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Abstract 

TixSiBEA zeolites prepared by a two-step post-synthesis method are applied in the liquid-phase 

Baeyer-Villiger oxidation of cyclohexanone to ε-caprolactone in the oxygen-aldehyde system. 

Such method of ε-caprolactone synthesis offers the application of milder reaction conditions with 

the catalytic system which transforms cyclic ketones into lactones in the presence of molecular 

oxygen and aldehyde.  They are the source of in situ peracid formation. The Ti incorporation into 

SiBEA involves the formation of Ti(IV)(OSi)4 as main species and small numbers of 

Ti(III)(OSi)3-O(H)-Si sites having Brønsted and Lewis acid properties. The acidity is a key 

factor for efficient transformation of cyclohexanone to ε-caprolactone in the BV oxidation 

depending on the titanium oxidation state and environment. Among all of the studied catalysts, 

the highest catalytic activity is observed for Ti2.0SiBEA zeolite. The active catalyst of the studied 

BV oxidation reaction is bi-functional, possessing both the acidic and redox properties, 

catalyzing different reaction stages.  
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Introduction 

The Baeyer–Villiger (BV) oxidation of cyclic ketones into lactones or ketones into esters is 

drawing much attention due to the formation of varied products with various functional groups 

necessary for manufacturing pharmaceuticals, monomers for biodegradable plastics or 

intermediates for fine chemicals [1]. BV oxidation is the large-scale industrial process for 

transformation of cyclohexanone to ε-caprolactone which is a monomer to produce 

polycaprolactone [2]. On the industrial scale ε-caprolactone is produced with the use of 

aggressive and toxic oxygen donor-like peracetic acid which makes the applied production 

method expensive and dangerous for natural environment. An alternative for the existing 

processes is a catalytic system in which cyclic ketones can be transformed into lactones in the 

presence of ecologically friendly reagents, such as hydrogen peroxide or molecular oxygen and 

aldehyde as co-catalyst. 

Hydrogen peroxide is regarded as one of the weakest oxidants and its catalytic action should 

be reinforced by the presence of transition metal catalysts such as Pt or Pd [3]. Several transition 

metal catalysts were applied as catalysts with H2O2 as oxidant. The advantage of hydrogen 

peroxide is its low cost and formation of water as the only by-product. In 1978 Jacobson et al. 

[4] described the first example of the use of Mo(VI) complexes in BV oxidation with rather 

moderate efficiency. Rhenium complexes have been proven to be active catalysts of BV 

oxidation for a variety of simple cyclic ketones [5]. In the presence of tungstophosphoric acid 

cyclic ketones were converted to appropriate lactones with moderate selectivity [6]. Another 

heteropolyacid, H3SiW12O40, supported on multi-walled carbon nanotubes demonstrated high 

catalytic activity in BV oxidation of a series of cyclic ketones. Heterogenization of tungstosilicic 

acid resulted in an easier recovery and in possible reuse of the catalyst in cyclopentanone 
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oxidation [7]. A particularly important group of the catalysts active in the BV oxidation are Sn-

based compounds. Corma et al. [8] applied, for the first time, tin containing Beta zeolite for BV 

oxidation of saturated ketones. Due to its unique active site geometry, an excellent catalytic 

performance and facility of separation from the reaction mixture, it proved to be an ideal catalyst 

for ketones lactonization. Application of tin catalysts like Sn-exchanged hydrotalcites and their 

further reuse in the oxidation of cycloketones to lactones were described in [9,10]. However, it 

should be noted that hydrogen peroxide used in higher concentrations and in the presence of 

organic compounds can be unstable and harmful for the reaction vessels [3], therefore such 

processes require expensive protection.  

Alternatively, Yamada et al. [11] developed a catalytic system which enables BV 

transformation to be carried out over Ni catalysts in the presence of molecular oxygen and 

sacrificial aldehyde (Mukaiyama system). This method is environmentally attractive since it 

utilizes the cheapest oxidizing agent – oxygen. Also, the addition of sacrificial aldehyde to the 

reaction mixture allows BV oxidation to proceed under mild and environmentally acceptable 

conditions. Moreover, in this process two useful compounds are produced, a lactone and an acid. 

As opposed to the classical method using hazardous peroxycarboxylic acid as common oxidant, 

in the Mukaiyama system peracid is formed only in situ. It is widely accepted [3,12] that 

aldehyde, in the presence of molecular oxygen, in the Mukaiyama procedure generates peracid 

which in turn converts cyclic ketone into lactone. BV oxidation in the Mukaiyama conditions 

proceeds efficiently in the presence of metal complexes via free radical chain mechanism [12]. 

As it was proven [13], the most beneficial catalytic system should be bi-functional. The redox 

properties are necessary to facilitate the autooxidation of aldehyde to peracid while Lewis acid 

sites participate in the activation of ketone. 
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Considerable attention has been devoted to the application of dioxygen as oxidant in BV 

oxidation. Lakk-Bogath et al. [14] reported on the high-valent oxoiron complex as highly 

selective and efficient catalyst of the oxidation of various cyclohexanones in the presence of 

different aldehydes as oxygen acceptors. Application of Fe-Sn-O mixed oxides in the BV 

oxidation of cyclohexanone also resulted in their excellent catalytic performance [15], which 

becomes poorer in the oxidation of aliphatic ketones. Another important group of catalysts - 

heteropolysalts with changing stoichiometry were employed in the BV oxidation of 

cyclohexanone to ε-caprolactone. Pamin et al. [13] demonstrated that the active catalyst of the 

studied BV oxidation is the bi-functional catalyst possessing both the acidic and the redox 

properties, which catalyzes the different reaction stages. Apart from the numerous metal 

complexes as catalysts in the BV oxidation, several heterogeneous catalytic systems based on the 

various supports have been applied. In the presence of sulphonated cobalt phthalocyanine 

intercalated hydrotalcite, the oxidation of various cyclic ketones proceeds with high conversion 

and selectivity [16,17]. BV oxidation of cyclohexanone with various oxidants in the presence of 

iron containing hydrotalcite-type materials revealed excellent conversion of ketone and yield to 

lactone for the reaction carried out in the Mukaiyama conditions [18]. To overcome the diffusion 

limitations of the reactants observed for the Sn-zeolite type catalysts, the mesoporous based 

materials were applied. For example, Fe3+ ions incorporated into mesoporous MCM-48 material 

demonstrated excellent catalytic activity in the BV oxidation of the series of cyclic ketones [19]. 

Quite interestingly, the outcome showed that in the absence of catalyst no lactones were 

detected. Kawabata et al. [20] described the application of iron containing MCM-41 catalysts 

with tetrahedrally coordinated Fe species, which demonstrated both the high conversion of 2-

adamantanone and the high yield to lactone. After reaction, a catalyst was recovered from the 
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reaction mixture by filtration for the repeated oxidations of cycloketone without any observable 

loss in activity or selectivity. 

Despite the rich literature on the use of mesoporous catalysts in the BV oxidation in 

Mukaiyama conditions, until now Ti-containing BEA zeolites have never been studied. This 

urged us to study on the catalytic behavior of siliceous Ti-containing BEA zeolites with Ti atoms 

incorporated in the framework as tetrahedrally coordinated Ti species. TixSiBEA zeolite series 

was prepared and applied in the liquid-phase BV oxidation of cyclohexanone to ε-caprolactone 

in the oxygen-aldehyde system.  

It is generally accepted that framework tetrahedral Ti(IV) ions in silicalite and BEA zeolite 

are the active sites of selective oxidation of cyclic and linear alkenes [21,22]. As it was 

previously shown [23-28], the incorporation of transition metal ions into the framework of BEA 

zeolite is strongly favored when, in the first step, BEA is dealuminated by nitric acid solution 

treatment. Then, in the second step, the incorporation of transition metal ions into zeolite matrix 

results from the reaction between the cationic metal species of the precursor solution and the 

SiO-H groups of vacant T-atom sites created by the dealumination of BEA zeolite. The post-

synthesis method applied earlier for the solid-liquid interface and vanadium, cobalt, iron and 

copper [23-28] has been extended to the solid-gas interface and titanium, with TiCl4 vapor as the 

precursor [29,30].  

The aim of the present work was to show the effect of the nature and environment of titanium 

present in TixSiBEA zeolites on the liquid-phase Baeyer-Villiger oxidation of cyclohexanone to 

ε-caprolactone in the oxygen-aldehyde system (Mukaiyama regime) (Fig. 1).  

     - Figure 1- 
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Such method of ε-caprolactone synthesis offers the application of milder reaction conditions, 

more compatible with the idea of sustainable development. The state of titanium in the TixSiBEA 

zeolite series, where x = 0.8, 1.1, 2.0, 2.6, 4.3 Ti wt %, was characterized by NMR, DR UV-vis 

and XPS techniques. Catalytic properties of TixSiBEA zeolites were compared with that of 

parent SiBEA zeolite. 

 

Experimental Section 

Materials 

A tetraethylammonium BEA (TEABEA) zeolite provided by SINOPEC Research Institute of 

Petroleum Processing (RIPP), Beijing, China was calcined (air, 15 h, 823 K) to obtain an 

organic-free HAlBEA (Si/Al = 11). To obtain a dealuminated organic-free BEA, initial 

TEABEA zeolite was treated in a 13 mol L-1 HNO3 solution for 4 h at 353 K under stirring in an 

ordinary laboratory glass beaker covered with a laboratory glass slide limiting the rapid 

evaporation of nitric acid solutions. The resulting SiBEA (Si/Al = 1000) with vacant T-atom 

sites was recovered by centrifugation, washed with distilled water, and dried overnight at 353 K 

in air. To incorporate titanium ions into siliceous BEA zeolite, 2 g of SiBEA were treated in a 

fixed-bed reactor at 423 K for 3 days in flowing oxygen. Then, temperature was increased to 573 

K and the solid was subjected, for 0.5, 1, 4, 5 and 10 h, to a nitrogen flow (100 cm3 min-1) 

through a saturator containing liquid TiCl4 (Aldrich, purity 99.9 %) at 266 K. The TiCl4 vapour 

pressure in the saturator was 200 Pa and the volume to volume (v/v) ratio of TiCl4 and N2 was 

0.2 %. The solid was treated under TiCl4-containing nitrogen flow at 573 K for 2 h, cooled to 

room temperature and exposed to moist air for 12 h, dried in air at 353 K for 12 h and finally 

calcined in flowing dry air at 723 K for 4 h.   
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Methods  

An inductively coupled plasma optical emission (ICP-OES Quantima Sequential) 

spectrometer from GBC was used to specify the Al, Si, Ti content in the zeolite’s samples. 

Chemical analysis of these samples was performed at the Service Central d’Analyse, CNRS, 

Vernaison, France. 

The XRD measurements were carried out on a PANalytical X’Pert Pro diffractometer using 

Cu Kα radiation (λ = 154.05 pm) in 2θ range of 5 - 90°.  

X-ray fluorescence (XRF) analysis was performed using Skayray EDX 3600H spectrometer 

equipped with the tungsten lamp and having analytical range from 1 ppm to 99.99 % and 

spectrometer sensitivity 0.05 % wt. Prior to the measurement, the reaction mixtures containing 

the solid catalyst suspended in the liquid phase were centrifuged and solid material was separated 

from the solution. For analysis the resultant solutions were placed inside the XRF cell. 

The FTIR spectra of studied samples were recorded on Bruker Vector 22 spectrometer 

equipped with DTGS detector with resolution 2.0 cm-1 and number of scans amounting to 128. 

Prior to the measurement, the samples (about 20 mg) were pressed at ~ 1 ton cm-2 into thin 

wafers of approximately 10 mg cm-2 by using a hydraulic press and next placed inside the IR 

cell. The wafers were calcined at 723 K for 3 h in O2 (0.750 Pa) and then outgassed at 573 K (10-

3 Pa) for 1 h. After that, the spectra were registered in the range characteristic for OH groups. To 

analyse the acidity of HAlBEA and SiBEA supports as well as TixSiBEA zeolite catalysts 

prepared in such a way, the wafers were contacted with gaseous pyridine (0.0075 Pa) via a 

separate cell contacting liquid pyridine at room temperature. After the desorption of pyridine at 

423 K for 1 h the FTIR spectra were recorded at room temperature in the range of 4000 - 400 cm-
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1. Next, the spectra were registered in the range of 1700 - 1400 cm-1 where the bands related to 

the pyridine chemisorbed on Brønsted or Lewis acid sites occur. 

Solid state magic angle spinning nuclear magnetic resonance (MAS NMR) experiments were 

performed on a Bruker AVANCE500 spectrometer at 11.7 T in 4 mm zirconia rotors spinning at 

14 kHz. The resonance frequency of 1H and 27Al were 500.16 and 130.33 MHz, respectively. 

Chemical shifts, δ, were reported relative to tetramethylsilane (TMS) and aqueous Al(NO3)3 1 N 

solution. 1H MAS NMR spectra were performed with a 90° pulse duration of 2 μs and a recycle 

delay of 5 s and 16 accumulations. 27Al MAS NMR spectra were recorded by small-flip-angle 

technique with a pulse of 0.9 μs (π/8), 0.5 s for the recycle delay and 2048 accumulations. 29Si 

MAS NMR spectra as well as 1H - 29Si MAS NMR of as prepared samples, transferred at 

ambient atmosphere into 7 mm zirconia rotors, were performed at 79.5 MHz. Chemical shifts of 

silicon were measured by reference to TMS. 29Si MAS NMR spectra were obtained with 4 kHz 

spinning speed, 2.5 ms excitation pulse and 10 s recycle delay. Polydimethylsilane was used for 

setting the Hartmann-Hahn condition. The proton π/2 pulse duration, the contact time and 

recycle delay were 6.8 ms, 5 ms and 5 s respectively. 

Diffuse reflectance UV−Vis spectra were recorded in ambient atmosphere on a Cary 

5000 Varian instrument with polytetrafluoroethylene as reference. 

The X-ray Photoelectron Spectroscopy (XPS) measurements were carried out with a 

hemispherical analyzer (SES R4000, Gammadata Scienta). The unmonochromatized Mg Kα 

(1253.6 eV) X-ray source with the anode operating at 12 kV and 15 mA current emission was 

applied to generate core excitation. The energy resolution of the system, measured as a full width 

at half maximum (FWHM) for Ag 3d5/2 excitation line, was 0.9 eV (pass energy 100 eV). The 

spectrometer was calibrated according to ISO 15472:2001. The base pressure in the analysis 
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chamber was about 5×10-9 mbar during the experiment. The powder samples were pressed into 

indium foil and mounted on a dedicated holder. All spectra were collected at pass energy of 100 

eV (with 25 meV step) except survey scans which were collected at pass energy of 200 eV (with 

0.25 eV step). The area of sample analysis was about 3 mm2. Intensities were estimated by 

calculating the integral of each peak (CasaXPS 2.3.19), after subtraction of the Shirley-type 

background, and fitting the experimental curve with a combination of Gaussian and Lorentzian 

lines of variable proportions (70:30). The Ti 2p core excitations were deconvoluted with a 

relative intensity ratio of 2p3/2 and 2p1/2 lines fixed to 2:1. The samples were weak conductive, 

thus all binding energy (BE) values were charge-corrected to the carbon C 1s excitation which 

set at 285.0 eV.  

Concentration of perbenzoic acid was determined using iodometric titration. Portions of 

reaction mixture were analyzed after 1, 2, 3, 4 and 5 hours of BV oxidation. A sample of known 

amount of reaction mixture was mixed with 50 mL 2 M H2SO4 and 10 mL of saturated KI 

solution. The resultant mixture was titrated with 0.1 M sodium thiosulphate solution until the 

color turned into pale yellow. At this point 2 ml of starch was added as an indicator and the dark 

blue mixture was titrated until the color disappeared completely. 

Catalytic measurements 

The liquid-phase Baeyer-Villiger oxidation of cyclohexanone with molecular oxygen was 

performed in a thermostated home-made glass reactor at 313 K for 5 h at atmospheric pressure. 

In a typical experiment, 0.01 mM of a catalyst (catalyst mass ranged from 0.0598g for 

Ti0.8SiBEA to 0.0111g for Ti4.3SiBEA), 4.6 mmol of cyclohexanone, and 14 mmol of 

benzaldehyde were dissolved in acetonitrile. During the reaction, the concentration of oxygen 

was kept constant with aid of the valves system controlling the level of oxygen in the reaction 
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mixture (Figure S1). The conversion of substrate and the percentage yield of ε-caprolactone were 

determined using gas chromatograph (Agilent Technologies 6890N) equipped with an Innowax 

(30 m) column. The percentage yield of oxygenates was determined in the presence of 

chlorobenzene as internal standard. 

 

Results and Discussion 

The structural characterisation 

The TixSiBEA samples prepared by two-step post-synthesis method are white in colour and 

correspond to x = 0.8, 1.1, 2.0, 2.6 and 4.3 Ti wt % as determined by chemical analysis (ICP-

OES method).  

XRD patterns of SiBEA and TixSiBEA are presented in Figure 2. They are typical of BEA 

zeolite. The characteristic reflections for Beta zeolite materials at around 2θ of 7.5 and 22.4° are 

observed for all tested systems. The XRD results show that the removal of aluminium from 

zeolite framework followed by the introduction of titanium does not affect its crystalline 

structure, in line with earlier reports [31,32]. The crystallinity of zeolite is preserved after 

dealumination and no evidence of extra lattice crystalline compounds or long-range 

amorphization of the zeolite structure are observed.  

The two-step post-synthesis procedure used for samples preparation did not significantly 

change the textural properties of zeolites upon acid treatment and the introduction of titanium 

into SiBEA support. They also present quite large specific surface area (> 450 m2 g-1) in line 

with the prevailing porosity usually reported for the BEA topology: 600 m2 g-1 for HAlBEA, 610 

m2 g-1 for SiBEA, 590 m2 g-1 for Ti1.1SiBEA, 570 m2 g-1 for Ti2.0SiBEA and 460 m2 g-1 for 
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Ti4.3SiBEA samples. It should be noted, however, that the introduction of Ti consistently 

decreases the surface area, in particular for Ti4.3SiBEA sample. 

 

The surface composition of TixSiBEA zeolites is presented in Table S1. The calculations have 

been performed on the assumption that samples are composed of pure and uniform SiO2 with 

density equal to 2.18 g cm-3. Results in Table S1 confirm that surface concentration of Ti 

increases with the increase of number of titanium cations incorporated into BEA zeolite.  

- Figure 2 - 

The evidence of Al removal and Ti incorporation upon two-step post-synthesis preparation  

The FTIR spectrum of HAlBEA exhibits five IR bands (Fig. 3) respectively attributed to AlO-

H groups (3778 and 3661 cm-1), bridging acidic hydroxyls Si-O(H)-Al (3607 cm-1), isolated 

external SiO-H groups (with a narrow band at 3740 cm-1) and hydrogen bonded SiO-H groups (a 

broad band at 3523 cm-1) [33-35]. Upon dealumination, the three bands related to AlO-H and Si-

O(H)-Al groups disappeared suggesting that aluminium is removed. The appearance of IR bands 

related to isolated internal silanol groups at 3736 cm-1 and an intense broad band of H-bonded 

SiO-H groups at 3523 cm-1 for SiBEA reveal the creation of vacant T-atom sites associated with 

silanol groups upon removal of framework aluminium. The intensity of the band at 3523 cm-1, 

observed for the TixSiBEA samples, decreased comparing to SiBEA, confirming that TiCl4 

vapour has reacted with hydrogen bonded silanol groups present in vacant T-atom sites and Ti 

ions are incorporated into zeolite framework. 

- Figure 3 - 

27Al MAS NMR spectra of HAlBEA, SiBEA and TixSiBEA samples are shown in Fig. 4. 

HAlBEA shows two main peaks at around 52.7 and -2.0 ppm, first one assigned to tetrahedral 
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AlTd and second one to octahedral AlOh. After dealumination, the intensity of the signal at 52.7 

ppm corresponding to AlTd decreases drastically (Fig. 4). Moreover, one can observe in SiBEA 

sample very sharp signal at -0.1 ppm which is probably related to the octahedral Al species 

formed as a result of coordination of trace amounts of AlTd present in SiBEA with two H2O 

molecules [36-40]. 

After incorporation of Ti ions into SiBEA zeolite only characteristic AlTd band at 53.3 ppm is 

present in the spectra of all TixSiBEA samples (Fig. 4). 

- Figure 4 - 

The incorporation of Ti ions into SiBEA matrix has also been confirmed by 29Si MAS NMR 

spectra (Fig. 5) and 1H - 29Si cross polarisation (CP) MAS NMR spectra (Fig. 6). The 29Si MAS 

NMR spectrum of SiBEA shows three peaks at -101.7, -110.5 and –114.3 ppm. The peak at -

101.7 ppm is assigned to Si atoms in Si(OH)(OSi)3 environment as revealed by the strong 

increase of intensity of the peak at -101.8 ppm when CP is applied (Fig. 6), the technique which 

preferentially enhances the signal of 29Si nuclei close to protons as in the case of Si(OH)(OSi)3 

site.  

- Figure 5 - 

In the CP spectrum of TixSiBEA, a weak peak at -92 ppm can also be seen evidencing the 

presence of small amounts of Si atoms in Si(OH)2(OSi)2 environment (Fig. 6). The peak at -

110.5 ppm with a shoulder at around -114.3 ppm results from the framework Si atoms in 

Si(SiO)4 environment, located at different crystallographic sites, in line with the earlier reports 

on BEA zeolite [29,41]. After the incorporation of Ti cations into SiBEA zeolite the intensity of 

the band at -101.7 ppm assigned to Si atoms in a Si(OH)(OSi)3 environment decreased (Fig. 5) 
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proving the reaction of these groups with Ti cations (decomposition and integration are presented 

in supplementary data Figure S2 and Table S2). 

- Figure 6 - 

In the 1H MAS NMR spectrum of HAlBEA (Fig. 7), two main peaks at 1.8 and 4.9 ppm are 

observed due to the protons of isolated and H-bonded silanol groups, respectively, in line with 

earlier data on BEA [42,43], MFI [44,45], silicalite [46] and silica [47]. Slightly shifted values 

are found for the same groups of protons in SiBEA at 1.3 and 5.3 ppm, respectively. A small 

peak at 3.2 ppm, observed for SiBEA zeolite, is probably due to the presence of protons of H-

bonded SiO-H groups located in the different type of crystallographic sites, similar to those 

observed in silica [47].  

- Figure 7 - 

The disappearance of the peak at 3.2 ppm and shift of the peaks from 1.3 and 5.3 ppm to 1.2 and 

4.6 ppm, respectively, upon incorporation of Ti atoms into SiBEA (Fig. 7) evidences the reaction 

of TiCl4 vapour with H-bonded and isolated SiO-H groups, as reported earlier for TiSiBEA 

zeolite [29]. 

The NMR spectra of Ti-containing SiBEA still exhibit the peak visible at 4.5 - 4.8 ppm 

assigned to H-bonded SiO-H groups but with lower intensity than the one observed for SiBEA 

support. Concluding, the above demonstrates that silanol groups are consumed upon reaction 

with TiCl4 vapor. The small peaks at 1.2 and 0.9 ppm (Fig. 7) are probably due to very low 

content of protons of isolated SiO-H groups present in TixSiBEA zeolites. Moreover, another 

small peak at 3.7 ppm observed for Ti1.1SiBEA, Ti2.0SiBEA, Ti2.6SiBEA and Ti4.3SiBEA is 

probably due to the protons of particular SiO-H present in environment of Ti(IV) species. 

Titanium state in TixSiBEA zeolites 
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The DR UV-vis spectra of TixSiBEA (Fig. 8) exhibit the large band between 220 and 350 nm 

assigned to oxygen-tetrahedral Ti(IV) and oxygen-octahedral Ti(IV) ligand to metal charge 

transfer (LMCT) transitions, as reported earlier for TiBEA and TiMCM-41 materials [29,48-52]. 

The band visible at around 330 nm is generally associated with the presence of octahedral Ti(IV). 

In contrast, the band at around 230 nm is associated with the presence of tetrahedral Ti(IV) and 

could be assigned to oxygen to tetrahedral Ti(IV) charge transfer (CT) transition, in line with 

earlier reports [29,48] and confirms the incorporation of Ti atoms into the SiBEA framework.  

- Figure 8 - 

The X-ray photoelectron spectra of TixSiBEA samples, have been analyzed numerically in the 

BE regions of Si 2p, Al 2p, O 1s, C 1s, and Ti 2p. All Si 2p spectra are described by a single 

doublet with the spin-orbit splitting of 0.61 eV (Fig. S3). Si 2p3/2 BE values of 104.1-104.3 eV 

are related to the presence of tetrahedral Si(IV) [53-55], however, they are slightly larger than 

reported earlier for BEA, MFI and MOR zeolites with other cations [56-60]. Some traces (<0.1% 

at.) of aluminum were found in the Al 2p high resolution spectra of Ti1.1SiBEA and Ti2.0SiBEA 

(Fig. S4), which suggests that the dealumination of HAlBEA into SiBEA was not completed. 

The binding energy of Al 2p3/2 peaks are close to 75.0 eV proving the presence of Al3+ (Al2O3 

BE = 74.9 eV [61]). 

The O 1s peaks can be well fitted by three components (Fig. S5): (i) a main peak (>80% of 

total spectrum area) located close to 533.5 eV and assigned to oxygen in the zeolite framework 

(Si-O-Si bonds) [62-64]; (ii) a low-BE peak close to 531.5 eV due to Ti-O-Si bonds [65-68]; (iii) 

a peak at BE higher than 534.3 eV assigned to adsorbed water, OH groups and/or oxygen of 

organic contaminants. However, the fact that the low-BE component at 530.4 eV (which could 

be ascribed to the oxygen in TiO2 anatase [69]) was not found in our samples is of no 
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significance. The shift towards higher BE of Ti-O-Si peak with respect to that of pure TiO2 can 

be explained by the decrease of the coordination number of titanium and shortening of the Ti-O 

bond which increase the interatomic potentials. The silica lattice may maintain high electron 

densities on the oxygen atoms since the Si atoms are more electronegative and less polarizable 

than the Ti atoms. The presence of Ti-O bond in the zeolite indicates that Ti and Si ions are 

chemically bound to each other via Ti-O-Si bridges. This also supports the suggestion that 

titanium is monoatomically dispersed in our samples. 

- Figure 9 - 

The C 1s core lines generally consist of four peaks: two most intense components at 285.0 eV 

(organic contaminants) and 286.2–286.5 eV (C–O groups) covering more than 90 % of total 

spectrum area, and two weak ones with BE >289.1 eV (O-C=O groups) and <282.0 eV 

(carbides) (Fig. S6).  

The XPS spectra of Ti 2p obtained for all TixSiBEA zeolite catalysts are presented in Fig. 9. 

Due to the spin-orbit coupling, the Ti 2p core lines are splitted into well separated doublet 

structures (Ti 2p3/2 and 2p1/2). The main parameters of the fitted components are presented in 

Table 1. The deconvoluted spectra show two components with very high values of Ti 2p binding 

energy. Taking into account, that the following Ti 2p3/2 values are reported: 455.3 eV for Ti(II) 

in TiO, 457.1 eV for Ti(III) in Ti2O3 and 458.7 eV for Ti(IV) in TiO2 one can identify both 

components as coming from the presence of Ti(IV) species only [70 and references therein]. Due 

to unmonochromatized Mg Kα X-ray source, an additional low-BE component coming from 

higher components of characteristic X-rays (Kα3 and Kα4, marked as Kα sat in Fig. 9) is present 

in all spectra. 

     - Table 1 - 
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One can find the unusually high-BE component with Ti 2p3/2 binding energy in the range of 

460.1-460.6 eV (Table 1). The position of this high-BE component is shifted more than 1 eV 

toward higher energy with respect to the one found in TiO2. It is worth mentioning that many 

metal cations (e.g. Fe, Cr, Cu) located in zeolites also exhibit higher BE comparing with their BE 

in oxides [2,28,71]. This can be affected by the degree of cations dispersion (even occurrence of 

highly isolated species) as well as by the nature of their interactions with the zeolite matrix in 

which they are embedded. On the basis of previous assignments for TiO2-SiO2 glasses [34,72,73] 

and titanosilicate molecular sieves TS [74], one can attribute this high-BE component to the 

tetrahedrally coordinated intra-framework titanium. Such isolated tetrahedral Ti(IV) species 

embedded into the zeolite matrix are bonded to the silica network by Ti-O-Si bridges. With 

titanium loading increase, the position of this component does not change significantly, but a 

second component starts to grow. This component with little lower Ti 2p3/2 binding energy of 

458.2-459.9 eV has also BE different from the one observed for titanium in bulky TiO2 anatase, 

indicating that titanium is present in various environments. It can be attributed to the Ti atoms 

that are not completely isolated but can exist as extra-framework Ti-O-Ti species in Ti-rich 

nanodomains/clusters, that grow progressively with Ti content [75]. It is confirmed by a 

significant increase of low-BE component area and its BE shift towards higher energy with the 

Ti loading growth (Fig. 9). The absence of a bulk titania-like phase is in line with our 

interpretation of O 1s XPS spectra. 

Some additional information, helpful in the full characterization of XPS spectra, can be 

achieved from the distance between two peaks in the doublet (spin-orbit splitting ∆, see Table 1). 

The spin-orbit splitting of low–BE Ti 2p doublets (∆A) is in the range of 4.7-5.0 eV and is 

independent of the titanium loading, in contrast to high-BE ones (∆B) which achieve the values 
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of 5.0-5.9 eV and strongly increase with the rise of the Ti content. It is relatively rare to find Ti 

2p spin-orbit splitting values in the literature besides most common separation of 5.75 eV in 

TiO2 [76]. However, some other values are reported by Biesinger et al. [70] who state that Ti 2p 

splitting decreases with the increase of Ti oxidation state. Relatively low values of Ti 2p splitting 

obtained in our analysis confirm that only Ti(IV) species are present in the TixSiBEA samples 

and the formation of titanium bulk phases is not observed. 

Acidic properties of catalytic systems 

To determine the nature and strength of acidic centres in HAlBEA, SiBEA and TixSiBEA 

zeolites the adsorption of pyridine as probe molecules has been performed. Fig. 10 shows the 

FTIR spectra of HAlBEA, SiBEA, Ti0.8SiBEA, Ti1.1SiBEA, Ti2.0SiBEA, Ti2.6SiBEA and 

Ti4.3SiBEA after adsorption of pyridine at room temperature and followed desorption at 423 K. 

For HAlBEA very intense bands at 1636, 1622, 1608, 1545, 1490 and 1453 cm-1 are 

observed. The bands typical of pyridinium cations are seen at 1636 and 1545 cm-1, indicating the 

presence of strong Brønsted acid centres, probably related to the acidic proton of Al-O(H)-Si 

groups, in line with earlier data obtained for BEA zeolites [35,77]. The bands at 1622 and 1453 

cm-1 correspond to the pyridine interacting with strong Lewis acid centres (Al3+). The band at 

1490 cm-1 corresponds to the pyridine interacting with Brønsted and Lewis acid centres while the 

one at 1608 cm-1 corresponds to the pyridine coordinated to moderate Lewis acid centres (Al3+) 

[35,77]. Moreover, the small band at 1575 cm-1 originates from the physisorbed pyridine.  

For SiBEA only traces of Brønsted and Lewis acid centres (see band at 1490 cm1) are present as 

shown in Figure 10 and Table 2. After incorporation of Ti ions into the framework of TixSiBEA 

zeolite a very small amount of Brønsted and Lewis acid centres appears as shown by the 

stepwise increase of 1636, 1622, 1608, 1546, 1490 and 1445 cm-1 bands intensity with the Ti 
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content growth (Fig. 10). The formation of Brønsted and Lewis acid centres in TixSiBEA zeolite  

is probably related to the formation of Ti(III)(OSi)3-O(H)-Si species. Brønsted acid properties 

appear due to the presence of acidic proton of bridged OH group while Lewis acid properties are 

generated in the presence of Ti(III). Similar species, Fe(III)(OSi)3-O(H)-Si and Cr(III)(OSi)3-

O(H)-Si observed for FexSiBEA and CrxSiBEA zeolites, respectively, were already postulated 

[71,78,79]. The Ti(III)(OSi)3-O(H)-Si species could be formed simultaneously with Ti(IV)(OSi)4 

species, the latter being the main species in TixSiBEA. The formation of Brønsted and Lewis 

acid centres in TixSiBEA has previously been observed in earlier works of Dzwigaj et al. [29,30]. 

As shown in Table 2, the number of Brønsted and Lewis acid centres [80] increases with the rise 

of titanium incorporated into the SiBEA up to 2.6 wt %. For the highest Ti content (Ti4.3SiBEA), 

the number of Brønsted and Lewis acid centres decreases (Table 2). Such decrease is probably 

related to the incorporation of higher number of Ti cations into the extra-framework positions of 

Ti4.3SiBEA as octahedral Ti(IV) species which block some part of framework tetrahedral 

Ti(III)(OSi)3-O(H)-Si sites. 

 - Figure 10 – 

 - Table 2 - 

Catalytic activity 

The effect of the titanium state present in the TixSiBEA zeolites on their catalytic activity in 

the BV oxidation of cyclohexanone to ε-caprolactone under the Mukaiyama regime has been 

studied. The results shown in Table 3 demonstrate that all the examined zeolite catalysts were 

active in the studied reaction and their catalytic behavior was changing together with the titanium 

content and its local environment in zeolite framework [81].  

     - Table 3 - 
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SiBEA zeolite displays the lowest catalytic activity among all the studied catalysts. Its low 

catalytic activity is linked with the lack of catalytically active Ti atoms in framework positions. 

However, observed non-zero catalytic activity is probably related to the traces of Al(III) atoms 

still present in SiBEA (see Figure 10, Table 2) after dealumination of TEABEA zeolite. In the 

presence of aluminium cations, the formation of Al(III)(OSi)3-O(H)-Si species, possessing both 

the Brønsted and the Lewis acid properties, could be postulated due to the presence of acid 

protons (bridged OH groups) and Al3+, respectively. The presence of the latter allows 

cyclohexanone to be activated on the catalyst Lewis metal center. Recently, Corma et al. [82] 

reported that Lewis acidity could be formed in SnBEA zeolite when framework tin atoms are 

coordinated by three silyloxy groups and one hydroxy group. Moreover, in zeolite materials 

almost always iron impurities in the form of tetrahedral Fe(III)(OSi)3-O(H)-Si species are present 

and even treatment with nitric acid does not remove all of them from the framework, as it was 

already reported in our previous work [83]. Traces of these species, having acid and redox 

properties could facilitate the oxidation of aldehyde to peracid as well as activation of 

cyclohexanone thus, playing the role of bi-functional catalyst in the oxidation of cyclohexanone 

to ε-caprolactone (see Table 3). 

With the increase of titanium content in the TixSiBEA catalysts up to x = 2.0 wt %, both the 

conversion of substrate and the yield to ε-caprolactone gradually rise. Ti2.0SiBEA catalyst which 

is characterized by the maximum number of isolated tetrahedral Ti(IV) sites revealed the 

conversion of 77.4 % and the selectivity to lactone reached 98.6 %. However, starting from 

Ti2.6SiBEA zeolite a gradual decline of catalytic activity can be observed. Furthermore, 

Ti2.0SiBEA and Ti2.6SiBEA catalysts were recovered from the reaction mixture by filtration and 

they were reused twice without significant loss of catalytic activity (see Table 3). The slight 
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decrease in TON for Ti2.6SiBEA can be attributed to the handling of the catalyst. Catalytic results 

obtained for recovered samples indicate that TixSiBEA zeolites are stable and regenerable 

catalysts in BV oxidation.    

It is widely acknowledged that for the Mukaiyama system sacrificial aldehyde with molecular 

oxygen added into the reaction mixture enable the transformation of cyclic ketones into their 

corresponding lactones through the in situ peracid formation. To establish the amount of peracid 

formed during the reaction course the iodometric analysis for Ti2.0SiBEA was performed. The 

remaining perbenzoic acid was reduced with iodine which was next titrated with thiosulfate. The 

results of iodometric titrations presented in Figure 11 demonstrate the variation of the perbenzoic 

acid concentration as a function of reaction time. The concentration of perbenzoic acid increases 

fast during the first two hours, than slows down until the maximum, reached after the fourth hour 

of the reaction. As the reaction proceeds further the perbenzoic acid concentration drops.  

- Figure 11 - 

Basing on the results of the present study as well as literature data [13,84], the catalytic 

investigations revealed that the active catalyst of the studied BV oxidation reaction is the bi-

functional catalyst, which catalyzes the different reaction stages. It is generally accepted that BV 

oxidation in the Mukaiyama conditions proceeds efficiently via free radical chain mechanism 

[12,14]. The redox function of the catalyst is needed for the oxidation of aldehyde to peracid. 

The reaction starts with the abstraction of hydrogen from aldehyde to produce acyl radical RCO•. 

It is very probable that in the presence of TixSiBEA as catalyst, hydrogen is abstracted by 

titanium with its highest oxidation state and the resulting acyl radical reacts further with O2 to 

form acylperoxy radical RCOOO•. The newly formed acylperoxy radical abstracts hydrogen 

from the next aldehyde molecule to afford in situ formation of peracid RCOOOH.  
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The Lewis acid function is necessary for the activation of ketone carbonyl group while the 

decomposition of Criegee adduct to ε-caprolactone could take place on the Brønsted acid sites. 

Activation of carbonyl group, occuring via the coordination of cyclohexanone molecule to the 

Lewis acid center, was confirmed by in situ IR spectroscopy [84]. The nucleophilic attack of the 

peracid onto the more electrophilic carbon atom from activated carbonyl group results in the 

formation of the Criegee complex [31]. The formation of the latter one was recognized by the 

isotopic studies [85]. 

The key objective of the preparation of the series of TixSiBEA catalysts for the application in 

the BV oxidation of cyclohexanone with molecular oxygen and aldehyde as oxidant was 

formation of tetrahedrally coordinated titanium (IV) species (Ti(IV)(OSi)4) in the framework 

positions. Such Ti centres are known to be able to activate dioxygen by the formation of peroxo 

complexes [86], therefore their presence is essential for oxidation of the sacrificial aldehyde to 

peracid. Moreover, as it was already postulated, the presence of Ti(III)(OSi)3-O(H)-Si, 

Al(III)(OSi)3-O(H)-Si or Fe(III)(OSi)3-O(H)-Si species which possess Brønsted acid sites due to 

the existence of acid protons of bridged OH groups and Lewis acid sites attributed to Ti3+, Al3+ 

or Fe3+ cations allows us to obtain bi-functional system capable to oxidize cyclohexanone to ε-

caprolactone. 

Table 1 demonstrates that the stepwise increase of the titanium content generates, besides 

tetrahedrally coordinated Ti(IV) species such as Ti(IV)(OSi)4, octahedrally coordinated titanium 

Ti(IV) species like (H2O)2(Ti(IV)(OSi)4 in the framework and extra-framework positions. The 

rising number of the octahedrally coordinated titanium species might reduce the catalytic activity 

as it is observed for Ti2.6SiBEA through the limited access of reagents to the framework 

tetrahedral Ti(IV)(OSi)4. Enhanced decrease of catalytic activity observed in the case of 
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Ti4.3SiBEA probably results from the increased quantity of octahedral (H2O)2(Ti(IV)(OSi)4 

species that could block the accessibility of framework tetrahedral Ti(IV)(OSi)4 and 

Ti(III)(OSi)3-O(H)-Si centers, resulting in the decrease of cyclohexanone conversion. Figure 8 

confirms the substantial growth of octahedrally coordinated titanium species for Ti2.6SiBEA and 

Ti4.3SiBEA zeolites. 

Table 2 demonstrates that the number of Brønsted acid sites gradually increases with the 

growth of Ti content in Beta zeolite. This cannot be explained only by the presence of aluminium 

traces detected by the XPS spectroscopy or iron traces reported in our previous paper [82]. 

Therefore, an alternative source of Brønsted acidity must exist. The possible elucidation of the 

Brønsted acidity increase could be the incorporation of minor number of titanium sites, in the 

form of Ti(III)(OSi)3-O(H)-Si species, into zeolite framework positions. These species play both, 

the role of Brønsted acid sites associated with the presence of acidic bridged OH groups and the 

function of Lewis acid centers due to the presence of Ti3+ cations. Therefore, as it was shown in 

Table 2, the increase of the Brønsted acidity is accompanied by the rise of Lewis acidity as a 

result of the stepwise Ti content growth. 

Another factor, important for heterogeneously catalyzed liquid phase reactions, that might 

influence the catalytic activity of the series of TixSiBEA zeolites in the studied reaction concerns 

leaching of the titanium cations from BEA zeolite framework into the liquid medium.  Leaching 

of catalyst components into the liquid phase is an important issue regarding its irreversibility, 

threatening the sustainability of the process and finally leading to catalyst deactivation [87]. To 

check the possibility of leaching of the titanium ions from TixSiBEA solids the XRF analysis of 

the liquid phase, received after solid catalyst separation, was performed. XRF analysis revealed 
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the presence of no titanium cations in the reaction mixtures taken after the termination of BV 

oxidation.  

 

 

Conclusions 

TixSiBEA zeolites (x = 0.8, 1.1, 2.0, 2.6 and 4.3 Ti wt %) are prepared by a two-step post-

synthesis method involving (i) dealumination of TEABEA zeolite by nitric acid leading to nests 

of SiO-H groups in vacant T-atom sites and (ii) incorporation of Ti into SiBEA zeolite by 

reacting TiCl4 vapour with those silanol groups.  

The incorporation of Ti cations into the SiBEA framework is evidenced by FTIR, 29Si MAS 

NMR, 1H - 29Si CP MAS NMR and 1H MAS NMR.  

DR UV-vis and XPS investigations show that, for low titanium content, mainly framework 

tetrahedral Ti(IV) species are present in TixSiBEA zeolites. For titanium content higher than 2.6 

wt %, apart from the framework tetrahedral Ti(IV) species, also octahedral Ti(IV) species are 

formed. 

The acidity is a key factor for efficient transformation of cyclohexanone to ε-caprolactone in 

the BV oxidation depending on the titanium oxidation state and environment. Brønsted acid 

properties appear due to the presence of acidic protons of bridged OH groups while Lewis acid 

properties are generated due to the presence of Ti(III) species. The Ti(III)(OSi)3-O(H)-Si are 

formed simultaneously with Ti(IV)(OSi)4, the latter being the main species in TixSiBEA. The 

number of Brønsted and Lewis acid centres increases with the rise of titanium content in the 

TixSiBEA up to 2.6 wt %.  
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For Ti4.3SiBEA zeolite with the highest Ti content, the number of Brønsted and Lewis acid 

centres decreases. Such decrease is related to the incorporation of higher number of Ti cations 

into the extra-framework positions of Ti4.3SiBEA as octahedral Ti(IV) which block the part of 

framework tetrahedral Ti(IV)(OSi)4 and Ti(III)(OSi)3-O(H)-Si centres. 

Among all of the studied TixSiBEA catalysts, the highest catalytic activity is observed for 

Ti2.0SiBEA zeolite. The TixSiBEA zeolites applied in the liquid-phase Baeyer-Villiger oxidation 

of cyclohexanone to ε-caprolactone in the oxygen-aldehyde system as catalysts are bi-functional, 

possessing both the acidic and redox properties, catalyzing different reaction stages. Ti2.0SiBEA 

and Ti2.6SiBEA catalysts were recycled twice without a significant loss of catalytic activity. 

The Baeyer-Villiger oxidation mechanism is discussed with respect to different nature and 

environment of titanium in SiBEA zeolite determining its redox and acid function. 

 

ASSOCIATED CONTENT 

Supporting Information Available. Surface composition of TixSiBEA catalysts is included.  
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Table 1. The BE values (eV) and relative areas of components (%) of Ti 2p3/2 core excitations 

obtained for TixSiBEA samples. The spin-orbit splitting ∆ (eV) of each doublet is also listed.  

Sample Ti-O-Ti Ti-O-Si ∆A ∆B 

Ti4.3SiBEA 459.9 

(49.1) 

460.4 

(50.9) 

5.0 5.9 

Ti2.6SiBEA 459.7 

(38.5) 

460.6 

(61.5) 

5.0 5.8 

Ti2.0SiBEA 459.1 

(13.0) 

460.3 

(87.0) 

4.7 5.4 

Ti1.1SiBEA 458.8 

(10.6) 

460.1 

(89.4) 

4.8 5.4 

Ti0.8SiBEA 458.2 

(8.8) 

460.4 

(91.2) 

4.8 5.0 
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Table 2. The number of Brønsted and Lewis acid sites in HAlBEA, SiBEA and TixSiBEA 

zeolites.   

Samples Brønsted 

acid sites[a] 

[µmol g-1] 

Lewis acid 

sites 

[µmol g-1] 

HAlBEA 235 117 

SiBEA 3 1 

Ti0.8SiBEA 4 2 

Ti1.1SiBEA 8 5 

Ti2.0SiBEA 10 5 

Ti2.6SiBEA 17 19 

Ti4.3SiBEA 5 15 

   

[a] Quantification of number of acidic sites in zeolite was done as reported earlier by Emeis [80]. 
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Table 3. Liquid-phase Baeyer–Villiger oxidation of cyclohexanone to ε-caprolactone in the 

oxygen-aldehyde system on SiBEA and TixSiBEA zeolites at 313 K for 5 h at atmospheric 

pressure. 

Catalyst Conversion 

[%] 

ε-caprolactone 

selectivity [%] 

TON[a] 

SiBEA 18.4 53.3 - 

Ti0.8SiBEA 38.3 74.5 78 

Ti1.1SiBEA 64.3 65.2 130 

Ti2.0SiBEA 77.4 98.6 157 

Ti2.0SiBEA[b] 77.6 98.5 157 

Ti2.6SiBEA 71.8 63.6 148 

Ti2.6SiBEA[b] 71.3 63.1 145 

Ti4.3SiBEA 37.3 83.4 76 

[a] moles of reactant converted per mole of titanium 

[b] second run 
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     Figure captions 

     Figure 1. Oxidation of cyclohexanone to ε-caprolactone at 313 K for 5 h at atmospheric    

     pressure. 

     Figure 2. X-ray diffractograms of HAlBEA, SiBEA and TixSiBEA zeolite samples as   

     prepared, recorded at room temperature and in ambient atmosphere. 

     Figure 3. FT-IR spectra of HAlBEA, SiBEA and TixSiBEA zeolites calcined at 773 K for 3 h  

     in flowing air followed by outgassing at 573 K (10-3 Pa) for 2 h, recorded at room  

     temperature. 

 Figure 4. 27Al MAS NMR spectra of HAlBEA, SiBEA and TixSiBEA zeolites as prepared,  

 recorded at room temperature in 4 mm (external diameter) zirconia rotor. 

 Figure 5. 29Si MAS NMR spectra of HAlBEA, SiBEA and TixSiBEA zeolites as prepared,  

 recorded at room temperature in 7 mm (external diameter) zirconia rotor. 

         Figure 6. 1H - 29Si CP MAS NMR spectra of HAlBEA, SiBEA and TiSiBEA zeolites as  

   prepared, recorded at room temperature in 7 mm (external diameter) zirconia rotor.  

  Figure 7. 1H MAS NMR spectra of AlBEA, SiBEA and TixSiBEA zeolites as prepared,  

  recorded at room temperature in 4 mm (external diameter) zirconia rotor. 

          Figure 8. DR UV-vis spectra of TixSiBEA zeolites as prepared, recorded at room  

       temperature  and in ambient atmosphere. 

       Figure 9. XPS of TixSiBEA zeolites as prepared, recorded at room temperature. 

       Figure 10. FTIR spectra of HAlBEA, SiBEA, Ti0.8SiBEA, Ti1.1SiBEA, Ti2.0SiBEA,    

       Ti2.6SiBEA and Ti4.3SiBEA zeolites after calcination at 773 K for 3 h in flowing air followed  

       by outgassing at 573 K (10-3 Pa)  for 2 h, adsorption of pyridine at room temperature, its 

       desorption for 2 h at 423 K and spectra recording at room temperature. 
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        Figure 11. Variation of the perbenzoic acid concentration as a function of reaction time. 
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           Fig. 4 
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   Fig. 8 
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