) of bulk TiO2 phase escapes detection, because overshadowed by the most intense 

peak due to the tetrahedral fraction of Ti(IV). The latter feature probably causes the significant 

broadening of the 1s ® 3pd peak (see the FWHM reported in Table 2), together with a larger 

heterogeneity of the tetrahedral Ti(IV) species. 
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Table 2. Position, intensity and full width at half maximum (FWHM) of the XANES 1s ® 3pd 
electronic transition involving Ti(IV) atoms in tetrahedral coordination in the three samples. The 
last column reports the evaluation of fraction of tetrahedral Ti(IV) in TS-1 A, TS-1B and TS-1C 
estimated from the intensity of the 1s ® 3pd transition, vide infra section 3.1.2. 

Sample wt% 

TiO2 tot 

Peak position 

(eV) 

Peak intensity Peak FWHM 

(eV) 

TS-1A 2.44 4968.9 0.86 1.43 

TS-1B 2.89 4968.9 0.74 1.47 

TS-1C 4.33 4968.9 0.45 1.65 

 

3.1.2 Quantification of Ti sites 

DR-UV-Vis and UV-Raman spectroscopies were employed to qualitatively assess the 

speciation of titanium in the three catalysts. In order to move toward a more quantitative 

description of the TS-1 sites, a combined ATR-IR and FT-Raman (l = 1064 nm) approach was 

adopted: in particular, the former was exploited to quantify the framework content of perfect 

tetrahedral Ti centres, whereas the latter is the most suitable in the bulk titania quantification. 

The use of a Raman excitation wavelength far away from any electronic absorption of the 

materials guarantees the absence of resonance effects.10,39,40,42,43,58,67,85 Thereby, the intensity of 

each signal directly relates to the concentration of the corresponding chemical moiety. 

The direct proportionality between the spectral intensity of the FTIR 960 cm-1 band and the 

framework Ti content has been proven since long time.1,40 A possible source of error is 

represented by the overlap of this band with the signals arising from: i) the Si–O stretching mode 

of silanol groups; and ii) the stretching modes of double Si-O-Si bonds between the same pair 

of adjacent Si formed upon thermal elimination of adjacent silanols.40,69,70,92 However, this 

contribution is expected to be small, since the intensity of these mode is poor compared to the 
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absorption generated by the Ti insertion, even in SiOH rich materials as silicas and defective 

silicalites.86 Additionally, the insertion of Ti reduces the number of silanol nests,93 thus 

decreasing the extent of the possible quantification error. For all these reasons, the contribution 

deriving from the stretching modes of Si–O in silanols and/or strained Si-O-Si bonds formed 

during thermal activation by hydroxyl elimination in adjacent SiOH groups can be neglected. In 

order to corroborate this assumption, the ATR-IR spectrum of an activated TS-1 sample (TS-1A) 

has been compared in Figure S6b of the SI with the spectrum of a pure defective silicalite 

containing a similar silanols population, or rather a slightly higher number of hydroxylated 

cavities. The normalized FT-IR spectra of the two activated samples collected in transmission 

mode have been also reported in the OH range (Figure S6a of the SI) to prove the similarity 

between the two samples in this spectral region. From this comparison, it is clear that the 

contribution to the 960 cm-1 band of stretching modes of Si–O in silanols and/or strained 

Si-O-Si bonds is negligible and, as a consequence, a direct proportionality between the spectral 

intensity of the FT-IR 960 cm-1 band and the framework Ti content can be considered. 

Furthermore, in order to perform a proper quantification, it is important to consider that any 

change in the coordination shell of Ti (e.g. the adsorption of small basic molecules) leads to a 

perturbation of this signal. In fact, the position of the 960 cm-1 band blue-shifts if the coverage 

increases and at the same time, its spectral intensity decreases.41,94 For this reason, a proper 

activation of the material is essential to remove all the potentially adsorbed molecules and to 

consequently get a realistic quantification of the perfect Ti species. With respect to the past,40 the 

ATR-IR spectra were preferred (see Figure 2a) to the traditional transmission FT-IR ones, thus 

allowing the 960 cm-1 band to be “in scale” employing a trivial preparation procedure. In order to 

keep the sample in activated conditions during the measurement, the ATR-IR spectra reported in 
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Figure 2a were collected directly inside the glove-box under N2 protective atmosphere, as 

reported in the experimental section. 

 

Figure 2. (a) ATR-IR and (b) FT-Raman (l = 1064 nm) spectra of the three TS-1 samples. The 
ATR-IR spectra refer to samples activated at 500°C. FT-Raman ones were instead collected on 
the “as such” materials. For quantitative purposes, both the datasets have been normalized to the 
800 cm-1 MFI framework mode. In the insets, a detail of the 960 cm-1 (ATR) and 144 cm-1 (FT-
Raman) bands exploited for the quantifications. 

 

By means of FT-Raman (l = 1064 nm) spectroscopy, the amount of bulk TiO2 was estimated 

too. Since the spectral vibrational modes of bulk TiO2 should not be relevantly affected by 

surface adsorption, the measurements were performed on untreated samples (i.e. in air). 

Comparing the spectra of the three samples (Figure 2b), it is evident that TS-1B and TS-1C 

exhibit an additional sharp peak at 144 cm-1, straightforwardly ascribable to the intense Eg 
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vibration of anatase.95 This specific band was exploited for the anatase quantification. In order to 

obtain an actual quantitative information, both ATR-IR and FT-Raman spectra were normalized 

to the 800 cm-1 band (ascribed to the symmetric Si-O-Si framework stretching, thus due only to 

the siliceous matrix of MFI).86 In this way, the integrated areas of the 960 cm-1 and 144 cm-1 

bands can be related to the amount of tetrahedral Ti and anatase respectively. The quantification 

of the different Ti species was achieved exploiting the calibration curves reported in Figure 3. 

Data reported in Figure 3a have been collected on a series of perfect TS-1 samples, specifically 

synthesized by Evonik; their purity (i.e. absence of non-perfect species) was checked by UV-Vis 

(see Figure S7 of SI). Results reported in Figure 3b, instead, have been collected on a set of 

Silicalite-1 samples, whose crystallization gel was mixed with nano-anatase crystals (Aldrich) 

before hydrothermal crystallization. 
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Figure 3 (a) ATR-IR calibration curve (integrated area of the 960 cm-1 band as a function of the 
total amount of in-framework Ti, as calculated by ICP analysis) for the determination of the 
framework Ti content; and (b) FT-Raman (l = 1064 nm) calibration curve (integrated area of the 
144 cm-1 band as a function of the total amount of anatase, as calculated by ICP analysis) for the 
determination of anatase. In the insets, the details of the 960 cm-1 (ATR-IR) and 144 cm-1 
(Raman) bands exploited in the quantification are reported. All the spectra were normalized to 
the 800 cm-1 signal to ensure a quantitative comparison. 

 

The two sets of data reported in Figure 3 refer to dedicated samples, specifically synthesized by 

Evonik for calibration purposes. In the case of the in-framework Ti concentration, regular TS-1 

sample with only perfect Ti sites were produced with variable Ti loading. For the anatase 

calibration, nano-anatase particles (supplied by Sigma-Aldrich) were incorporated in the gel of a 

Silicalite-1 (i.e. purely siliceous MFI) before crystallization, thus allowing the trapping of the 

bulk oxide in the zeolite framework. In both the sets of reference samples, the amount of Ti was 

determined by ICP analysis and then correlated to the spectroscopic features. The integrated area 

of the 960 cm-1 band (whose quantitative relation with perfect Ti is well established)1,40 was then 

related to the perfect Ti content, whereas the integrated area of the anatase 144 cm-1 Raman peak 

was exploited for its quantification.95 The following linear correlations (where the intercept has 

been trivially set to zero) have been obtained: 

Area (960 cm-1) = wt% TiO2 perfect . 44.289  (R2 = 0.9997)  (1) 

Area (144 cm-1) = wt% TiO2 anatase . 1249.7 (R2 = 0.9866)  (2) 

Equations 1 and 2 have been applied to the data extracted from Figure 2, allowing the Ti 

quantification for the three TS-1 samples investigated in this work. The results are reported in 

Table 3.  
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Table 3. Speciation of Ti sites expressed as TiO2 wt% from combined ATR-IR and FT-Raman 
experiments. In brackets, the fraction of each type of site, calculated as: wt% TiO2 site/wt% TiO2 
tot. Speciation of the relative fraction of perfect Ti from XANES is reported for comparison. 

Sample wt% 

TiO2 tot 

wt% TiO2 

perfect 

wt% TiO2 

anatase 

wt% TiO2 

amorphous 

Perfect Ti 

XANESa 

TS-1A 2.44 2.44 (1.00) 0.00 (0.00) 0.00 (0.00) 1.00 

TS-1B 2.89 2.57 (0.89) 0.12 (0.04) 0.20 (0.07) 0.86 

TS-1C 4.33 2.09 (0.48) 0.37 (0.09) 1.87 (0.43) 0.52 

a The fraction of perfect Ti has been evaluated by dividing the intensity of the 1s ® 3pd pre-
edge peak of each sample for the intensity of the 1s ® 3pd pre-edge peak of the TS-1A sample 
(as it contains only perfect Ti sites). Intensity values are reported in Table 2. 

 

Clearly, knowing the total amount of Ti (as calculated by ICP analysis) and the contents of 

perfect Ti and anatase, the fraction of amorphous Ti can be simply derived from subtraction. It is 

worth mentioning that the label amorphous Ti (indicated as A in the DR-UV-Vis spectra) refers 

to a single type of Ti species in the TS-1B sample (according to the qualification results), 

whereas amorphous Ti sites of different nature are most probably present in TS-1C. As further 

crosscheck, the fraction of tetrahedral Ti(IV) species estimated by ATR-IR experiments has been 

compared with the semi-quantitative results derived from XANES. Since TS-1A contains just 

perfect Ti, the intensity of its 1s ® 3pd feature is due only to this type of Ti species. Thus, by 

calculating the ratio between the intensities of the pre-edge peak of TS-1B/TS-1C and the one of 

TS-1A, the fraction of perfect Ti in these samples can be estimated. This semi-quantification (see 

Table 3) is in good agreement with the ATR-IR findings: the fraction of perfect Ti for TS-1B and 

TS-1C samples has been evaluated to be 0.86 and 0.52 respectively. This outcome testifies the 

goodness of our ATR-IR-based calibration strategy. 
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3.1.3 FT-IR study of external and internal hydroxyl groups 

After the qualitative and quantitative evaluation of the Ti centers, the hydroxyl population 

(both external and internal) of all the catalysts has been extensively evaluated by means of 

transmission FT-IR spectroscopy. Figure 4a and 4b report the spectra, in the OH stretching 

region, of all the samples after activation at 500°C (see black, red and blue spectra). Figure 4c, 

additionally, displays the differential FT-IR spectra normalized to the TS-1 overtone modes of 

collidine saturated samples, in the spectral region of collidine ring vibrations. As demonstrated 

by the extremely abundant and well-established literature on the subject (see for example ref. 

69,70,96–98 and references therein), the complex envelope of bands in the 3800-3200 cm-1 spectral 

range is ascribable to the presence of both isolated and interacting OH groups (possibly both 

SiOH and TiOH species, characterized by very similar O-H stretching frequencies and, for this 

reason, not distinguishable)99 located on the external and on the internal surface of TS-1. In 

particular, the spectral components in the 3800-3700 cm-1 range are generated by stretching 

modes of unperturbed or weakly perturbed OH groups, whereas the broad envelope between 

3650 and 3200 cm-1 can be ascribed to adjacent silanols (titanols) mutually interacting via 

medium-strength hydrogen bonds, located inside the hydroxylated cavities (nests) generated by 

the presence of defects (i.e. one or more missing [SiO4] unit in the framework). The chains 

length of these hydrogen-bonded hydroxyl groups depends obviously upon the number of 

missing [SiO4] units.69,70,97 
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Figure 4. (a)-(b) FT-IR spectra in the OH stretching region, normalized to the TS-1 framework 
overtone modes, of the catalysts activated at 500°C (black-TS-1A, red-TS-1B, blue-TS-1C) and 
after contact with collidine vapor pressure (grey-TS-1A, orange-TS-1B, light blue-TS-1C). (c) 
Differential FT-IR spectra of collidine saturated samples in the ring modes spectral range of 
collidine. All spectra were collected at beam temperature, i.e. the temperature reached by the 
materials under the IR beam. 
 

It is clear that the TS-1A (black spectrum) and TS-1C (blue spectrum) catalysts possess a very 

similar OH spectral profile with respect to sample TS-1B (red spectrum), in which the ratio 

between the unperturbed or weakly perturbed and the interacting hydroxyl groups is completely 

different. These differences are pointed out in Figure 4a, where the normalized spectra of the 

three activated samples (black, red and blue curves) are directly compared in the OH stretching 

region (nOH) of substantially unperturbed species. This apparently complex nOH envelope is 

actually very similar to the hydroxyls spectral profile reported in the literature for this type of 

defective materials for which three distinct band are usually recognized in this spectral 

region.69,70 In order to study and compare the unperturbed or weakly perturbed hydroxyl 
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population of the catalysts, the activated samples spectra of Figure 4a were reported in a band-

resolved form in Figure 5 (upper part) considering three main spectral components. 

 

Figure 5. Band resolved FT-IR spectra in the stretching region of substantially unperturbed OH 
species, normalized to the TS-1 framework overtone modes, of the catalysts activated at 500°C 
(upper part: black-TS-1A, red-TS-1B, blue-TS-1C) and after contact with collidine vapor 
pressure (lower part: grey-TS-1A, orange-TS-1B, light blue-TS-1C). Full line spectra are the 
experimental ones, whereas dotted traces represent the resolved components, referred to as I, II 
and III. 
 

The three resolved components, hereafter referred to as I, II and III, are located at 3745, 3736 

and 3724 cm-1 respectively. The band at 3745 cm-1 (I) can be ascribed to fully isolated 

(unperturbed) SiOH (TiOH) groups, whereas the two components at 3736 (II) and 3724 (III) cm-1 

are generated by substantially unperturbed hydroxyls groups in terminal position in hydrogen-

bonded silanol chains as depicted in Scheme 1. The existence of different spectral components 

due to terminal OH species can be reasonably explained considering chains of mutually 

interacting OH groups of different length. In fact, the spectral position of the OH stretching 
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mode of terminal groups depends upon the chain length of the hydroxyl species interacting via 

hydrogen bond: in particular, the higher the chain length, the lower the OH stretching 

frequency.69 

 

 

Scheme 1. Pictorial description of an isolated silanol and of terminal OH groups in chains of 
mutually interacting silanols of different length. 
 

The resolved spectral components of the three activated samples shown in Figure 5 and the 

corresponding integrated absorbance (Area) reported in Table 4 and Table S1 highlight that, as 

mentioned in the discussion of Figure 4, samples TS-1A and TS-1C are characterized by a very 

similar OH population. In contrast, the TS-1B catalyst possesses a higher amount of isolated OH 

groups (see the Area of component I in Table S1) but a very similar population of weakly 

perturbed terminal species with respect to the other two materials (see the Area of components 

II+III in Tables S1 and 4). Still, in the case of samples TS-1A and TS-1C, the envelope between 
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3650 and 3200 cm-1 (see black and blue spectra in Figure 4b), due to the stretching vibration of 

interacting OH groups inside the nests, is definitely more intense. It probably means that both 

TS-1A and TS-1C catalysts are characterized by defects in which more adjacent tetrahedral 

[SiO4] units are simultaneously missing and, therefore, their hydroxylated cavities contain longer 

chains of mutually interacting silanols closed in a loop.68,69,97 Nevertheless, regardless of the 

interacting OH chains length, the population of terminals OH groups in open chains of the three 

samples is substantially the same (see Table 4). The different concentration of hydrogen-bonded 

species of these materials has probably no relevance, in fact, mainly isolated and terminals 

species, with a higher acidic character, can possibly affect the catalytic performances of the 

material.  

Table 4. Integrated absorbance (Area) of the resolved spectral components I, II and III reported 
in Figure 5 evaluated after activation (internal + external fraction) and after contact with 
collidine vapors (internal fraction), relative to the total isolated-terminals OH species (I+II+III) 
and to the terminal (II+III) OH groups. The external SiOH/TiOH fraction, calculated by 
difference, is reported for completeness. 
 

Sample Silanol location 
Area (I+II+III) 

(isolated & total 
terminals) 

Area (II+III) 
(total terminals) 

TS-1A (activated) Internal + external 5.96 4.72 

TS-1B (activated) Internal + external 7.68 5.25 

TS-1C (activated) Internal + external 6.34 5.13 

TS-1A (collidine) Internal 2.17 1.90 

TS-1B (collidine) Internal 2.56 2.25 

TS-1C (collidine) Internal 2.99 2.65 

TS-1A (difference) External 3.79 2.82 

TS-1B (difference) External 5.12 3.00 

TS-1C (difference) External 3.35 2.48 
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Another important feature to consider in the characterization step of these materials is the 

evaluation of the substantially unperturbed hydroxyl fraction actually located on the internal 

surface of the TS-1 micro-channels, to understand if the presence of these weak acid centers play 

a role in the catalytic activity of these systems and, especially, in the by-products formation. The 

discrimination between internal and external OH groups is possible by performing the FT-IR 

study of the adsorption of a sterically hindered probe molecule, the 2,4,6-trimethylpyridine 

(collidine).100,101 This basic probe, due to its diameter (7.4 Å), is too large to enter inside the MFI 

micropores of TS-1 and, therefore, can only interact with the acid sites fraction present at the 

external surface. In other words, if a silanol stretching band is affected by the adsorption of 

collidine, it means that the corresponding hydroxyl fraction is located outside the micro 

channels. 

Collidine vapors were put in contact with the pre-treated samples in the FT-IR cell at room 

temperature (see Figure 4c). The bands at 1617 and 1572 cm-1 represent collidine adsorbed on Si-

OH sites.100 Consistently with results described in Figure 4a, TS-1B shows the most intense 

signals from collidine ring modes due probably to the larger amount of external OH species of 

this material that leads to the adsorption of a larger amount of probe molecule. 

Figure 4b reports the normalized spectra, in the OH stretching region, of all the activated 

samples after contact with collidine vapour pressure (see grey, orange and light blue spectra). 

Consequently to the collidine interaction, it is possible to observe a strong reduction of all 

hydroxyl bands in the 3800-3700 cm-1 spectral range, consistent with the fact that the probe 

interacts with the isolated and the chain terminals hydroxyl groups located at the external 

surface, and the appearance of a broad signal in the 3600-3100 cm-1 region generated by the OH 

species interacting with the probe molecule and overlapped to the bands of perturbed silanols 
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located inside the TS-1 nests. The decrease of the substantially unperturbed hydroxyls signals is 

well evident in Figure 4a, where the normalized spectra of the three activated samples (black, red 

and blue curves) are directly compared with the spectra of the materials after collidine 

adsorption. These spectra were reported in a band resolved form (components I, II and III) in 

Figure 5 (lower part); in order to evaluate the internal OH population, in fact, the virtually 

unaffected bands imply that the corresponding OH species are located inside the microporous 

structure. The integrated absorbances (Area) relative to the fraction of internal hydroxyls are 

listed in Tables S1 and 4. The external SiOH/TiOH population was also calculated by difference 

and reported for completeness in Table S1 and 4. In general, the amount of isolated and terminals 

SiOH groups that is able to interact with collidine, i.e. that is located at the external surface, is 

around 60% of the total population. It is worth noting that sample TS-1B possesses the higher 

fraction of external OH population, as previously highlighted in the description of Figure 4a and 

4c. Observing the Area (I+II+III) values calculated after collidine adsorption of Table 4, it is 

evident that the three samples contain a different amount of weakly acid internal OH species 

(isolated and teminals) that follows this trend: TS-1C > TS-1B > TS-1A. Moreover, from the 

band-resolved spectra of Figure 5, it is possible to highlight that, for all samples, the spectral 

component ascribed to isolated OH groups (I, 3745 cm-1) is mainly eroded upon collidine dosage, 

because these species are mainly located at the external surface. In addition, the amount of 

internal isolated OH groups is essentially the same in the three samples (see the Area of 

component I after collidine adsorption in Table S1) and, as a consequence, the amount of internal 

terminals OH groups follows the above reported trend (TS-1C > TS-1B > TS-1A). 

3.2 Catalytic test measurements 
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Figure 6. Catalytic data for the HPPO reaction obtained at 40 °C and 3 bar. TS-1A (black 
curves), TS-1B (red curves) and TS-1C (blue curves). In the panels: (a) H2O2 conversion («); 
and (b) PO selectivity (n).  

 

The three materials were tested as catalysts in the HPPO reaction at 40°C and 3 bar for 180 min 

in order to investigate a possible structure-activity relationship with respect to the nature of the 

various Ti species. All the catalytic results are reported in Figure 6.	The catalytic tests proved 

that all the samples are considerably active toward the propene epoxidation reaction, however it 

is evident that minor differences can be highlighted. After 180 min of reaction, the conversion of 

H2O2 is very high reaching roughly 70% for both samples TS-1A and TS-1B. A slightly lower 

value is achieved in the presence of TS-1C, with a conversion of around 60% at 180 min. The 
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PO selectivity after the same reaction time is very high (around 94%) for all the catalysts. All 

these catalytic parameters are listed in Table 5.	

Table 5. Hydrogen peroxide conversion (&'()(), propylene oxide selectivity (SPO), by-products 
yields (YBY), productivity and Turnover Numbers (TON) for PO production calculated for the 
three samples in the HPPO reaction performed at 40 °C and 3 bar. The amounts of both total and 
perfect Ti centers, expressed as mg of TiO2, are reported as well. 

Sample 

Catalyst 

amount 

(g) 

TiO2 

tot 

(mg) 

*+,-,a 

(%) 

SPO
a
 

(%) 

YBY
b

 

(%) 

Productivityc 

(./-.012%3) 

TONtot c 

(456/-45678-,	:;:%3) 

TONperf c 

(456/-45678-,	<=>?
%3) 

TS-1A 1.083 26.4 71.6 93.8 1.8 8.0 450 450 

TS-1B 1.013 29.3 73.7 93.8 2.0 8.1 384 431 

TS-1C 1.012 43.8 61.0 94.4 2.0 7.2 229 476 

a after 3 h of reaction 
b computed at 50% H2O2 conversion 
c computed at 30 min of reaction 
 
The catalytic parameters are in line with the results reported in the literature concerning 

experiments carried out in similar conditions.59,67,102 

The productivity of the catalyst, expressed as g of PO produced per g of catalyst along 1 h of 

reaction, was computed. The obtained data show as TS-1A and TS-1B exhibit a similar 

behaviour, whereas TS-1C has poorer performances. This trend readily suggests that, most 

probably, TS-1C owns a lower number of active sites. Even if these values are meaningful for 

industrial application, they do not clearly allow the role of Ti species toward catalysis to be 

understood. Thereby, Turnover Numbers (TONs) after 30 min of reaction was calculated by 

considering the molar ratio between the produced PO and the amount of catalyst active sites. In 

this specific case, assuming that the plain siliceous matrix of TS-1 is not active in propylene 

epoxidation, TON calculations have been performed considering: i) the total TiO2; or ii) the only 

perfect TiO2 contents. Assuming that all the Ti sites are active (regardless of their nature), the 
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TON for the three catalysts is theoretically are expected to be equal. In contrast, the calculated 

TONs (see Table 5) reveal a higher value for TS-1A, a slightly lower one for TS-1B, whereas 

TS-1C presents a much lower TON. This conflicting behaviour proves that not all the Ti sites are 

catalytically active in the HPPO reaction. Interestingly, the TON seems to be related to the 

perfect Ti content only, since similar values are obtained among the three catalysts as this 

specific sites fraction is considered in the calculations. Therefore, the amorphous Ti species and 

the bulk anatase, observed in TS-1B and TS-1C catalysts, act most probably just as spectators in 

the H2O2 conversion, but considerably decreasing the fraction of available active sites with 

respect to the whole Ti content. 

If the nature of the Ti species seems to be a secondary factor in determining the H2O2 

conversion, it could play a role with respect to the formation of by-products. The main by-

products observed in HPPO reaction generate from alcholysis and hydrolysis of PO, giving 

methyl esters and propylene glycol.103 The yields of by-products, evaluated at 50% of H2O2 

conversion and reported in Table 5, show slight differences for the three catalysts. In particular, 

TS-1A forms a lower amount of undesired products, suggesting that amorphous species and/or 

anatase present in TS-1B and TS-1C could play a role in the PO degradation. 

As reported in the literature,71 other acid functionalities could affect the catalyst selectivity as 

well, i.e. silanols and/or titanols. Comparing the data reported in Table 4 and the by-product 

yields given in Table 5, a relation between the amount of internal OH groups and the by-products 

formation could be qualitatively inferred as did previously for non-perfect Ti species. The PO 

degradation capacity of the catalyst is most probably weakly correlated with the internal OH 

population of the material: the lower the internal OH population, the lower the amount of by-

products (see Area (I+II+III) reported in Table 4). Conversely, there is not a clear correlation 
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between the total amount of SiOH/TiOH sites (internal + external, both isolated and/or 

interacting) and the by-products yield, thereby the effect of the external groups cannot be clearly 

stated. 

As a general and final comment, it is worth mentioning that all the above reported differences are 

rather small and, practically speaking, the behaviour of the three catalysts is almost the same at 

the considered reaction conditions. Future dedicated PO degradation experiments (other than 

regular catalytic tests) are thus necessary to fully elucidate the role of non-perfect Ti sites and of 

other acid functionalities (SiOH/TiOH) in by-products generation. 

 

4. Conclusions 

Three TS-1 samples with different amount and different speciation of Ti sites were fully 

characterized by means of different spectroscopic techniques. DR-UV-Vis, UV-Raman (l= 244 

nm and 266 nm) and Ti K-edge XANES spectroscopies showed the clear presence of both 

perfect tetrahedral Ti and non-perfect (amorphous hexacoordinated and/or pentacoordinated Ti 

and anatase) Ti species. ATR-IR, FT-Raman (l = 1064 nm) and XANES were instead employed 

to perform the quantification of the recognized Ti species. 

FT-IR spectroscopy proved that the three samples are characterized by a different population in 

weak Brønsted acid sites (hydroxy groups in silanols and titanols). The speciation and the 

quantification of internal vs. external hydroxyls were performed by means of collidine IR 

adsorption. 

The catalytic testing of the three materials proved that non-perfect Ti species do not affect H2O2 

conversion. Furthermore, the catalytic activity is quantitatively correlated to the perfect Ti 

content of each catalyst. Considering the by-products formation, non-perfect Ti species are most 
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probably poorly active in the PO degradation, In the same way, only a weak qualitative 

correlation among silanols and/or titanols and the by-products yield was found. 

As a general remark, this work establishes for the first time a bridge between an extensive 

characterization step (also quantitative with respect to the possible active species) and the 

catalytic performances of the TS-1 in HPPO reaction, demonstrating the importance of a 

combined approach in determining the structure-property relationship in the heterogeneous 

catalysis field. 

 

Supporting Information (SI) 

Powder XRD patterns of the samples (Figure S1); N2 adsorption/desoprtion isotherms at 77 K 

of the samples (Figure S2); SEM images of the samples (Figure S3); comparison of the optical 

and UV-Raman spectra of samples before and after activation (Figure S4); UV-Raman spectra 

(266 nm) of samples TS-1A and TS-1B highlighting the features of perfect Ti sites in the latter 

(Figure S5); FT-IR spectra of sample TS-1A and a pure defective silicalite, compared in their 

OH stretching region and nearby the 960 cm-1 band (Figure S6); DR-UV-Vis spectra of the 

perfect Ti calibration TS-1 samples (Figure S7); integrated absorbance for the single components 

of FT-IR band resolution, for both activated and collidine-contacted materials (Table S1). The 

Supporting Information is available free of charge on the ACS Publications website. 
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