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Abstract  

Synthesis of Beta zeolite catalysts was carried out using two different methods. The 

influence of such parameters as synthesis time and temperature, gel composition and gel ripening 

on the physico-chemical and catalytic properties of Beta zeolite catalysts was studied. A range of 

analytical methods was applied in this work including scanning and transmission electron 

microscopies, energy dispersive X-ray spectroscopy, X-ray powder diffraction, nuclear magnetic 

resonance spectroscopy – 27A1-MAS-NMR and 29Si-MAS-NMR, nitrogen physisorption, 

Fourier transform infrared spectroscopy and inductively coupled plasma optical emission 

spectrometry. The sodium forms of Beta zeolites were transformed to the proton forms H-Beta 

by ion-exchange using aqueous solutions of NH4NO3 and thereafter evaluated in Prins 

cyclization of (–)-isopulegol with benzaldehyde. The best catalyst synthesized at 150 C in the 

rotation mode for 17 h possessing an optimal combination of morphological and structural 

properties as well as concentration of acid sites demonstrated high (–)-isopulegol conversion 

(93%) along with high selectivity to the desired product (79%). 

 

Keywords 

Beta zeolites, catalytic materials, catalyst synthesis; characterization; Prins cyclization.  

  



3 
 

1. Introduction 

Zeolite catalysts with varying pore size, structures, acidic properties (Brønsted and Lewis 

acid sites), ion-exchange and isomorphous substitution of framework alumina have found 

applications in several industrial processes in oil refinery, production of petrochemicals, 

synthesis of specialty and fine chemicals, solving environmental-related problems for industrial 

waste water treatment and exhaust emission control for the motor-driven engines [1-5]. The 

reasons for numerous industrial catalytic processes using microporous zeolites are their unique 

properties such as a possibility to tailor the crystal size and distributions, uniform channel 

systems and creation of varying pore sizes in a given zeolite structure [6]. Furthermore, design of 

pristine parent Beta zeolite catalysts and their proton forms with well-defined structure, crystal 

size, Brønsted and Lewis acid sites is of immense importance for catalytic applications. Creation 

of framework Al and Si species with a particular defined co-ordination, formation of hydroxyl 

groups such as SiOH, AlOH, Si(OH)2 and A1 (OLTL) are challenging tasks, which need in-

depth understanding of the silicate solution chemistry, as well as chemistry of aluminates [7]. It 

should be noted that zeolite synthesis parameters such as synthesis time [8], temperature [9], pH 

[10] and mode of stirring [11], influence the formation of different aluminate and silicate species 

during the preparation of zeolite gel mixtures [10] and their subsequent hydrothermal synthesis 

at elevated temperature [9]. The insertion of A1 species in the framework of Beta zeolite, 

formation of Brønsted and Lewis acid sites, zeolite crystal formations, their uniformity and 

distributions can be influenced by varying synthesis time, temperature and pH of the gel 

solution. Furthermore, sources of silica and alumina, structure directing organic templates and 

their addition sequence could influence the crystal morphology, pore size distributions and 

crystallinity of the final synthesized Beta zeolite microporous materials. Numerous studies were 

performed for synthesis of Beta zeolites [12-16] with variation of synthesis temperature, time 

and mode of stirring. As a basis of this research, a procedure verified by the International Zeolite 

Association was taken, where Beta zeolite was synthesized using tetraethylammonium hydroxide 
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(TEAOH) as a structure directing agent at 135 C for 15-20 h [17]. However, the literature is 

devoid of data on the variation of synthesis parameters – temperature, time and mode of stirring, 

for a particular gel composition. Hence, an in-depth study of these synthesis parameters is 

necessary for synthesizing Beta zeolite catalysts with a high crystallinity, tuned Brønsted and 

Lewis acid sites, suitable crystal morphology, desired physico-chemical and catalytic properties. 

Evaluation of the catalytic properties was conducted in the Prins cyclization reaction of  

(–)-isopulegol giving octahydrochromene, which is a heterocyclic compound with a 

tetrahydropyran moiety. Tetrahydropyran ring is present in many important natural products and 

biologically active molecules [18, 19]. Some of the compounds with octahydrochromen-4-ol 

scaffold exhibit antiviral and analgesic activities [20, 21] and also demonstrate inhibitory activity 

against DNA repair enzyme tyrosyl-DNA phosdiesterase 1 [22]. A convenient method for the 

synthesis of variable octahydrochromenes derivatives is the Prins cyclization. Generally, this 

reaction involves two reactants – a homoallylic alcohol and a carbonyl compound, and is 

catalyzed by Brønsted or Lewis acids. Various heterogeneous acid catalysts such as different 

types of clays, zeolites and mesoporous materials can be used in this reaction [23-25]. Some of 

the most promising Beta zeolites synthesized in this work were transferred to the proton forms 

followed by their subsequent evaluation in the Prins cyclization of (–)-isopulegol with 

benzaldehyde.  

The current work is devoted to the synthesis of Beta zeolites starting from the verified 

procedure [17]. For this purpose, parameters of Beta zeolites synthesis were systematically 

varied in a wide range to obtain materials with optimal structural and textural properties. 

Synthesized zeolitic materials were characterized by a broad range of analytical techniques to 

elucidate their physico-chemical properties confirming presence of the Beta zeolite phase. 

Screening of the catalytic properties of some proton-form Beta zeolites selected based on their 

physico-chemical properties was performed in the Prins cyclization reaction of (–)-isopulegol.   
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2. Experimental 

2.1.1. Preparation of Beta zeolites 

A systematic study of the effect of hydrothermal synthesis parameters such as synthesis 

time, temperature, mode of stirring (rotation, static) and gel-ripening was carried out in an 

autoclave 300 mL (Parr Instruments). The autoclave filled with the gel solution was kept in a 

temperature-controlled oven. The gel solution was prepared in a 600 mL beaker (supplied by 

VWRTM) using silica, alumina and structure directing templates. After completion of the 

synthesis, the synthesized material was washed with distilled water, and dried in an oven at 

110 C. The Beta zeolite was thereafter calcined in a muffle oven to remove the structure 

directing organic compound at 525 C for 7 h. 

Two different methods of Beta zeolite preparation were used. According to the first 

method (M1) [26], 21.0 mL of TEAOH (Fluka, 35 wt% aqueous solution) was mixed with 

8.4 mL of distilled water and 4.5 mL of 3.7 M HCl (Merck, p.a., 37% solution). Thereafter, 5.0 g 

of fumed silica (Aldrich®Chemistry, 99.8%) was mixed with the solution and underwent 

vigorous stirring for 30 min. A corresponding amount (0.3812 g) of NaAlO2 (Sigma-Aldrich, 

anhydrous, techn.) was added to 5.8 mL of distilled water with a subsequent addition to the 

stirred solution. Thereafter, the final mixture underwent stirring for an additional hour. Finally, 

the gel solution was divided in two parts and transferred into Teflon-lined autoclaves. The 

autoclaves were placed in an oven for a hydrothermal treatment in a static mode for different 

time (24, 48, 72, 96, 120 and 144 h) at 150 °C resulting in the suspensions of Beta zeolite. After 

centrifugation and washing with distilled water, subsequent drying and calcination were 

performed. 

 

The first method was time consuming and gave the desired result only after 144 hours. 

Therefore, it was decided to adopt another procedure for Beta zeolite preparation. 
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In the second method (M2) [17], 60 mL of water, 90 mL of TEAOH (Fluka, 40%) were 

mixed with 1.44 g of KCl (Merck, p.a.) and 0.53 g of NaCl (Sigma-Aldrich, p.a.). Then, 30 g of 

fumed silica was added to the solution and stirred until being homogenized (10 minutes 

minimum). Next 20.0 mL of water was mixed with 0.33 g of NaOH (Baker Analyzed™ A.C.S. 

Reagent, J.T.Baker™) and 1.79 g of NaAlO2 and stirred until dissolved. After that, two resulting 

liquids were combined and stirred for 10 min giving a thick gel. The pH of the prepared gel was 

12. Finally, the mixture was put in two Teflon cups located in the autoclaves, which were placed, 

thereafter, in an oven. Two different modes were studied – static and rotation ones. In the case of 

the rotation mode, the motor was turned on and the tumbling reactor was rotating with a 

frequency of 50 rpm. A subsequent step of centrifugation was followed by washing with distilled 

water, drying and calcination.  

For the second method the influence of synthesis parameters such as synthesis time (12, 

17, 24 h), temperature (135, 150, 175 C), gel ripening (2, 4 h) and mode of stirring (static (S), 

rotation (R)) on the physico-chemical properties of Beta zeolite catalysts were studied. For the 

gel ripening procedure the prepared gel was stirred at room temperature for 2 or 4 h before being 

sealed in the autoclave.  

 

2.1.2. Preparation of H-Beta zeolites  

Evaluation of catalytic properties of synthesized Beta zeolites as well as investigation of 

the amount of Brønsted and Lewis acid sites using FTIR with pyridine was carried out for the 

proton forms of catalysts, obtained by an ion-exchange with the aqueous solution of NH4NO3.  

Ion-exchange of several selected zeolites was performed using the following procedure. 

According to the published protocol [27], 6.0 g of the Na-Beta zeolite in the powder form 

synthesized according to the procedure described in Section 2.1.1 was mixed with 500 mL of 

1M NH4NO3 (Sigma-Aldrich, ≥99.5%) in a beaker under constant stirring (160 rpm) during 48 h 

at ambient conditions. The prepared material was centrifuged, thoroughly washed with distilled 
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water and dried at 110 °C for 7h. H-Beta zeolites were obtained by step calcination of NH4-Beta 

zeolite in a muffle oven at 400 C for 7h. 

2.2. Characterization of the synthesized materials 

2.2.1. Scanning electron microscopy and Energy dispersive X-ray micro-analysis 

In the current work, scanning electron microscopy (SEM) was used to analyze the 

morphology, distribution of crystals, size and shape of Beta zeolites. The measurements were 

carried out using LEO Gemini 1530 with a Thermo Scientific UltraDry Silicon Drift Detector 

equipped with a secondary electron, a backscattered electron and In-Lens detectors. 

Determination of the elemental composition was done using Energy dispersive X-ray micro-

analysis spectroscopy (EDXA).  

 

2.2.2. Transmission electron microscopy 

The morphology, structure, porosity and channel systems of the catalysts were 

investigated with transmission electron microscopy (TEM). The measurements were carried out 

using a JEM 1400 plus instrument with an acceleration voltage of 120 kV and a resolution of 

0.98 nm utilizing a Quemsa II MPix bottom mounted digital camera. 

 

2.2.3. X-ray powder diffraction 

The PANalytical Empyrean X-ray powder diffractometer was used for determination of 

the structural properties and phase purity of Beta zeolite catalysts. The diffractometer was 

operated in the Bragg-Brentano diffraction mode using monochromatized Cu-Kα radiation (λ = 

1.541874 Å) with a voltage of 45 kV and a current of 40 mA. The primary X-ray beam was 

collimated with a fixed 0.25° divergence slit, a fixed 10 mm mask and a fixed 1° anti-scatter slit. 

A 7.5 mm anti-scatter slit was used in the diffracted beam side prior to the proportional counter. 

The diffractograms were analyzed with Philips XPert HighScore and MAUD programs. The 

Powder Diffraction database, IZA Structure Commission Database of Zeolite Structures and 
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Inorganic Crystal Structure Database (ICSD) were used as references [28-30]. The estimated 

average crystal sizes dc for the measured samples was based on the Rietveld refinements.  

 

2.2.4. 29Si and 27Al MAS NMR spectrometry 

Formation of Brønsted and Lewis acid sites in zeolites is influenced by the location of A1 

species in the framework (tetrahedra) and extra framework (octahedra). Identification and 

analysis of the A1 and Si species in Beta zeolites was carried out using 27A1-MAS NMR and 29Si 

MAS NMR spectrometers. The results were correlated with the Brønsted and Lewis acid sites 

measurements by FTIR using pyridine as a probe molecule. 

29Si MAS NMR spectra were recorded on a Bruker AVANCE-II spectrometer in an 8.5 T 

magnetic field using a home-built MAS probe for 10 mm zirconia rotors. Single pulse spectra 

were accumulated with 6 s pulse (3/8 ) excitation at 71.43 MHz with a repetition time of 100 s 

at 5 kHz sample spinning speed. The chemical shifts are given below in TMS scale.    

27Al MAS-NMR spectra were recorded at 208.49 MHz on a Bruker AVANCE-III 

spectrometer at an 18.8 T external field using a Bruker MAS probe and 3.2 mm zirconia rotors. 

The spectra were collected by single 0.6 s pulse (/18) excitation with repetition time 60 ms 

and 22 kHz sample spinning frequency. The spectra are referenced to the frequency of Al(NO3)3 

solution. The intensity in the NMR spectra was normalized to the number of accumulations and 

to the mass of the sample.  

 

2.2.5. N2-physisorption 

Surface area and pore volume measurements were carried out using nitrogen 

physisorption method using MicroActive 3FlexTM 3500 (Micromeritics®). Calculations of the 

surface area and micropore volume of the synthesized Beta zeolites were performed using the 

Dubinin-Radushkevich method. Relative pressure (P/P0) in the range 0.05-0.3 was used for 

surface area calculations. External surface area values and total pore volumes were obtained by t-
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plot and DFT (density functional theory) methods, respectively. The mesopore volume was 

obtained by subtracting the micropore volume obtained by the Dubinin-Radushkevich method 

from the total pore volume. Synthesized materials underwent heating at 150C upon vacuum 

(0.05 mbar) for at least 7 h prior to surface area measurement for moisture removal. 

 

2.2.6. Fourier transform infrared spectrometry using pyridine as a probe molecule 

Acidity of the catalysts was determined with ATI Mattson Fourier transform infrared 

spectrometry (FTIR) by adsorption of pyridine (Sigma-Aldrich, >99.5%, a.r.) as a probe 

molecule. Infrared transmission spectra were recorded on the thin pressed tablets of ca. 10-

20 mg. Pretreatment of the pellets was made at 450 °C for 1 hour at 7 Pa before the 

measurement. First, pyridine was adsorbed for 30 min at 100 °C. To obtain the distribution of 

weak, medium and strong Brønsted and Lewis acid sites, desorption of pyridine was made at 

different temperatures: 250, 350 and 450 °C. Brønsted and Lewis acid site concentrations were 

calculated by the integration of the infrared bands at 1545 cm-1 (with 1.67 cm/mm as the molar 

absorption coefficient) and at 1455 cm-1 (with 2.22 cm/mm as the molar absorption coefficient), 

respectively. The molar extinction coefficients were taken from the work of Emeis [31].  

 

2.2.7. Inductively coupled plasma optical emission spectrometry 

In-depth analysis of the elemental composition, namely determination of Si/Al ratio, for 

some of the catalysts was performed by inductively coupled plasma optical emission 

spectrometry (ICP-MS). The measurements were carried out using Optima 5X00™ DV ICP-

OES spectrometer (PerkinElmer Inc.). 

 

2.3. Evaluation of catalytic properties of H-Beta zeolite catalysts in Prins cyclization 

of (–)-isopulegol  
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Evaluation of catalytic properties of the synthesized H-Beta zeolites was performed in the 

Prins cyclization of (–)-isopulegol and benzaldehyde (Figure 1), where the latter substrate was 

used both as a reactant and a solvent. Selected Na-Beta catalysts obtained upon various synthesis 

parameters were transformed to the proton forms by ion-exchange. Selection of zeolites was 

based on the results of physico-chemical characterization of the sodium forms. Commercial 

NH4-Beta-25 (Zeolyst International, CAS 1318-02-1) was used as a reference in the catalytic 

evaluation. The ammonium form of the commercial zeolite was transformed into the proton form 

via step calcination at 400 C in a muffle oven. The surface area of this material was reported 

previously to be 807 m2/g [23]. The acidity data will provided in section 3.2.6. 

 

Figure 1. Prins cyclisation of (‒)-isopulegol with benzaldehyde for synthesis of the desired 

product (R)-I with the tetrahydropyran moiety and a side product II. 

 

Catalytic reactions were carried out in the liquid phase using a batch glass reactor with 

magnetic stirring installed in an oil bath at 30 °C. The experiments were performed analogously 

to [32]. Before each experiment, the catalyst was preliminary dried overnight in an oven at 

110 C for removing moisture from the catalyst surface. Thereafter, the desired catalyst mass 

(100 mg) was placed into the glass reactor and flashed with argon for 10 min. The catalyst was 

then pretreated in the reactor at 250 C in the argon flow for 60 min. This step is necessary to 

prevent water presence in the reaction media due to its strong influence on selectivity to the 

desired product [25]. The catalyst fraction below 90 μm and a high stirring rate of 500 rpm were 
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used to prevent internal and external mass transfer limitations, respectively. Finally, (‒)-

isopulegol with the initial concentration of 0.013 mol/L was added into 50 mL of benzaldehyde 

already placed into the reactor and preheated to the desired temperature. Samples of the reaction 

mixture were periodically taken and analyzed via GC (Hewlett Packard 6890 Series GC System) 

equipped with a HP-5 column (30 m, 320 μm, 0.5 μm). Qualitative information about the 

synthesized products was obtained via GC-MS (Agilent Technologies 5973 GC/MSD equipped 

with a DB-1 column (30 m, 250 μm, 0.5 µm)) by comparison of the identified peaks with the 

corresponding data for the neat compounds.  
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3. Results and Discussion 

3.1. Catalyst synthesis  

As a result of the catalyst synthesis work, twenty three Beta zeolite samples were 

produced by a systematic variation of synthesis parameters such as time, temperature, gel 

ripening and the mode of stirring, giving materials with different physico-chemical and catalytic 

properties. 

3.2. Physicochemical characterization of Beta zeolites 

All synthesized materials were analyzed by SEM-EDXA for confirmation of crystal 

morphology attributed to Beta zeolite phase and elemental analysis. The most promising samples 

were chosen for further evaluation by TEM and XRD. The proton forms of some Beta zeolites 

obtained by an ion-exchange with NH4NO3 were analyzed by 29Si and 27Al MAS-NMR, FTIR, 

N2-physisorption and ICP-MS. 

3.2.1. SEM-EDXA results  

Morphology (size, shape and distribution) of Na-Beta zeolites crystals as well as the 

elemental composition were determined by SEM-EDXA.  

Figure 2 displays SEM results for some selected materials using 200 nm scale and 25000-

50000 magnifications. The samples in Figure 2 a-c were obtained at 150 °C using different 

synthesis time – 12 h, 24 h and 144 h. All other micrographs of synthesized Beta zeolites are 

presented in Figure S1 in Supplementary data. 

  

a) b) 
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c) d) 

  
e) f) 

Figure 2. Scanning Electron Micrographs of a) Na-Beta-12 h-S-150 °C-M1,  

b) Na-Beta-24 h-S-150 °C -M1, c) Na-Beta-144 h-S-150 °C- M1, d) Na-Beta-12 h-S-150 °C- M2, 

e) Na-Beta-17 h-R-150 °C- M2; f) Na-Beta-17 h-R-150 °C- 4 h-GR-M2. 

 

The predominant and average crystal sizes are given in Table 1. 

Table 1. Crystal size of the synthesized zeolites. 

Catalyst Synthesis conditions 
Predominant 

crystal size, nm 

Average crystal 

size, nm 
Entry 

Na-Beta-M1 

12 h 

S-150 °C 

26 22±5 1 

24 h 28 29±5 2 

144 h 186 147±37 3 

Na-Beta-M
2 

12 h 

S-135 °C 

44 52±11 4 

17 h 53 56±14 5 

24 h 64 71±15 6 

12 h 

R-135 °C 

54 46±12 7 

17 h 38 50±11 8 

24 h 57 62±14 9 

Na-Beta-M
2
 

12 h 

S-150 °C  

45 54±12 10 

17 h 117 166±39 11 

24 h 153 164±50 12 

12 h R-150 °C 242 201±46 13 
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17 h 247 231±55 14 

24 h 148 180±43 15 

Na-Beta-M
2
 

12 h 

S-175 °C  

291 271±40 16 

17 h 351 326±60 17 

24 h 289 312±58 18 

12 h 

R-175 °C 

365 339±44 19 

17 h 306 234±61 20 

24 h 371 306±58 21 

Na-Beta-M
2
 17 h 

R-150 °C-2 h-GR 173 192±52 22 

R-150 °C-4 h-GR 162 200±51 23 

 

In Table 1 and throughout the paper, the following notation was adopted. The materials 

were denoted reflecting synthesis time, mode of stirring (rotation (R) vs static (S)) and 

temperature, as an example, for Na-Beta-17 h-R-150°C the synthesis was done for 17 h in the 

rotation mode at 150 °C. For some catalysts an additional abbreviation such as “4 h-GR” was 

applied to indicate duration of the gel ripening (GR) step. 

It can be seen from Figure 2 that for the first synthesis method an increase of the reaction 

time from 12 h to 144 h influenced significantly the crystal structure and size. The Beta zeolite 

synthesized in 12 h did not exhibit the typical crystal shape of Beta zeolite, which was confirmed 

by the X-ray powder diffraction patterns. After 144 h, the formation of clearly defined round 

shape crystals of Beta zeolite phase took place.  

For the second method, temperature and time effects on the crystal size was investigated 

more thoroughly. It was observed, that the Beta zeolite synthesis carried out at 135 C for the 12 

h under the rotation mode exhibited formation of crystals already at the lowest synthesis time. 

An increase of the synthesis time from 12 to 24 h is significantly affecting the physico-chemical 

properties indicating presence of Ostwald ripening which resulted in the crystal size growth with 

time. Synthesis temperature variation showed significant difference in morphology for materials 

synthesized at the same or similar time. The material produced at the lowest temperature 

(135 C) exhibits crystal growing and presence of an amorphous or almost amorphous phase up 

to the 24 h due to too low synthesis temperature. A similar dependence has been identified for 
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ZSM-5 and MOR catalysts [8, 33]. An increase in temperature from 135 °C to 150 °C positively 

affected the hydrothermal synthesis by promoting zeolite nucleation and the crystal growth. 

Synthesis at 150 °C for 12 h in the rotation mode (Table 1, entry 13) resulted in larger average 

crystals in comparison to the static mode (entry 10) at the same conditions. Similar results were 

obtained when the synthesis time was increased from 12 h to 17 h. The maximum synthesis 

temperature (175 C) resulted in formation of the large crystals already after 12 h synthesis for 

both static and rotation modes. A plausible explanation for such large average crystal size at the 

elevated temperature can be faster kinetics of crystallization. Application of the gel ripening, as 

expected, increased the size of the crystals and improved the properties of the zeolites (entries 14 

and 23 in Table 1). This can be explained by nucleation of crystals already at the stage of gel 

ripening before the hydrothermal synthesis itself. A similar conclusion was made also in another 

work [34]. Beta zeolites synthesized with gel ripening step showed that duration of the gel 

ripening (2 h vs 4 h) slightly influenced the crystal size. Thus, a former case (entry 22) gave a 

lower crystal size (192±52 nm) compared to the average size (200±51 nm) for the latter case 

(entry 23). 

Interesting patterns were observed for zeolites synthesized via the second method at 

150 C and 175 C in both modes, where an average crystal size went through the maximum or 

decreased with synthesis time elevation. At the same time, visible changes in crystal morphology 

were observed (Figure S1 in Supplementary data). Application of the rotation mode improved 

morphological properties of the zeolite already at the lowest synthesis time. Prolongation of the 

synthesis to 17 h resulted in refined structural and morphological properties. However, elevation 

of time led to their deterioration. A similar effect was reported by Sharma et al. [35] for NaA 

zeolite. The authors observed that the synthesis time longer than the optimum one resulted in the 

growth of small crystallites on the smooth surface of formed zeolite crystals with further 

outcropping of crystalline islands and deformation of the main zeolite crystals accompanied with 

a decrease of the crystal size and surface area. A similar effect can occur in the case of Beta 
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zeolite, which is confirmed by SEM micrographs for different synthesis time (Figure S1 in 

Supplementary data). Changes in the crystal size distribution with an increase of the synthesis 

time can be observed, for example in case of Beta zeolites synthesized in the rotation mode at 

150 C (Figure S2 in Supplementary data). Crystallization time variation was also studied for 

ZSM-5 zeolite [36]. In the case of the highest synthesis temperature elevation of time was 

accompanied by sintering and crystal degradation with formation of shapeless fragments. 

Hereby, the highest synthesis temperature requires shorter synthesis time to avoid losses of 

structural and morphological properties. 

Overall, time and temperature had positively affected the Beta zeolite formation process. 

Increasing temperatures elevates the nucleation and the linear growth rates, while crystallinity of 

the synthesized materials also increased with the reaction time from 12 h passing through an 

optimum. However, prolongation of crystallization beyond this optimum leads to a decrease of 

crystallinity due to changes of the crystal phases. 

Elemental composition of the synthesized catalysts evaluated using EDXA is presented in 

Table S1 in Supplementary data. From the obtained data, it is clear that all Beta samples have a 

high content of silicon and aluminum in their composition with a certain amount of sodium and 

potassium.  

 

3.2.2. Morphology, porosity and channel systems of the prepared catalysts 

The structure of pores as well as their periodicity were studied by transmission electron 

microscopy. 
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a) b) 

Figure 3. Transmission electron micrographs of a) Na-Beta-144 h-S-150 °C- M1, 

b) Na-Beta-17 h-R-150 °C-4h-GR-M2. 

 

TEM micrographs shown in Figure 3 exhibit the presence of uniform pores with a regular 

pore structure. The average pore size measured for Na-Beta-144 h-S-150 °C-M1 Beta zeolite was 

0.56 nm. Materials synthesized at 135 °C did not display a uniform porous structure or the 

channel system.  

 

Table 2. Channel width for zeolites synthesized with the second preparation method.  

Catalyst Synthesis conditions 
Predominant 

size, nm 

Average size, 

nm 
Entry 

Na-Beta-M
2
 

12 h 

S-150 °C 

- - 10 

17 h 0.71 0.73 11 

24 h 0.53 0.55 12 

12 h 

R-150 °C 

0.61 0.61 13 

17 h 0.45 0.44 14 

24 h 0.51 0.55 15 

12 h 

R-175 °C 

0.70 0.74 19 

17 h 0.55 0.58 20 

24 h 0.65 0.66 21 

17 h 
R-150 °C-2 h-GR 0.55 0.54 22 

R-150 °C-4 h-GR 0.74 0.71 23 

 

The channel width  measured from the transmission electron micrographs for the entries 

11 and 14, showed a larger size for the static mode (0.73 nm) than for the rotation one (0.55 nm). 

The reason for the larger pore size in the static mode of synthesis as compared to the rotation 

mode can be attributed to the size of crystals of Beta zeolite in different modes (Table 1). 
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Furthermore, the mechanism of the crystal formation depends on the stirring mode also 

influencing the structure and size of pores. Similar data were obtained previously for ZSM-5 

[11]. However, increase in the pore size can lead to an easier access to the active sites for the 

reactants and faster diffusion of products during the reaction. 

Interestingly that an increase in the synthesis time from 12 h to 17 h for hydrothermal 

synthesis at 150 C in the rotation mode resulted in a decrease in the average channel size of 

0.44 nm for Na-Beta-17 h-R-150 C-M2 (entry 14) in comparison with the Na-Beta-12 h-R-

150 C-M2 (entry 13) having the size of 0.61 nm. Almost all catalysts synthesized at 150C, 

except for the static mode synthesis for 12 h, had a well-developed system of pores and channels. 

Clearly, a short time of 12 hours was not sufficient to form pores. Experimental results for 

synthesis procedures incorporating gel ripening are shown in Table 2 (entries 22, 23). Zeolites 

synthesized at 150 C in the rotation mode with different gel ripening times showed an increase 

in the average channel size (0.71 nm) for 4 h gel ripening in comparison with 2 h (0.54 nm). As 

stated above a possible reason of the gel ripening influence on zeolites properties can be 

nucleation. 

As a short summary, it should be noted that an ncrease in temperature and time as well as 

utilization of the gel ripening, increases the pore sizes of the zeolites. These factors in turn 

improve access for the reactants, while application of the rotation mode significantly diminished 

the pore size.  

3.2.3. Phase purity and crystal structure 

The structure, phase purity and crystallinity of all Beta zeolite catalysts were identified 

using X-ray powder diffraction. The results of the XRD measurements are summarized in 

Table 3. 

Materials produced by the first method at a lower synthesis time (entries 1 and 2) were 

amorphous. Thus, the Beta zeolite structure was not present in the samples or their 

concentrations were too small to be detected. Diffractogram of a material specifically 
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synthesized for 144 h at 150 °C in a static mode to probe the role of synthesis time comprosed 

peaks related to Beta zeolite polymorph A. The crystal size based on the Rietveld refinement 

method was for this case 160±30 Å. A more clear difference can be visible on the diffractograms 

presented in Figures S3-S6 in Supplementary data. The diffractograms of some synthesized 

materials and H-Beta-25 are presented in Figure S3. Some particular cases are illustrated in 

Figures S4-S6. 

 

Table 3. XRD of synthesized zeolite materials. 

Entry Sample 
Observed phase 

(framework) 
dc, Å 

1 Na-Beta-12 h-S-150 °C-M1 
- 

– 

2 Na-Beta-24 h-S-150 °C-M1 – 

3 Na-Beta-144 h-S-150 °C-M1 Beta zeolite polymorph A 160±30 

7 Na-Beta-12 h-R-135 °C-M2 – – 

8 Na-Beta-17 h-R-135 °C-M2 Beta zeolite polymorph A n/a 

9 Na-Beta-24 h-R-135 °C -M2 – – 

13 Na-Beta-12 h-R-150 °C -M2 

Beta zeolite polymorph A 

160±20 

14 Na-Beta-17 h-R-150 °C -M2 170±30 

15 Na-Beta-24 h-R-150 °C -M2 

170±20 19 Na-Beta-12 h-R-175 °C -M2 

20 Na-Beta-17 h-R-175 °C -M2 

21 Na-Beta-24 h-R-175 °C-M2 
Beta zeolite polymorph 

A, unidentified phase 

160±20 

n/a 

22 Na-Beta-17 h-R-150 °C-2 h-GR-M2 
Beta zeolite polymorph A 170±20 

23 Na-Beta-17 h-R-150 °C-4 h-GR-M2  

 

Thus, a plausible explanation for the absence of Beta zeolite structure for entries 1-2 is 

the insufficient time on one hand, and the static mode of synthesis on the other, not allowing 

formation of the Beta zeolite phase. Similar results regarding the synthesis time were also 

obtained at 135 °C in the rotation mode. In the diffractogram of Na-Beta-17 h-R-135 C-M2 

(entry 8) in Figure S3, three broad diffraction peaks with low intensity related to Beta zeolite 

were observed [20]. It can be concluded that the crystallinity of this material was low, even if it 

was not completely amorphous.  
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In all samples, prepared by the second method at 150 C and 175 C in the rotation mode, 

the diffraction peaks related to the structure of Beta zeolite [30] were observed. An exception 

was the material synthesized in the static mode at the lowest synthesis time (Figure S5 in 

Supplementary data). A more detailed comparison of the samples synthesized using the second 

method at 150C is presented in Supplementary data in Figures S5 and S6. It is clearly seen that 

zeolites produced in the static mode after 17 and 24 h did not exhibit any clear differences in 

intensities attributed to formation of crystals with a similar size. An interesting case was Na-

Beta-24 h-R-175 °C-M2 (entry 21 and Figure S3). Only for this material, diffraction peaks 

(relatively high and narrow) were observed at 2θ = 6.1°, 2θ = 18.5°, 2θ = 21.2°, and 2θ = 24.9°, 

being related to some unidentified phase(s).  

In summary materials prepared by the second method by the hydrothermal synthesis at 

temperatures exceeding 150 C exhibited the diffraction peaks related to the structure of Beta 

zeolite. A sample synthesized at 135 C showed poor crystallinity due to a low synthesis 

temperature. 

 

3.2.4. Si and Al speciation 

Several synthesized materials were studied for the speciation of Si and Al presence in the 

framework and extra-framework by 29Si and 27Al MAS NMR (Figure 4). 29Si and 27Al both show 

almost identical spectra for all samples except the spectra for entry 10. 29Si spectrum of entry 10 

was fitted by three broad Gaussian lines at -108 ppm (72% of total intensity), at -100 ppm (22%) 

and at -92 ppm (6%). The spectrum indicates a poor long range order in this sample. The rest of 

29Si spectra were fitted by five Gaussian lines at frequencies -92 ppm (1.4% of total intensity), -

103 ppm (1.8%), broad line at -106 ppm (47%), strong line at -111 ppm (40%) and a line at -

114 ppm (10%). The last two components belong to silicones in nine different T-sites of highly 

siliceous Beta zeolite [37], where the two sites have a chemical shift at around -115 ppm, and 

seven sites have chemical shift around -111 ppm. The weak line at -92 ppm belongs usually to 
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silicon sites Q2, where a silicon has two nearest neighbor silicones and two OH groups [38]. 

Typically, the broad lines appear in dehydrated samples [39]. Similarly, the line at -103 ppm 

belongs to Q3 silicon sites, where silicon has 3 nearest neighbor silicones and a single OH group. 

The broad line with a maximum at -106 ppm can be attributed to various silicon sites where the 

nearest neighbor silicon is substituted by Al. The chemical shift, Gaussian width, relative 

intensity of the components and the total intensities of 29Si spectra in tested samples are given in 

Table S2 in Supplementary data. The total intensity in 29Si spectra is almost equal for entries 12-

15. It is considerably smaller for entry 11 and much smaller for entry 10. 

 

Figure 4. 29Si (left) and 27Al (right) MAS NMR spectra of Beta zeolite samples. Deconvolution 

of the spectrum is given for the entry 15. 

 

27Al spectra of entries 11-15, showing typical high field MAS NMR spectra of Beta 

zeolites [38], have been fitted with 6 Lorentzian lines at 57.4 ppm (relative intensity 27%) and 

54.0 ppm (32%), which belong to Al ions in tetrahedral sites T3-T9 and T1-T2, respectively 

[40]. The lines at - 5.9 ppm (15%) and a sharp line at - 0.5 ppm (6%) belong to Al ions in 

octahedral sites. The intensity between these two regions is accounted by two broad lines at 8 

ppm (13%) and at 40 ppm (6%). The spectrum of entry 10 was simulated by three broad lines at 
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0 ppm (14%) at 31 ppm (45%) and 53 ppm (41%). Exact frequencies, widths, relative intensities 

of the lines in 27Al spectra are given in Table S3 in Supplementary data together with the total 

intensity in Al spectra. In Al spectra the total intensity is varied from 767 to 988 units and for 

entry 10 it is considerably larger. 

3.2.5. Surface area and pore volume measurements 

Some of the most promising zeolites satisfactory in their morphological and textural 

properties were evaluated by such analytical techniques as nitrogen physisorption and pyridine 

FTIR. A rationale for the catalyst selection was related to a need for comparison of synthesis 

parameters most relevant to Beta synthesized zeolites. As discussed above, the most significant 

conditions for Beta zeolite synthesis were the rotation mode and 150 C, therefore, comparison 

of the selected catalysts was performed based on variation of the synthesis time (H-Beta-R-150 

°C-(12, 17 or 24 h)), the mode of stirring (H-Beta-24h-150 °C-(R or S)) and presence of a gel 

ripening step (H-Beta-17 h-R-150 °C vs H-Beta-17 h-R-150°C-4 h-GR). An additional 

parameter interesting for comparison of the catalytic properties was the synthesis temperature. 

As discussed above, 135 C was too low for formation of the Beta zeolite phase. The highest 

temperature (175 °C) as well as the longest synthesis time resulted in defragmentation of zeolite 

crystals. Influence of the zeolite fragments as well as an ability of a defective material to catalyze 

the Prins cyclization reaction were evaluated by comparison of catalysts synthesized at 150 °C 

and 175 °C for 24 h in the rotation mode. The results of the surface area and pore volume 

measurements for the materials selected for catalytic tests are shown in Table 4.  

 

Table 4. Specific and external surface areas, micro- and mesopore volumes of Beta zeolites 

measured with nitrogen physisorption. 

Catalyst 

Surface area 

(Dubinin-

Radushkevich), 

m
2

/g 

External 

surface area 

(t-plot), 

m
2

/g  

Micropore 

volume, 

cm
3

/g 

Mesopore 

volume, 

cm
3

/g 

Entry 

H-

Beta

24 h S-150 °C 754 113 0.27 0.19  12 

12 h R-150 °C 750 153 0.27 0.2 13 
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-M2 17 h 690 141 0.25 0.15 14 

24 h 692 94 0.25 0.19  15 

24h R-175 °C 667 82 0.24 0.09 21 

17 h-R-150 °C-4 h-GR 797 134 0.28 0.17 23 

 

As can be seen from Table 4, a porous structure of the synthesized zeolites is presented 

not only by micropores, but also by a small amount of mesopores. This feature may have an 

influence on catalytic activity due to easier access of the reactants to the active sites. Because of 

the low mesopore volume and its similarity in selected zeolites, another important parameter 

influencing the catalytic activity is the external surface area. The large size of the reacting 

molecules does not allow them to penetrate deeply into the pores of the catalyst, thus the reaction 

occurs on the external surface of the zeolite particles.  

The highest surface area and the micropore volume were achieved for the sample 

synthesized with a gel ripening step (entry 23 in Table 4). As can be seen, exposure of the 

material to the gel ripening procedure resulted in a significant increase of the surface area in 

comparison with the sample synthesized using a common procedure (entry 14). It should be 

noted, that despite a lower surface area and a pore volume, zeolite H-Beta-17 h-R-150 °C 

exhibits a higher external surface area in comparison with the catalyst synthesized with the gel 

ripening step, what makes this material more favorable for reactions taking place on the crystal 

surface. The lowest surface area values, both specific and external, as well as the pore volume 

were observed for the material synthesized at the highest temperature (entry 21). Obtained values 

are the result of a significant degradation of the zeolite crystals upon long synthesis time and 

high temperature. Comparison of the stirring modes illustrates similarities in the pore volume 

with a certain advantage of the static mode in comparison with rotation. Such positive effect of 

the static mode can be explained by the crystal formation process taking place, while a prolonged 

time in the rotation mode resulted in progressive degradation of crystals and the formed 

structure.  
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Adsorption-desorption isotherms of the selected zeolites together with the pore size 

distribution are presented in Supplementary data in Figures S7 and S8, respectively. All catalysts 

exhibit the same type I isotherm corresponding to a typical microporous materials [41]. The 

presence of a hysteresis loop at a high relative pressure (p/p=0.9–1) corresponds to nitrogen 

condensation in mesopores. Pore size distribution curves illustrate similarities of the porous 

structures of synthesized zeolites with minor differences.  

 

3.2.6. Brønsted and Lewis acid sites 

Acidity of H-Beta zeolites was measured using FTIR. Pyridine was used as the probe 

molecule and desorbed at 250 °C, 350 °C and 450 °C reflecting the total number of sites – weak, 

medium and strong, and strong, respectively. Table 5 illustrates values of Brønsted and Lewis 

acid sites for several synthesized catalysts. More detailed information is presented in Table S4 in 

the Supplementary data. 

 

Table 5. Amounts of Brønsted and Lewis acid sites of H-Beta zeolite catalysts measured by 

FTIR with pyridine as a probe molecule. 

Entry)* Sample 

Brønsted acid sites, 

μmol/g 

Lewis acid sites, μmol/g 

250°C 350°C 450°C 250°C 350°C 450°C 

26 (12) H-Beta-24 h-S-150 °C 308 285 216 71 28 8 

27 (13) H-Beta-12 h-R-150 °C 317 285 199 51 19 5 

28 (14) H-Beta-17 h-R-150 °C 260 251 154 25 18 5 

29 (15) H-Beta-24 h-R-150 °C 329 298 216 71 28 8 

30 (21) H-Beta-24 h-R-175 °C 239 220 141 40 8 0 

31 (23) H-Beta-17 h-R-150 °C-4 h-GR 304 263 180 47 10 0 

 H-Beta-25 219 187 125 82 43 25 

*in parenthesis corresponding materials before ion-exchange (Table 1). 

 

FTIR measurements showed variations in Brønsted (BAS) and Lewis acid sites (LAS) as 

well as in total acidity (TAS) of synthesized zeolites. The lowest amount of acid sites was 

formed at the highest synthesis temperature (entry 30). These conditions resulted in appearance 
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of an unknown phase identified by XRD and defragmentation of zeolite crystals, which 

influenced formation of active sites. An opposite effect was achieved for the zeolite synthesized 

at the same synthesis conditions and lower temperature (entry 29). A decrease of hydrothermal 

synthesis temperature together with a long synthesis time promoted creation of the highest 

amount of acid sites with a low BAS/LAS ratio. Comparison of the zeolites synthesized at 

150 C and different synthesis time (12, 17 and 24 h) illustrates that TAS concentration goes 

through the minimum for the material synthesized for 17 h. The same trend is visible for BAS 

and LAS of different strength apart from strong LAS, which concentration was the same for 12 

and 17 h synthesis and higher for 24 h. Investigation of the stirring mode influence on acid sites 

formation did not show significant changes in the concentration and strength of acid sites for 

these two catalysts. The main difference was in the amounts of weak and medium BAS, not 

changing, however, significantly the BAS/LAS ratio. The catalyst synthesized with the gel 

ripening step exhibited a lower concentration of medium LAS and absence of strong ones. An 

additional gel ripening step in the synthesis of Beta zeolites resulted in elevation of TAS 

concentration namely in an increase of BAS of all strength as well as weak LAS. At the same 

time BAS to LAS ratio did not changed significantly and reached a higher value for the sample 

without a gel ripening step.  

The majority of zeolites in Table 5 were more acidic in comparison with the commercial  

H-Beta-25 catalyst. An exception was the catalyst synthesized at the highest synthesis 

temperature, which exhibited a presence of another phase different from the desired Beta. The 

reference catalyst showed a relatively low acidity together with the lowest BAS/LAS ratio. 

Considerable difference of this zeolite from the ones synthesized in this work could be seen in 

the concentration and strength Lewis acid sites. The commercial catalyst exhibited not only the 

highest amounts of all LAS, especially strong ones, but also the lowest BAS/LAS ratio.  

3.3. Catalytic properties of synthesized H-Beta zeolite catalysts in Prins cyclization 

of (–)-isopulegol with benzaldehyde 
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Evaluation of catalytic properties of synthesized H-Beta catalysts was performed in the 

Prins cyclization of (–)-isopulegol with benzaldehyde using commercial H-Beta-25 as a 

reference. Catalytic results were correlated to physico-chemical properties of synthesized 

materials, especially structural and morphological properties as well as acidity obtained by FTIR 

and Si/Al ratio determined by ICP-MS (Table 6). 

From Figure 5 depicting conversion of (–)-isopulegol as a function of time, it can be 

clearly seen that the highest initial reaction rates were achieved for H-Beta-17 h-R-150 °C and 

commercial H-Beta-25. At the same time zeolite H-Beta-17 h-R-150 °C exhibits the highest 

conversion (Figure 5, Table 6). 
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Figure 5. Conversion of (–)-isopulegol as function of time for H-Beta zeolites. 

 

Table 6 illustrates results of (–)-isopulegol conversion after 3.5 h of the reaction and 

selectivity to the reaction products at 65% of (–)-isopulegol conversion. The first order rate 

constants k were calculated from the concentration dependences using Origin 2015 software.  
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Table 6. Conversion of (–)-isopulegol in the Prins cyclisation reaction with benzaldehyde and 

products selectivity at 65% conversion over H-Beta zeolites. 

Entry* Catalyst Si/Al k, min-1 
Conversion, 

% 

Selectivity, % 

(R)-I (S)-I II R+S 

26 (12) H-Beta-24 h-S-150 °C 16 0.0074 74.0 77.9 10.2 11.9 88.1 

27 (13) H-Beta-12 h-R-150 °C 17 0.0087 84.1 78.7 11.1 10.2 89.8 

28 (14) H-Beta-17 h-R-150 °C 19 0.0128 93.3 79.0 11.9 9.1 90.9 

29 (15) H-Beta-24 h-R-150 °C 18 0.0053 68.8 73.4 9.9 16.7 83.3 

30 (21) H-Beta-24 h-R-175 °C** 26 0.0046 57.8 75.4 9.8 14.8 85.2 

31 (23) 
H-Beta-17 h-R-150 °C-

4 h-GR 
19 0.0076 81.3 78.7 10 11.3 88.7 

 H-Beta-25 25 0.0058 72.9 72.9 9.5 17.6 82.4 

*in parenthesis corresponding materials before ion-exchange (Table 1), **selectivity was 

calculated at 55% of conversion. 

 

3.3.1 Correlation of catalytic activity with the morphological properties of Beta zeolites 

From the morphological point of view, the most active catalyst was synthesized at 

optimal conditions exhibiting improved morphological and structural properties. As discussed 

above, the zeolite synthesized at the highest temperature showed deformation of the crystalline 

structure resulting in losses of the active surface, acid sites and catalytic activity. Prolonged 

synthesis time (24 h synthesis in the rotation mode) led to crystal degradation and outer crystal 

layer destruction accompanied with a decrease of the crystal size (Table 1) and Si/Al ratio (Table 

6). A change of the stirring mode from rotation to static one showed a significant structural 

advantage of the later one. However, crystal morphology (Figure S1 in Supplementary data) 

shows heterogeneity and partial sintering of formed crystals due to the one-dimensional crystal 

growth during synthesis in the static mode. The lowest synthesis time was accompanied by a 

crystal growth step and resulted in a smaller particle size in comparison with the most active 

catalyst influencing the catalytic activity. However, its catalytic properties turned out to be much 

better than in the case of prolonged synthesis time (24 h) due to predominance of formation 

processes rather than degradation ones. 
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3.3.2 Dependence of catalytic activity on the structural properties of Beta zeolites 

Structural properties, namely specific and external surface area, pore size and its 

distribution, may have a significant influence on the catalytic activity. Numerous studies showed 

a considerable advantage of micro-mesoporous materials in comparison with only microporous 

ones [42-46]. A well-developed pore network gives not only enhanced accessibility of the 

reactants to the active sites, but also increases catalytic activity by catalysis on the walls of 

mesopores without diffusion limitations. Presence of mesopores in the synthesized Beta zeolites 

may contribute to the catalytic reaction on the pore walls. However, the contribution of 

mesopores to the catalytic activity of the selected zeolites cannot be evaluated due to equality of 

the mesopore volumes for all synthesized samples excluding Beta-24 h-R-175 °C. Another 

parameter important for evaluation of micro-mesoporous materials in the current reaction is the 

external surface area. Dependence of catalytic activity (conversion of (–)-isopulegol after 3.5 h 

of the reaction) on the external surface area of synthesized zeolites is depicted in Figure 6.  
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Figure 6. Conversion of (–)-isopulegol as a function of external surface area for 

synthesized Beta zeolites. 

 

Figure 6 illustrates a clear correlation of catalytic activity and the external surface area. 

An exception is the zeolite synthesized at 150 °C for 17 h in the rotation mode, which higher 

activity is dependent not only on the external surface.  
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3.3.3 Influence of zeolite acidity on catalytic properties 

The most active catalysts exhibit the lowest acidity as well as the lowest concentration of 

strong acid sites among H-Beta zeolites apart from H-Beta-24 h-R-175 °C, which low acidity 

could be related to formation of another phase different from Beta. The same trends were 

observed in the literature [23], where high acidity was linked to low initial reaction rates. In 

another study [32] it was reported that a high amount of strong acid sites of micro-mesoporous 

catalysts influenced the initial reaction rate in a negative way. The authors demonstrated that 

well-defined porosity and accessibility are more important factors influencing catalytic activity 

than acidity per se. Conversion curves as a function of the reaction time are presented in Figures 

S9-S12 giving a more detailed comparison between synthesis parameters for H-Beta catalysts 

and the catalytic performance.  

The highest rate constant was obtained for the zeolite exhibiting a relatively low acidity 

and a high pore volume (entry 28). Comparison of this catalyst with the commercial H-Beta-25 

possessing the lowest acidity shows significant differences between these zeolites. A high 

amount of strong acid sites in the commercial catalyst has a negative influence on catalytic 

activity. Figure 7 illustrates dependence of the first order rate constant as a function of TAS 

clearly showing that the catalyst with a mild acidity exhibits the higher activity. It should be 

noted, that the most active catalyst not only exhibited mild acidity, but also possesses the highest 

BAS to LAS ratio (Figure S13).  

 



30 
 

TAS, mol/g

600 650 700 750 800 850 900 950 1000

k
, 
m

in
-1

0.004

0.006

0.008

0.010

0.012

0.014

12h-R-150
o
C 

17h-R-150
o
C 

24h-R-150
o
C 

24h-R-175
o
C 

24h-S-150
o
C 

24h-R-150
o
C-4h-GR 

H-Beta-25

 

Figure 7. The first order rate constant k as a function of total acidity for H-Beta catalysts. 

 

Selectivity to the desired compound (R)-I possessing a high physiological activity for H-

Beta catalysts was in the range between 72 and 79%. In general, selectivity to (R)-I decreases 

upon increasing (–)-isopulegol conversion due to its further transformation into the dehydration 

product [23, 32]. Somewhat different behavior is visible from Figure 8 depicting dependence of 

selectivity to the desired product (R)-I as a function of (–)-isopulegol conversion. A more 

illustrative comparison is presented in Figures S14-S17. As can be seen from Figure 8 selectivity 

to (R)-I (%) is increasing with elevation of (–)-isopulegol conversion until a plateau is reached. 

Exceptions from this trend are zeolites H-Beta-12 h-R-150 °C and H-Beta-24 h-R-175 °C 

(Figures 8 and S15). Selectivity profiles independent on conversion are typically a sign of 

parallel reactions. For parallel-consecutive reactions when one product, (S)-I in the current case, 

is formed first in a parallel fashion and then predominantly consumed, selectivity to the other 

product ((R)-I), is increasing. This explanation of the concentration dependence of selectivity to 

the desired is further supported by analysis of the ratio between the formed diastereomers (R/S 

ratio), which will be discussed below.  
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Figure 8. Selectivity to desired product (R)-I (%) as a function of (–)-isopulegol conversion (%) 

over H-Beta zeolites. 

 

Figure 8 and more explicitly Figure S16 illustrate the influence of stirring mode during 

zeolite synthesis on catalytic properties. The zeolite synthesized under static conditions shows 

not only higher selectivity in comparison with the sample synthesized under rotation mode, but 

also no further dehydration. The most active catalyst H-Beta-17 h-R-150 °C (Figures 8 and S14) 

also displayed constant selectivity after ca. 40% conversion after an initial selectivity increase. 

This catalyst is also demonstrating the lowest amount of the dehydration product among all 

synthesized zeolites at the same conversion (Table 6). Selectivity to the dehydration product II 

increases with elevation of strong Brønsted acid sites concentration in the synthesized catalysts 

(Figure S18). 

A clear dependence between selectivity to the desired product and the ratio between 

Brønsted and Lewis acid sites can be seen from Figure 9 illustrating that elevation of the 

BAS/LAS ratio leads to an increase in selectivity towards (R)-I. It should be noted that data for 

H-Beta-24 h-R-175 °C are not given in Figure 10, as its selectivity was calculated at another 

conversion level.  
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Figure 9. Selectivity to the desired product (R)-I at 65% conversion as a function of the ratio 

between Brønsted and Lewis acid sites. 

 

The ratio between the formed diastereomers (R/S ratio), which is another important 

indicator of selectivity in the Prins reaction, is shown in Figures 10 and S19-S22 as a function of 

(–)-isopulegol conversion.  
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Figure 10. The ratio between (R)-I and (S)-I diastereomers as function of conversion for 

synthesized H-Beta catalysts. 
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It follows from Figure 10 that all zeolites exhibited a gradual increase of (R)-I to (S)-I 

ratio with conversion. This phenomenon can be attributed to the subsequent transformations of 

compound (S)-I to II following the reaction mechanism advanced in [47]. Interestingly enough, 

that application of other catalysts, namely acid-modified halloysite nanotubes [47, 48], acid-

functionalized K10 and Cloisite Na+ [49], resulted in transformation of the desired product (R)-I 

to dehydration product II decreasing R/S ratio, rather than increasing it as in the current work. 

Formation of (S)-I product was related to presence of strong acid sites and their availability [32]. 

The highest R/S ratio was obtained for the catalyst synthesized with a gel ripening step at 81% 

conversion. The ratio is relatively low for the most active catalyst, i.e. H-Beta-17 h-R-150 °C. 

The ratio between two diastereomers has an inverse linear dependence on the ratio between 

Brønsted and Lewis acid sites (Figure S23) except the catalyst synthesized with the gel ripening 

step, which resulted in the highest R/S ratio. 

Summarizing the catalytic results it can be stated that among investigated H-Beta zeolites 

the most active and selective catalyst (H-Beta-17 h-R-150 °C) exhibited not only the highest 

BAS/LAS ratio together with a relatively low acidity as well as concentration of strong acid 

sites, but also improved morphological and structural properties. Concentration dependencies for 

this catalyst are presented in Figure 11.  
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Figure 11. Kinetic curves in (–)-isopulegol condensation with benzaldehyde over H-Beta-17h-R-

150°C zeolite. 
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Comparison of the obtained results with the literature [23, 32] shows major differences in 

catalytic behavior of different zeolitic systems. A significant advantage of Beta zeolites, 

synthesized in this work is a possibility of their utilization at relatively low reaction temperature 

(30 C) giving high conversion along with high selectivity. In papers mentioned above high 

conversion levels were achieved at an elevated temperature of 70 C. Moreover, the yields of the 

reaction products (R, S, and R+S) were significantly lower, being 74% for the sum of R and S 

with commercial H-Beta-25 [23], compared to 83-90 % selectivity with the Beta catalysts 

synthesized in the current work. One exception is high selectivity to R+S at 70 °C equal to 93%, 

which was observed in [23] over a mildly acidic Ce-MCM-41. Interestingly Ce-MCM-41 and H-

Beta-25 at 70 °C [23] promoted also isomerization of (R)-I to dioxinol, which was absent in the 

current work at 30 °C. In summary, it is possible to conclude that some of synthesized Beta 

zeolite catalysts depending on the synthesis conditions were effective in the Prins reaction of  

(–)-isopulegol with benzaldehyde at almost ambient temperature giving high activity and 

selectivity. 

Zeolite H-Beta-17 h-R-150 °C in the Prins reaction gave the highest conversion (93.3%) 

after 210 min at 30 C as well as a high selectivity to the desired product (79% at 65% 

conversion). This material displaying the highest activity among synthesized catalysts and 

commercial H-Beta-25 nevertheless did not promote further dehydration due to a low amount of 

strong BAS. The obtained catalytic results can be thus explained by a low acidity with the 

highest ratio between Brønsted and Lewis acid sites. At the same time crystal morphology of this 

material plays a significant role in catalytic activity. It can be assumed, that specific synthesis 

conditions – 17 h-synthesis in the rotation mode at 150 C, resulted in achievement of a 

successful balance between morphological, structural and catalytic properties.  
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5. Conclusions 

A series of Beta zeolites with a systematic variation of synthesis parameters was 

prepared. The influence of such parameters as time, mode of stirring and temperature, along with 

an extra pre-synthesis step of gel ripening was studied. Physico-chemical characterizations of the 

synthesized materials was performed using an arsenal of analytical methods comprising SEM-

EDXA, TEM, XRD, FTIR with pyridine as the probe molecule, nitrogen physisorption, 29Si and 

27Al MAS NMR and ICP. Variation of the synthesis parameters significantly influenced the 

physico-chemical properties of Beta zeolite.  

It was observed that the rotation mode of stirring and temperature above 135 C in 

hydrothermal synthesis are required to obtain phase pure Beta zeolites structure. Gel ripening in 

the synthesis was of immense importance for the creation of porosity, pore volume and surface 

area. According to morphological analysis a long synthesis time (above 17 h) as well as high 

temperature result in crystal degradation accompanied with a decrease of the surface area, acidity 

and the crystal size. Synthesis parameters far from the optimum influence significantly catalytic 

activity due to a decrease of the active surface and deterioration of the Beta zeolite structure.  

Zeolites selected on the basis of their morphology were evaluated in Prins cyclization of 

(–)-isopulegol with benzaldehyde and compared with a commercial H-Beta-25. Obtained results 

showed a strong dependence between acidity and external surface of the synthesized zeolites and 

catalytic properties. Presence of a high amount of acid sites, especially strong ones, influenced 

negatively activity and selectivity to the desired products when H-Beta zeolites were applied in 

Prins cyclization.  

The most efficient catalyst H-Beta-17 h-R-150 C exhibited well-developed textural and 

structural properties as well as mild acidity together with the highest ratio between Brønsted and 

Lewis acid sites. Its application in the Prins cyclization afforded the highest conversion level 

(93.3%) after 210 min at 30 C, high selectivity to the desired product (79% at 65 % conversion) 

and the lowest amount of the side dehydration product (9.1%) at the same conversion level. 
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