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Introduction 

Zeolite catalysis is a dynamically developing modern field of science and practice. 

The beginning of this development was in the 60s of the last century after the 

introduction of industrial production of synthetic zeolites as selective adsorbents in 

industrial processes of separation and purification of chemical products. At the heart of 

these industrial productions are the results of the fundamental research of Barrer and 

his group. Later, zeolites with different composition, structure and properties were 

synthesized. Along with the synthesis of analogues of natural zeolites, those with new 

unknown and non-natural structures have been obtained. The latest achievements in the 

field of zeolite synthesis allow the production of materials with specified structure 

parameters. New approaches are used to obtain nanosized zeolite particles and 

hierarchical structures. 

The rapid development of zeolite synthesis is due to their practical application, their 

use as adsorbents, desiccants, ion exchangers, components of detergents and catalysts. 

This development is also related to the synthesis of zeolites from alternative cheap 

sources such as coal ash, ash from burning rice husks, industrial waste, oil shale ash and 

others. 

The advantages of zeolite sorbents and catalysts are related to the defined structure, 

the presence of pores that significantly increase the specific surface area, the presence 

of acidic and basic active centres. In addition, zeolite catalysts are characterized by high 

thermal stability, non-corrosive, easily separated from the reaction mixture, easily 

regenerated. It is not unimportant that they are easy to use in continuous processes. The 

pore size limits the use of zeolites in reactions where the molecule size of the reagents 

and products is bigger than the pore size. The reagent must be small enough to penetrate 

the channels, and the space required for the transition complex must be less than the 

size of the channels. The molecules of the formed product must come out of the pores. 

These are limitations that can be overcome in two ways. One way is to obtain zeolites 

with crystal particle size in the submicron and nanometric regions. This facilitates 

access to the active centres and reduces diffusion problems. The synthesis of zeolites 

with such a particle size is achieved by various techniques such as: addition of nuclei, 

lowering the water content of the system and varying the synthetic temperature. Another 

increasingly used method for solving this type of problem is through post-synthetic 

treatments with different solutions, leading to desilination and/or dealumination of the 

structure. As a result, hierarchical structures with additional porosity are formed, which 

makes access to the active zeolite centres and the contact of the reacting molecules with 

them easier. 

The aim of the present dissertation is to study the catalytic properties of zeolites and 

materials with zeolite structure and to investigate the influence of their structure, 

particle size, chemical composition and conditions and method of modification on these 

properties. Another goal of the dissertation is to use zeolites to create hybrid zeolite-

polymer materials with potential application in important economic areas. To achieve 

these goals, the following more important tasks are set: 

- Synthesis and catalytic properties of nanosized zeolite crystals and hierarchical 

structures; 
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- Synthesis of titanosilicates and catalytic properties of gold deposited on 

mesoporous titanosilicates; 

- Synthesis and catalytic properties of zirconosilicates and zirconium-modified 

zeolites; 

- Zeolites synthesized from coal ash and study of their adsorption and catalytic 

properties; 

- Synthesis of zeolite-polymer films with useful properties. 

 

Synthesis and catalytic properties of nanosized zeolite crystals and 

hierarchical structures 

 

The moderate temperature favor the nucleation over the growth and thus the number 

of nuclei per unit gel is higher. Once zeolite nuclei formed under ambient conditions, 

there are neither thermodynamic nor chemical constrains that should interfere with the 

subsequent growth of the crystallites.  

 

 
Figure 1. SEM micrographs of LTA-type zeolite crystals synthesized at 100 °C for 4 h (a), 35 °C for 25 h (b), 50 

°C for 17 h (c), and 65 °C for 10 h (d). Scale bar = 1 μm. 

 

On the basis of these considerations we have performed the synthesis of zeolite A 

at three different temperatures, which are substantially below the temperature employed 

in its production. The SEM inspections of the samples showed that the materials 

obtained at lower temperatures are substantially smaller in size in respect to reference 
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sample (Figure 1). Under conventional conditions crystals with size 3-4 μm were 

obtained (Figure 1a). At least 1 order of magnitude smaller crystals were obtained at 

the syntheses performed at lower temperatures, as the smallest particles were obtained 

at 35 °C (Figure 1b). The latter particles were isometric without defined crystal features. 

In contrast, well-shaped cubic crystals of about 200-300 nm size were synthesized at 65 

°C (Figure 1c).  

The TEM investigation of the samples confirmed the results of SEM study (Figure 

4). The TEM inspection revealed that the material synthesized at 35 °C was fairly 

inhomogeneous. The major fraction in the solid was 30-100 nm nanoparticles. The 

sample contained also much larger (200-300 nm) zeolite A crystals. At higher 

temperatures, much more uniform samples were obtained as the major fraction 

synthesized at 50 and 65 °C was about 200 nm and 300-400 nm, respectively. The 

formation of more uniform in size materials at elevated temperatures was attributed to 

the Ostwald ripening, that is, after exhausting of nutrient pool the larger zeolite crystals 

continue growing at the expense of smaller and more unstable crystallites. In other 

words, the smaller crystallites were dissolved and the aluminoslilicate species 

transported via solution to the growing crystals. To limit this characteristic for 

hydrothermal crystallization process a second synthetic approach was employed. 

Namely, the solid part of a preaged gel was separated from mother liquor and subjected 

to crystallization in atmosphere of water vapors. 

 

 
Figure 2. TEM micrographs of fully crystalline LTA-type materials obtained at 35 (a), 50 (b), and 65 °C (c). 

Scale bar = 200 nm. 
 

We have developed a method for obtaining nanoscale zeolites type LTA and FAU 

(zeolites A and fujazite) from alkaline aluminosilicate hydrogels. Hydrogels are 

obtained from conventional sources of silicon and aluminum in the synthesis of zeolites. 

Under standard conditions of hydrothermal synthesis in an autoclave, the process is 

maintained until zeolite nucleation and the crystallization process is interrupted and 

particle aggregation is prevented. This is achieved by separating the liquid part of the 

gel immediately after the completion of the germination process, with the subsequent 

removal of this liquid from the system and limiting the mass transfer process inside the 

solid mass (in the hydrogel). After separating the liquid from the hydrogel, 

crystallization in steam of this solid part of the hydrogel takes place. The solid phase 

containing the germs is transferred to an autoclave and heated until complete 

crystallization, in the middle of the water vapor separated from the solid mass itself. In 

this way, the Ostwald aggregation of the zeolite nanoparticles associated with mass 
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transfer through the liquid phase during crystallization is reduced or completely 

eliminated. The method provides controlled formation of zeolite nuclei at temperatures 

up to 80˚C for a period of time that is specific for different types of zeolites. The method 

is patented and the invention avoids the use of expensive and toxic organic reagents, as 

no organic templates are used in the synthesis process as in conventional zeolite 

synthesis techniques. This does not pollute the environment and does not require high 

temperature combustion in order to free the pores of the zeolite from the template. 

Figure 3 shows the X-ray diffractograms of the original embryos, of the product 

obtained by hydrogel transformation and of the product obtained by control synthesis 

by a conventional method. Figure 4 shows the particle size distribution of germ and 

zeolite LTA obtained by hydrogel transformation, and Figure 5 shows a comparison of 

SEM images of zeolite A synthesized by hydrogel transformation and synthesized in a 

conventional manner. 
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Фигура 3. X-ray diffraction patterns of 1 - seeds; 2 - product obtained by the invention; 3 - product obtained 

by control synthesis. 
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Фигура 4. Particle size distribution of seeds (dashed line) and  of the product obtained by hydrogel 

transformation. 
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Фигура 5А Фигура 5В 

Фигура 5. SEM images of A) a sample obtained by hydrothermal transformation of the hydrogel of an 

aluminosilicate precursor of zeolite type LTA and B) obtained by direct synthesis from a gel of aluminosilicate 

precursor of zeolite type LTA; marker length = 10 µm. 

 

Seed-assisted synthesis of nanosized Beta zeolite 

 

By using molar composition of initial gel 9TEAOH : xAl2O3 : 100SiO2 : 420H2O, 

where x = 0–5, zeolite Beta with high crystallinity is obtained only in very narrow 

window of Si/Al ratio from 30 to 50. The samples prepared with a ratio Si/Al of less 

than 30 are with an amorphous structure, while the samples prepared with a ratio Si/Al 

= 100, have a crystalline structure, but the yield is much lower (see Table 1). All 

attempts to be synthesized pure silica sample were unsuccessful. In order to obtain 

zeolite Beta with smaller size and to reduce crystallization time seed-assisted syntheses 

are performed by using of two types of seeds – crystal particles and mother liquor. The 

seed amount was adjusted to be 1, 2 and 5 wt% from the total silica amount in the gel.  

 
Figure 6. SEM micrograph of sample synthesized from initial gel with Si/Al ratio of 100 with 5% crystal seed. 

Bar length 1 µm. 
 

In the experiments for the synthesis of zeolite Beta in the presence of both types of 

seeds – crystal seeds and suspension of mother liquor, crystalline products from initial 

gel were obtained having a ratio Si/Al = 25, 50, 100 and ∞, while attempts for the 

synthesis of zeolite Beta with a ratio Si/Al = 12.5 failed despite the use of 5 wt% seeds 

and crystallization time of 168 h. Samples with high crystallinity are obtained during 
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the synthesis of zeolite Beta with both types of seeds. The yield of zeolite Beta in the 

presence of suspension of mother liquor is higher than that of zeolite Beta synthesized 

in the presence of crystal seeds. The crystalline samples of zeolite Beta synthesized in 

the presence of both types of seeds with different ratio (Si/Al = 25, 50, 100, and ∞) are 

nanosized. The size of the crystallites varies between 100 and 400 nm. 

Microporous materials synthesized in hydroxyl and fluoride media differ 

substantially in nucleation/crystal growth kinetics. The high supersaturation of 

(alumino)silica species in OH media usually leads to abundant nucleation, fast growth 

and relatively small 0.5–3 µm crystals. In contrast, the solubility of silica in fluoride 

media is lower and the level of saturation relatively low. Consequently the nucleation 

is moderate, the crystal growth is slow and the size of ultimate crystals is large, usually 

over 10 µm. These particularities of the growth in hydroxyl and fluoride media have 

important impact not only on the morphology but also on chemical reactivity of zeolite 

crystals. For instance, zeolite crystals synthesized in OH medium contain large number 

of silanol nests, while those synthesized in F are almost defect-free. The distribution of 

framework cations and namely of aluminum is also influenced by the synthesis media. 

Thus, the differences in the framework constitution of zeolites synthesized in hydroxyl 

and fluoride media imply important effect on two major characteristics, namely the 

hydrophilic – hydrophobic properties and the catalytic activity in hydrocarbons 

conversion. In order to circumvent this complication we have employed seeds in order 

to decrease the size of zeolite crystals synthesized in F- media. Hereinafter, Beta zeolite 

synthesized in hydroxyl medium is referred to as Beta-OH, and in F- media - Beta-F. 

The size of Beta-F crystals was studied by SEM. The product was uniform in size (Fig. 

7a) comprising isometric 300–400 nm particles (Fig. 7b). As known, the increase of the 

synthesis temperature results in the formation of larger particles. However, in the 

presence of seeds this effect is less pronounced. Thus, the particles synthesized at 453 

K (Fig. 7c and d) were similar in size with those obtained at 413 K (Fig. 7b). Obviously, 

the number of crystals in the systems is determined by the number of seeds per unit gel 

and thus the effect of other factors controlling zeolite crystal size is negligible. 

Consequently, synthesized Beta-F particles were much smaller in respect to unseeded 

zeolite synthesis in fluoride media, which usually provide crystals larger than 10 µm. 

Beta-OH crystals have also been inspected by SEM (not shown here). The product was 

dominated by isometrical aggregates ranging between 300 and 400 nm. Larger or 

smaller particles were rarely observed. The particles exhibited spherical shape. 

Studies have been performed to characterize Beta-F and Beta-OH samples. The 

presence of extraframework aluminum in the Beta-OH sample was demonstrated by 

solid-state NMR and by IR spectra of adsorbed carbon monoxide. The investigations 

show that there are indeed defects and silanol nests in this sample. The catalytic activity 

of the two samples in the isomerization reaction of m-xylene to o-, p-xylene was 

studied. The latter are important starting products for the production of polyester fibers.  

Zeolite catalysts activity, p- to o-xylene ratio and the selectivity to the main 

isomerization and the side (disproportionation, transalkylation and dealkylation) 

reactions in the transformation of mxylene are presented in Fig. 8. 
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Figure 7. Low (a) and high (b) magnification SEM micrographs of Beta-F crystals synthesized at 413 K from 

a gel comprising 10 wt.% seeds and Si/Al = 50. SEM micrographs of Beta-F synthesized at 453 K from a gel with 

Si/Al = 25 comprising (c) 5 wt.% and (d) 10 wt.% seeds. Scale bars: (a) 10 lm; (b–d) 1 lm 
 

 
Figure 8. Total m-xylene conversion (a), p-/o-xylene ratio (b), and selectivity to isomerization and side m-

xylene transformation reactions (c) as a function of the time on stream over Beta-F and Beta-OH zeolites. 

(Reaction temperature 523 K, contact time 0.82 h).  
 

The material synthesized in fluoride medium reveals a higher total conversion and 

stability with the TOS (time on stream) compared to the one prepared in alkaline 

medium. The higher activity is in accordance with the higher concentration of Broensted 

acid sites corresponding to the more intense band at 3614 cm-1 in the hydroxyl region 

of the FTIR spectra of this catalyst. Near to the equilibrium p-/o-xylene ratio (Fig. 8b) 

and close selectivity to isomerization and side reactions (Fig. 8c) are observed on Beta-
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F sample. Beta-OH exhibits substantially different catalytic performance. The p- to o-

xylene ratio is twice lower and the m-xylene isomerization reaction is more limited at 

the expense of the side reactions. 

Bimolecular reactions of alkylaromatics transalkylation leading to bulky biphenyl 

and/or polymethyl substituted products are known to be the main cause for zeolite 

catalysts aging. The present experiments on coke determination showing about 30% 

higher total amount of coke formed on Beta-OH compared to Beta-F (Table 1) supports 

the suggestion about the different m-xylene transformation mechanisms on zeolites 

synthesized in hydoxyle and fluoride media. The TG analysis of the spend zeolite 

catalysts (Beta-OH and Beta-F) in argon flow shows two well established peaks that are 

attributed to water elimination (303–498 K) and to release of the more mobile 

carbonaceous deposits, the so-called ‘‘soft’’ coke (498–873 K). More strongly retained 

and deeply condensed compounds considered as ‘‘hard’’ coke are removed upon air 

combustion at 873 K. According to the TG data Beta-OH sample contained about 5% 

more water, while the amount of ‘‘soft’’ coke was slightly higher in Beta-F. Upon 

purging in air, however, only traces of condensed coke deposits were observed in the 

sample synthesized in fluoride media. In contrast, large amount of ‘‘hard’’ coke was 

found in Beta  OH catalyst. Obviously this was the reason for the faster deactivation of 

the catalyst prepared in alkali medium. Hence, the mechanism of formation and the 

nature of the coke generated on both catalysts differ substantially. Although the coke 

formation is a complex process influenced by a number of factors, still the basic 

characteristics of two zeolite catalysts could be related with this phenomenon. A straight 

relationship can be established between the abundant formation of condensed coke on 

Beta-OH material and the large amount of Lewis acid sites in this sample. Therefore, 

the synthesis media employed influence strongly the zeolite catalyst characteristics not 

only by the physical properties of the zeolite crystals (size and morphology), but also 

by the type and distribution of the acid sites. 

 

Table 1. Weight loss for spend zeolite catalysts determined by TG upon heating in Ar 

from room temperature to 873 K and kept in air for 1 h at 873 K.  

 
 Heating in Ar Heating in 

air 

Total loss, % 

Samples 303 K-493 K 493 K-873 K at 873 K  over 493 K 

 Tmax % loss Tmax % loss % loss in Ar + air  

Bета-OH 363 K 8.9 733 K 3.2 2.85 6.05 

Bета-F 360 K 8.4 813 K 3.7 0.16 3.86 

 

Seed-mediated approach to synthesis of mordenite 
 



11 

 

 
Figure 9. SEM images of crystals synthesized from gels with 22.5 moles of water contents at 160 °C (A) and 

180 °C (B) wherein: 1 is a gel composition without seeds, 2 is a gel composition with 1% seeds, 3 is a gel 

composition with 2% seeds and 4 gel composition 5% seeds. 
 

Hydrothermal syntheses of mordenite without using organic SDAs in the system 

18SiO2 : Al2O3 : 1.24 K2O : 1.21Na2O : xH2O (x=600, 280 and 22.5) are reported. 

The resulting product has uniform particles of high crystallinity. Two synthesis 

approaches have been utilized. In the first one a standard initial gel is subjected to 

hydrothermal crystallization for a period ranging between 2 and 7 days. The second 

approach includes the use of seeds while the same initial gel composition is employed. 

The crystals growth kinetics of mordenite at different seed content (1, 2 and 5 wt.%) 

has been studied. Implementing the seed-assisted process we were able to synthesize 

mordenite crystals of submicrometric range. The water content in the initial gel and the 

amount of added seed are the parameters which strongly influence the particle size of 

the resulting products (Fig.9).  

Changing those parameters one can control the size of zeolite particles. It has been 

found the seed concentration and water content in the initial gel to be the key factors 

affecting the crystallization time and the physicochemical properties of crystalline 

products. Six hours is the established shortest time for obtaining zeolite mordenite of 

high crystallinity (Fig.10).  
 

 
Figure 10A. Dependence of yield from Crystallization time of samples prepared from gels with 22.5 moles 

of water at 160°C wherein: 1 is a gel composition without seeds, 2 - 1% seeds, 3 - 2% seeds and 4 - 5% seeds. 
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Figure 10B. Dependence of yield from Crystallization time of samples prepared from gels with 22.5 moles 

of water at 180°C wherein: 1 is a gel composition without seeds, 2 - 1% seeds, 3 - 2% seeds and 4 - 5% seeds. 
 

Synthesis and catalytic properties of hierarchical zeolites 

 

In addition to the synthesis of nanosized zeolite crystals, there is another approach to 

solving the diffusion problem of difficult transport of reagents and products during 

catalytic reactions on porous materials. This is the post-synthetic treatment in order to 

form additional micro- and / or mesopores so that the access to the active centers is 

improved. 

There is n a new method of zeolite treatment with HF acid in combination with NH4F. 

While F- exhibits a known selectivity for aluminum in the crystal lattice, the formed 

HF2
- demonstrates a higher reactivity and exhibits no selectivity in the extraction of the 

two skeletal elements (Si and Al). 

This approach was for the first time applied on mordenite by us. The goal is to obtain 

hierarchical zeolite material with secondary porosity by using of various concentrations 

of HF and different time intervals. The used concentrations of hydrofluoric acid, 

treatment time interval of the parent sample, the initial and final weight of the samples 

are listed in Table 2. As expected, by extending the treatment time interval, the final 

weight of the samples is reduced. 

 

Table 2. Concentration, treatment time, initial and final weight of mordenite 
 

Sample 
Initial weight  

(g) 

HF concentration 

(М) 

Treatment 

time (min) 

Final weight 

 (g) 

Mor_1 0.3  0.25  10  0,096 

Моr_2 0.3  0.25  15  0,090 

Моr_3 0.3  0.1  5  0,210 

Моr_4 0.3  0.1  10  0,173 

Моr_5 0.3  0.1  15  0,141 

Моr_6 0.3  0.1  20  0,138 
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That has been observed at both concentrations of hydrofluoric acid used—0.25 M and 

0.1 M. The usage of solutions of higher concentrations leads to deeper etching effect on 

the crystals. Samples Mor_1 and Mor_2 lose more than two-thirds of the weight of the 

parent sample. Figure 11 shows the X-ray diffraction patterns of the parent sample and 

the sample treated for 15 min with 0.1 M solution of hydrofluoric acid (Mor_5). The 

sample synthesized in the presence of 22.5 mol of water with average particle size 4 μm 

has been used as a parent sample. As seen, both mordenite samples exhibit very high 

degree of crystallinity. The treatment does not lead to any distortion of mordenite 

structure. According to the X-ray diffraction patterns, the structure of mordenite is 

retained in all six treated samples under investigation.  

 

 
Figure 11. XRD patterns of parent sample and sample obtained by 15-min treatment HF-NH4F mixed solution 

containing 0.1 M hydrofluoric acid (Mor_5). 

 

The SEM micrographs of untreated and treated (Mor_5 and Mor_6) samples are shown 

in Fig. 12. They show that a secondary pore system of large micro- and mesopores is 

formed inside sample Mor_5. These secondary pores are parallel to the [010] direction 

and cross the entire crystal. Thus, the large pinacoidal [100] face is ‘‘perforated’’ and 

the size and density of these pores depends on the treatment conditions (Fig. 12). In this 

way, the access to micropore system in mordenite is improved. The ‘‘perforation’’ is in 

the most favorable orientation and the channel system of mordenite is more accessible 

for reactants. Increasing HF concentration and reaction time interval result into the 

formation of larger secondary pores. They are often aligned, most probably due to the 

presence of zones having high concentration of structural defects. A further increase in 

the secondary pore size under more severe conditions results in connections between 

secondary neighboring pores. Finally, entire pieces of zeolite crystals are cut into much 

smaller particles (Fig.12C). 
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Figure 12. SEM micrographs of a parent sample; b sample obtained by 15-min treatment HF-NH4F mixed 

solution containing 0.1 M hydrofluoric acid (Mor_5); c sample obtained by 20-mintreatment HF-NH4F mixed 

solution containing 0.1 M hydrofluoric acid (Mor_6). Bar length 2 lm 

 

The parent sample and the treated samples have been investigated by 29Si and 27Al NMR 

spectroscopy. 29Si NMR spectra give information on the connectivity of the silicon 

tetrahedrons with other silicon or aluminum tetrahedra (nAl, 4-nSi), i.e., it allows 

obtaining easily the number of Al atoms surrounding one silicon tetrahedron. Despite 

the strength of 29Si NMR method, the presence of skeletal defects (silanol nests) 

complicates the analysis of silicon surroundings. That is noticeable especially in the 

case of high silicon structures since the large number of T positions makes difficult the 

results interpretation. Two signals between -120 and -100 ppm are observed in 29Si 

MAS NMR spectra of the samples investigated (Fig. 13). The presence of a signal 

around -114 ppm is due to Si (4Si)—silicon tetrahedron linked to four other silicon 

tetrahedrons. The signal observed around -107 ppm is characteristic for the silicon 

tetrahedron connected to three other silicon tetrahedrons and an aluminum Si (1Al). 

Bands at -100, -95 and -85 ppm which are characteristic of the groups Si (2Al), Si (3Al) 

and Si (4Al) have not been observed in 29Si NMR spectra, i.e., those three groups are 

not present in the mordenite sample investigated. The sensitivity of the method allows 

calculation with high accuracy in Si/Al ratio of the structure, due to the data obtained 

for the silicon surroundings. That gives the ratio for zeolite structure without taking into 

account aluminum remaining outside the framework of the zeolite structure. 

The following formula is used for calculation the Si/ Al ratio in the samples:  

𝑆𝑖 𝑇 =
∑ 𝐼𝑆𝑖(𝑛𝑇)
4
𝑛=0

∑ 0.25𝑛𝐼𝑆𝑖(𝑛𝑇)4
𝑛

⁄  

 

where ISi (nAl) represents the intensity of the signals corresponding to Si and 

surrounded by nAl (4 - n)Si. 
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Figure 13. 29Si MAS NMR spectra of parent sample and samples Mor_5 and Mor_6. 

 

Table 3 presents calculated Si/Al ratio by using of 29Si NMR spectra. The table shows 

that the Si/Al ratio in the treated samples ranges in a narrow 2.0–10.8% range which is 

close to that of the parent sample. The calculation of the ratios of the treated samples 

and that of the parent one reveal a trend toward a slight decrease in the values for the 

systems which have suffered an acid attack regardless of the acid concentration. An 

exception is the sample treated with 0.1 M HF solution for 5 min (shortest time) wherein 

Si/Al ratio of Mor_3 is slightly increased compared to that of the parent sample. These 

results show that in the first minutes of treatment with 0.1 M solution of HF and NH4F 

a weak process of dealumination proceeds, while during a prolonged treatment a slight 

affinity of this solution to dissolve the silicon atoms of the zeolite structure has been 

observed. Comparing the ratio of the initial sample with that of the treated one sees that 

sample with 0.1 M solution of HF treated for the longest time exhibits the largest 

difference in the Si/Al ratio of 10.8%. These results indicate that combining a 

hydrofluoric acid and ammonium fluoride is conditions under which relatively the same 

amount of both elements (Si and Al) is extracted from the zeolite structure. That is in 

contrast with other methods where the differential in Si/Al ratio between treated and 

initial samples is dramatic (nearly double and triple). Thus, it is possible to obtain 

materials with secondary porosity without a substantial change in the Si/Al ratio, i.e., 

without any change in the concentration of active acid sites which are important for the 

catalytic activity. 
27Al MAS NMR is used to study the state of aluminum in the samples investigated (Fig. 

14). A high intensive signal is observed at 55 ppm, which is typical of aluminum in the 

zeolitic framework. All spectra also comprise a signal at around 0 ppm, which is related 

to the presence of extra framework aluminum species. That signal is more intense in the 

spectra of treated samples if compared with that of parent one, which is in good 

agreement with 29Si MAS NMR spectra. Table 3 shows the ratio between framework 

and extra framework aluminum. The obtained values allow the assumption that the 

solution with the higher concentration of HF acid in the presence of NH4F exhibits a 

slight affinity to framework aluminum atoms, while decreasing the concentration of the 

acid used leads to an advantageous degradation of extra framework aluminum species, 

especially in samples treated with 0.1 M acid for a longer time. 
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Table 3. Calculated ratio Si/ Al according to 29Si NMR spectra and framework 

aluminum to extra framework aluminum ratio according to 27Al  NMR spectra. 
 

Sample 
Si/Al 

ratio 

HF concentr. 

(М) 

Treatment 

time(min.) 

Alin/Alout 

ratio 

Mor_1 9.28 0.25  10 2.7 

Моr_2 9.40 0.25  15 2.4 

Моr_3 9.90 0.1  5 2.5 

Моr_4 9.49 0.1  10 2.5 

Моr_5 8.96 0.1  15 2.8 

Моr_6 8.65 0.1  20 2.8 

parent 9.70 - - 3.2 

 

 

Фигура 14. 27Al NMR spectra of parent sample and samples Mor_5 and Mor_6. 

 

TEM analysis reveals the crystal morphology of the products obtained and also the fine 

adjustment of the crystal structure. High-resolution TEM images indicate the presence 

of a perfect crystal structure of the mordenite crystals (Figs. 15, 16). SEAD confirms 

mordenite with space group symmetry Cmc21 and unit cell parameters: a = 18.131 A˚ 

, b = 20.507 A˚ , c = 7.522 A˚ and a = b = c = 90⁰ . In the mordenite samples treated 

with solution HF and NH4F, a deviation in the values of the interlayer distances upto 

3% (if compared with that of the parent sample) has been observed, though the structure 

of mordenite is maintained. It is assumed that the change results from water molecules 

evaporation under the influence of the electron beam during the TEM measurements. 

Pore size increases as a result of post-synthetic treatment with a solution of hydrofluoric 

acid and ammonium fluoride what facilitates the migration of water molecules present 

in the zeolite channels, i.e., that is the reason for changing the parameters of the 

interlayer distances. The sensitivity of the method also confirms the presence of extra 
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framework aluminum as Al2O3, which is in good agreement with 27Al MAS NMR 

analysis.  

 

 

Фигура 15. 1А) Експериментално HRTEM изображение на частица от морденит на изходна проба; 1В) 

Фурие филтрирано HRTEM изображение от него в ориентация [146]; 2А) експериментално HRTEM 

изображение Mor_5; 2В) Фурие филтрирано HRTEM изображение от него в ориентация [788]. 
 

 

Фигура 16. 1А) Яркополева микрография на изходен морденит; 1В) SAED модел от него в 

ориентация [112]; 2А) Яркополева микрография на Mor_5; 2В) SAED модел от него в ориентация [001] 

 

The textural properties of the parent sample and hierarchical samples have been 

investigated by nitrogen adsorption–desorption isotherms. Table 4 summarizes the 

results of specific surface area (BET) and pore size of the parent sample compared with 

those treated with solution of hydrofluoric acid and ammonium fluoride. Nitrogen 

physisorption isotherms of the parent and treated Mor5 and Mor_6 samples are 

presented in Fig. 17. All isotherms are of type I, which are typical for microporous 

materials. In the fluoride treated samples, a fast uptake at low relative partial pressure 

indicates a good preservation of the micropores (Mor_5 and Mor_6).  
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Table 4. Textural properties of parent sample and treated samples 

 

Sample 

Treatment 

time 

(min.) 

HF 

Concentr. 

(М) 

Surface 

area 

(m2/g) 

Pore size 

(nm) 

Mor_1 10 0.25 380 1.4 

Моr_2 15 0.25 375 1.6 

Моr_3 5 0.1 402 0.84 

Моr_4 10 0.1 396 0.9 

Моr_5 15 0.1 384 1.3 

Моr_6 20 0.1 372 1.6 

parent - - 372 0.86 

 

 

Figure 17. N2 physisorption isotherms of the parent sample (a), the sample Mor_5 (b) and sample Mor_6 (c). 

 

This uptake is followed by a light inclination of the isotherms. The second uptake at a 

relative partial pressure close to 1 reveals the presence of large mesopores. The uptake 

is the most pronounced for the longer treated Mor_6 sample if compared with that for 

Mor_5. Similar isotherms have been obtained for samples treated with 0.25 M HF—

Mor_1 and Mor_2 (not shown here). Features resulting in the adsorption/desorption of 

nitrogen have been used to determine the specific surface area and pore size of the 

samples investigated (Table 4). The specific surface area of the treated samples is higher 

than that of the initial sample. There is significant difference in the pore size depending 
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on the time of the acid treatment. With increasing the treatment time, the pore size 

increases. In Mor_6 (20-min treatment), the pore size is almost two times larger than 

that of the parent sample. 

The catalytic activity in the reaction of m-xylene conversion over two samples of 

mordenite is presented in Fig. 18. Those two samples differ in the way of being 

synthesized - one was synthesized in the presence of 600 mol of water and the other one 

- only of 22.5 mol. The crystalline samples thus obtained are of different particle size—

the sample prepared in the presence of 600 mol water has particle size of about 40 μm 

and the one prepared in the presence of 22.5 mol has particle size of about 4 μm. The 

material having smaller particle size reveals a higher total conversion degree and 

stability in the course of time on stream (TOS) compared to the one with larger particle 

size. The higher activity is in accordance with the larger number of active sites located 

on the external surface and the higher concentration of Broensted acidic sites accessible 

to the reacting molecules. The sample with larger particle size was deactivates rapidly, 

and the course of the catalytic activity curve is different. That is due to coke formation 

on the surface of the sample. The process blocks the diffusion path and prevents the 

access to the active sites. The reaction is a diffusion-controlled one. 

 

Figure 18. Total m-xylene conversion as a function of the time on stream over mordenite with average particle 

size of 40 lm, and mordenite with average particle size of 4 lm, reaction temperature – 250⁰ C, contact time 0.4 

h-1. 

 

The catalytic activity of the parent sample and hierarchical samples in the reaction of 

m-xylene transformation is presented in Fig. 19. The sample with average particle size 

4 μm has been used as a parent sample. The catalytic activity of all hierarchical samples 

obtained by mixed HF-NH4F solution treatment is higher than that of the parent sample. 

The increased catalytic activity is due to the better accessibility of the active sites inside 

the treated samples, owing to the created secondary porosity. That has been confirmed 

by the fact that the concentration of acidic sites should be retained in all samples, since 

the Si/Al ratio has been retained in all treated samples. Figure 9 shows that the catalytic 

activity increases upon prolonging the treatment time interval (0, 5, 10, 15 min, 0.1 M 

HF). The most active sample has been treated with 0.1 M HF for 15 min. Surprisingly, 

the sample treated for 20 min using 0.1 M HF is less active. The situation is the same 

with the samples treated by 0.25 M HF—the sample treated for 10 min is more active 

than that treated for 15 min. Mor_1 and Mor_2 are samples treated with solution of 0.25 
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M HF and NH4F for 10 and 15 min, respectively. The effect of the treatment is similar 

to that of treatment with solution of 0.1 M HF and NH4F but for the longer time—15 

and 20 min, respectively—Mor_5 and Mor_6. The combination of a higher 

concentration of HF and shorter treatment time leads to samples with similar texture. 

That is why both couples Mor_1 and Mor_5 on the one hand, and Mor_2 and Mor_6 on 

the other hand, have similar catalytic activity. Probably, the reason for the lower 

catalytic activity of Mor_6 and Mor_2, if compared to that of Mor_5 and Mor_1, is in 

the optimal pore diameter at which the catalytic activity of the zeolite sample in this 

reaction is higher and its further increasing does not lead to higher catalytic activity 

(Table 4). However, it should be noted that deactivation of Mor_6 and Mor_2 samples 

with the longest treatment time intervals of (15 min 0.25 M and 20 min 0.1 M) is less 

pronounced (Fig. 19). The deposition of coke on them influences surely their catalytic 

activity. 

 

 

Figure 19. Total m-xylene conversion as a function of the time on stream over parent sample and samples 

treated with mixed solution: 10 min, 0.25 M (Mor_1); 15 min, 0.25 M (Mor_2); 5 min, 0.1 M (Mor_3); 10 min, 

0.1 M (Mor_4); 15 min, 0.1 M (Mor_5) and 20 min, 0.1 M (Mor_6), reaction temperature— 250⁰ C, contact time 

0.82 h. 

 
The post-synthesis treatment of MFI type of zeolite , namely AlZSM-5 and GaZSM-5 

zeolites by etching with buffer solution of ammonium fluoride and 0.25 M HF acid was carried 

out. The treatment is applied in order to obtain secondary pores in crystals and to provide easier 

access to the catalytically active zeolite centers.  
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The XRD powder patterns of the initial and modified samples are presented in Fig. 20.  

 
Figure 20. XRD patterns of 1—AlZSM-5 parent; 2—GaZSM-5 parent; 3—AlZSM-5 treated; 4—GaZSM-5 

treated. 

 

The aluminum-containing sample was synthesized from initial gel with Si/Al ratio 25 under 

synthesis conditions 170 C for crystallization time 120 h. The second parent sample GaZSM-

5 was obtained by a two-stage initial gel synthesis with Si/Ga ratio 15 at 150 C for 114 h. It is 

seen that both ZSM-5 zeolites have a high degree of crystallinity. The treatment with buffer 

solution of hydrofluoric acid and ammonium fluoride does not cause any distortion of the MFI 

structure. The crystallinity of ZSM-5 is preserved in all investigated samples Treatment time 

of the parent sample and weight lost are presented in Table 5. As it was expected, during 

treatment process the samples reduced their weight. Independently of the type of metal in the 

ZSM-5 structure both samples lose about 50 percent of their initial weight. Longer treatment 

time and higher concentration result to lower crystallinity or even complete transformation to 

amorphous solids. At weight loss more than 50% for AlZSM-5 and 60% for GaZSM-5 

complete transformation to amorphous solids occurs.  

 

Table 5. Concentration of HF, treatment time and weight loss during the treatment of AlZSM-

5 and GaZSM-5. 

 

Sample 
HF  

(М) 

Time 

(min.) 

Mass loss 

% 

AlZSM-5 0.25 M 20 49 

GaZSM-5 0.25 M 20 53 

 

The textural properties of initial and treated ZSM-5 zeolites are investigated by using of N2 

adsorption– desorption isotherms. In Table 6, the specific surface area and pore volume of the 

initial samples compared with those modified with hydrofluoric acid are presented. All 

obtained isotherms are type I. They are typical for microporous zeolites. In the isotherms of 
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treated samples, there is a greater uptake of nitrogen at high partial pressure due to the reduced 

crystal size.  

 

Table 6. Textural properties of parent and treated AlZSM and GaZSM-5. 

 Sample SBET 

[m2/g] 

Smicro 

pores 

[m2/g] 

Vtotal 

pore 

[cm3/g] 

Vmicro 

pores 

[cm3/g] 

Vmeso 

pores 

[cm3/g] 

 AlZSM-5 347 311 0.22 0.16 0.06 

 AlZSM-5tr 368 275 0.36 0.14 0.22 

 GaZSM-5 295 253 0.22 0.13 0.09 

 GaZSM-5tr 300 220 0.33 0.11 0.22 

 

Both parent samples showed relatively uniform nitrogen adsorption at high partial pressure 

(Fig. 21). Difference is noted after the acid treatment where the Al-containing sample shows 

higher nitrogen physisorption at relative pressure close to 1. The obtained results from the 

adsorption/desorption of nitrogen were used to determine the specific surface area and pore 

size of the parent and treated samples (Table 6, Fig. 21). The treated samples show textural 

characteristic similar to the parent samples. The specific surface area of the treated samples is 

slightly higher than the initial samples. After the etching process, a significant difference in 

pore volume is observed. As a result of these modifications, the mesopore volume increases 

drastically. For parent AlZSM-5, the mesopore volume is 27% from total volume, while for 

treated AlZSM-5 it is 61%. For GaZSM-5 samples, percentages are 41% for the parent sample 

and 67% for treated. Together with this, the treated samples retain their high crystallinity, 

which corresponds to newly created mesopores in the range of 5–40 nm for Al sample and 7–

50 nm for Ga sample (see the insets in Fig. 21). 
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Figure 21. Nitrogen adsorption/desorption isotherms of the Al samples (above) 1-parent sample; 2-treated 

sample. Ga samples (below) 1-parent sample; 2-treated sample. Inset—corresponding pore size distribution. 

 

The nature and the strength of acid centers in the studied zeolite samples are investigated by 

FTIR study of low-temperature carbon monoxide adsorption. The method is very powerful and 

it is widely employed because it gives the information about the nature of the acidity of various 

zeolite materials— Lewis and Broensted sides as well as the concentration of these acid sides 

and their strength. This molecule is suitable in size and nature because it penetrates into the 

small zeolite pores and forms weak complexes with hydroxyl groups. Thus, the characteristic 

hydroxyl stretching vibrations are shifted toward lower frequencies. The shifting depends from 

the strength of the acid centers. When the acidity of the hydroxyls is higher, the shift of the 

stretching mode is larger and vice versa. The bands corresponding to the bridging acidic 

hydroxyls are usually shifted by ca. 300 cm-1 whereas those of isolated silanols, only by ca. 80 

cm-1 . The C–O stretching vibrations of carbon monoxide adsorbed on the hydroxyl group 

(OH–CO species) are sensitive to the strength of the H-bond formed. The bands characteristic 

for these vibration modes are situated in a spectral region between 2200 and 2100 cm-1 . The 

adsorption of carbon monoxide is carried out at low temperature (- 173 C) since the OH–CO 

complexes are unstable at higher temperature.  
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Figure 22. Changes of the FTIR spectra in the OH region induced by the adsorption of CO at 100 K. Equilibrium 

CO pressure of 80 Pa (a), followed by progressive evacuation at 100 K spectra (b–k). All spectra are gas phase 

and background corrected. 
 

The spectra in the OH region of parent and treated AlZSM-5 and GaZSM-5 samples are 

shown in Fig. 22. The bands situated at 3748 and 3621 cm-1 with small variations of 2–3 cm-1 

are characteristic for silanol hydroxyl groups and bridging framework Si–OH–Al (Ga) groups, 

respectively. The peak at 3621 cm-1 for Al parent and Ga samples is more intense, which 

manifests higher concentration of acidic hydroxyl groups. The peak characteristic for silanol 

hydroxyls at the external surface of these samples is less intense, which can be attributed to the 

larger crystals size because they have lower external surface area. Only in the spectrum of 

treated Al sample, the band corresponding to silanol hydroxyl groups is more intense and this 

may be due to a larger external surface area (see Table 2, SBET - Smicro). After adsorption of 

carbon monoxide at - 173 C, the appearance of a peak at 3300–3307 cm-1 in the case of Al 

samples and at 3338 cm-1 in the case of Ga samples is observed. The shifting toward lower 

frequency is larger for Al samples, which shows the stronger acidity of their hydroxyl groups. 

The bands of bridging hydroxyls for Al-parent and Al-treated are shifted by 318 and 314 cm-1, 

respectively, which is an evidence for slight difference in the strength of the Broensted acid 

sites of both samples. The bands of bridging hydroxyls for both Ga samples are shifted by 286 

cm-1 showing the lower acid strength of these samples compared with their Al-counterparts. 

The equal shift also means that there is no difference in the strength of the acid centers of parent 

and treated Ga zeolites. During CO adsorption the peak for surface silanol groups is shifted by 

77–86 cm-1 (to 3671 cm-1 for AlZSM-5, 3669 cm-1 for AlZSM-5tr and 3662 cm-1 for both 

GaZSM-5 and GaZSM-5tr as shoulder) which indicated the much lower acid strength of the 

external silanol groups. The bands at 3473 in the case of Al samples and at 3459 cm-1 in the 

case of Ga samples are not due to heterogeneity of the acid sites and they arise from Fermi-

resonance.  
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Figure 23. FTIR spectra of CO adsorbed on activated samples at 100 K. Equilibrium CO pressure of 80 Pa (a), 

followed by progressive evacuation at 100 K spectra (b–k). All spectra are gas phase and background corrected. 
 

The carbonyl region can also provide interesting information. Upon CO adsorption at -173˚C, 

H-bond with CO species is formed (Fig. 23). A very intense peak at 2139 cm-1 with a shoulder 

at 2134 cm-1 in the spectra of all samples studied is observed, but the band is very unstable. 

The band is due to physically adsorbed CO and disappear during evacuation even at - 173 C. 

A band in the region 2159–2165 cm-1 can also be distinguished which is more stable and can 

be associate to CO polarized by bridging hydroxyl groups. In the carbonyl region, the most 

stable band upon evacuation is a band at 2174 cm-1 for Al samples and 2171 cm-1 for Ga 

samples. It is assigned to CO next to the zeolite acidic hydroxyls. In agreement with this 

assignment is the observation of a shift of the bridging hydroxyl bands toward lower frequency 

at 3618 cm-1 and 3624 cm-1 with DmOH = 318–314 and 286 cm-1 for Al samples and Ga 

samples, respectively. The band at 2174 cm-1 for Al-treated sample is less intense compared 

with Al-parent sample, which is with agreement with lower intensity of a band at 3621 cm-1 

characteristic for bridging hydroxyls (Fig. 22). It means that the concentration of acid centers 

decreases during the treatment with buffer solution and bifluoride ion is slightly selective to 

aluminum atoms. 29Si NMR spectra also show an increasing of Si/Al ratio during treatment 

(Fig. 24). This ratio determines the concentration of the acid sites. 

The parent and the treated samples were investigated by 29Si and 27Al and 71Ga NMR 

spectroscopy, respectively. The 29Si NMR chemical shifts are sensitive to the type and the 

number of tetrahedrally coordinated T atoms in the second coordination sphere of SiO4 unit (T 

= Si, Al, Ga). The five different structural environments of the tetrahedrally coordinated Si 

atoms, Si(OSi)4-n(OT)n, designated as Si(nT) have characteristic chemical shifts in the 29Si 

NMR spectra, while the relative intensities of the signals for the different Si(nT) species reflect 

the composition ofthe zeolite framework (n = 0, 1, 2, 3 and 4, represents the number of T atoms 

(Al or Ga) sharing oxygen with the SiO4 unit). In addition to the chemical environment the 29Si 
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chemical shifts are also sensitive to Si–O bond lengths and Si–O–T bond angles in the 

crystallographically inequivalent Si sites. The 29Si NMR spectra can be used to calculate the 

framework Si/Al or Si/Ga ratio from the NMR signal areas (I) according to the equation given 

above in the example of mordenite. The single pulse 29Si NMR spectra of the parent AlZSM-5 

and the treated AlZSM-5 samples demonstrate three main resonances after fitting the spectral 

patterns with DMFit software (Fig. 7). According to literature data, the intense resonance at - 

112 ppm and the shoulder at - 115 ppm are assigned to two inequivalent crystallographic 

tetrahedral Si(0Al) sites, while the signal at - 106 ppm originates from Si(1Al) species.  

 
Figure 24. Experimental (black) and simulated (red) single pulse 29Si NMR spectra of AlZSM-5 (left) and 

AlZSM-5tr (right). The individual contributions of the different Si environments are given with colored lines. 

 

The Si/Al ratio calculated using the areas of the fitted lines was 22 for the parent sample and 

24 for the treated sample. This result indicates that the fluoride etching did not result in 

significant dealumination of the parent material.  

 
Figure 25. 27Al NMR spectra of AlZSM-5 (left) and AlZSM-5tr (right) samples. 
27Al NMR spectra of AlZSM-5 and AlZSM-5tr samples (Fig. 25) show two relatively narrow 

resonances at - 60 ppm and at around 0 ppm characteristic for the tetracoordinated framework 

Al sites (FAl) and for the six-coordinated extra-framework Al species (EFAl), respectively. 

The FAl:EFAl ratio was 93:7 for the parent sample and 97:3 for the treated sample, indicating 

a slight decrease in the EFAl species as a result of the treatment. Comparison of the spectra of 

the two samples demonstrates also that the total intensity of the 27Al signal at - 60 ppm is by 

15% lower in the treated sample. The loss of signal can be explained with removal of Al from 

the zeolite lattice and/or with distortion of the symmetry of the environment of some Al sites. 

Previous studies demonstrated that in low symmetry environment the resonance of Al nuclei 

can be very broad and difficult to detect due to second-order interactions between the electric 

field gradient at the nucleus and the nuclear quadrupole moment of 27Al. Considering the very 
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small difference between the Si/Al ratios in the two samples determined from 29Si spectra, we 

assume that the tetrahedral symmetry of some lattice aluminum sites was disturbed during 

fluoride etching resulting in formation of ‘‘NMR invisible’’ Al species. The formation of 

symmetry distorted lattice Al species in treated samples could be explained with creation of 

new larger mesopores as detected by N2 physisorption (Table 6 and Fig. 21). The 1H29Si CP 

MAS spectroscopy was used to identify the presence of SiOH structural units due to defect 

sites in the zeolite framework of the studied materials. The cross-polarization (CP) technique 

is based on transfer of polarization from abundant spins (1H) to low sensitivity nuclei (29Si) via 

space dipole–dipolar interactions. Application of the CP technique allows to selectively 

enhancing the signals from 29Si sites that have 1H nuclei in their vicinity, originating either 

from Si–OH groups or from Si(nAl) units with adjacent H atoms.  

 
Figure 26. Experimental (black) and simulated (red) 1H29Si CP MAS NMR spectra of AlZSM-5 (left) and 

AlZSM-5tr (right). The individual contributions of the different Si environments are given with colored lines. 
 

Figure 26 shows the deconvoluted 1H29Si CP MAS spectra of AlZSM-5 and AlZSM-5tr 

samples. The presence of Si(1OH) and Si(2OH) groups is evidenced by the appearance of the 

resonances at around - 102 and - 92 ppm, respectively. There is also a clear enhancement of 

the Si(0Al) resonances at - 112 and - 115 ppm due to possible polarization transfer from distant 

silanol protons and/or coordinated water molecules in the parent material as well as from NH4 

? counterions in the treated sample. The resonance at - 102 ppm is partially overlapped by the 

signal of Si(1Al) species at - 106 ppm (Figure 27). The partial overlap of the Si(1AI) and SiOH 

resonances leads to some uncertainty in the determination of the Si/Al ratio from the one-pulse 
29Si spectra since a part of the intensity of the - 102 ppm signal, originating from the SiOH 

groups, must be attributed to the Si(0Al) units rather than to the Si(1Al) units. Thus, the actual 

Si/Al ratio might be slightly underestimated. The CP MAS technique has disadvantage that it 

is not quantitative since the effectiveness of cross-polarization transfer depends on Si–H 

internuclear distance, the relaxation rates and local dynamics of the structural fragments, which 

vary from one chemical environment to another.  
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Figure 27. Comparison of the 1H29Si CP and single pulse 29Si NMR spectra of AlZSM-5 (left) and AlZSM-

5tr (right). 

 

Since the 1H29Si CP MAS spectra cannot be interpreted quantitatively it is not possible to 

give quantitative evaluation of the content of SiOH groups. Nevertheless, we assume that the 

quantity of SiOH groups in the studied materials is low since the efficiency of CP transfer was 

very low and 16400 scans were needed to achieve a reasonable signal-to-noise (S/N) ratio of 

17 in the CP spectra. For comparison with the single pulse experiment, a much higher S/N of 

213 was achieved with 400 scans only (Figure 27).  

 
Figure 28. Experimental (black) and simulated (red) single pulse 29Si NMR spectra of GaZSM-5 (left) and 

GaZSM-5tr (right). The individual contributions of the different Si environments are given with colored lines. 

 

Similar results were obtained for GaZSM-5 and GaZSM-5tr samples. The single pulse 29Si 

spectra (Fig. 28) show the presence of three resonances at - 112 ppm and - 115 ppm assigned 

to the Si(0 Ga) species and a resonance at - 105 ppm characteristic for Si(1 Ga) sites. The Si/Ga 

ratio calculated for the parent sample was 16, while for the treated sample the ratio is slightly 

higher 19.  
71Ga spectra give information about the coordination state of Ga nuclei. The spectra of GaZSM-

5 and GaZSM-5tr show a peak at 160 ppm, associated with tetrahedral gallium sites from the 

zeolite framework, and a low intensity resonance at 0 ppm, attributed to octahedral or distorted 

tetrahedral gallium species (Fig. 29). The intensity of framework Ga resonance in the treated 

sample was lower by 18% pointing toward possible formation of symmetry distorted Ga (NMR 

invisible) species during the fluoride treatment.  
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Figure 29. 71Ga NMR spectra of GaZSM-5 (left) and GaZSM-5tr (right) samples. 

 

The presence of SiOH groups in GaZSM-5 and GaZSM-5tr was evidenced by 1H29Si CP 

MAS spectroscopy (Figure 30).  

 
Figure 30. Comparison of the 1H29Si CP and single pulse 29Si NMR spectra of GaZSM-5 (left) and GaZSM-

5tr (right).  

 

Similar to AlZSM-5 samples, the CP efficiency was low in both the parent and the treated 

GaZSM-5 materials indicating that the amount of silanol groups is low. No significant 

deviation was detected in the CP enhancement factors for the different Si environments in 

parent and treated samples.  

The dependence of m-xylene conversion from time on stream (TOS) of the parent and 

treated samples in the reaction of m-xylene transformation is shown in Fig. 31a. The steady 

state was reached in 20 min for all the studied samples. This effect could be explained by hinder 

diffusion to/from the active sites in the micropores of the parent samples, especially for 

AlZSM-5. It is seen that the catalytic activity of treated samples is practically identical for the 

Gacontaining sample and slightly higher for the Alcontaining sample compared with parent 

samples (Fig. 31a). It was shown that the concentration of acid sites in treated samples is lower 

and the strength is similar (Fig. 22). However, the isomerization/disproportionation selectivity 

ratio (I/D) is higher in the case of the parent AlZSM-5 and GaZSM-5 samples (Fig. 31b). 

Usually the high I/D ratio is due to the sterical hindrance on the formation of the diphenylalkane 

intermediate in the zeolite micropores. The observed increasing of I/D ratio with time on stream 

is due to formation of coke during the disproportionation reaction. The coke plays role of 

sterical hindrance.  
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Figure 31. A) Total m-xylene conversion as a function of the time on stream over studied samples. B) 

Isomerization/ disproportionation selectivity ratio as a function of the time on stream over studied samples; 

reaction temperature 250 C, contact time 0.82 h-1 
 

Bimolecular reactions of alkylaromatics transalkylation leading to bulky biphenyl and/or 

polymethyl substituted products are knownto be the main cause for zeolite catalysts aging. A 

significant decrease in the I/D selectivity ratio was registered for both the treated samples 

compared with their parent counterparts. The explanation for the lower I/D ratio is an increased 

accessibility to the active sites ensuring the possibility for the formation of diphenylalkane 

intermediate through which the disproportionation reaction takes place. Small parts of the 

crystals are cut by selective dissolution. Large mesopores and/or macropores penetrating deep 

in the crystals are formed. These large pores lead to easier access of reactants to the zeolite 

active sites. It should be noted that the increase in activity of AlZSM-5tr is too small. From the 

obtained catalytic results, it could be concluded that the modification of micropore surface area, 

formation of mesopores and volume induced by the fluoride treatment on parent ZSM-5 

zeolites in order to obtain mesopore surface area and higher pore volume has little influence 

on the catalyticactivity but significant effect on the selectivity in the reactions of m-xylene 

transformation.  

In order to clarify the role of the formed mesopores in the catalytic process, the 

disproportionation of toluene was performed on Al-parent and treated ZSM-5 samples at 350 

C (Table 7). The treated AlZSM-5 catalyst shows significantly higher catalytic activity (7.25 

mol%) than the parent sample (2.82 mol%). The mechanism of aromatics disproportionation 

through diphenylalkane intermediate formation could explain the observed enhanced activity 

of the Al-treated catalyst. The higher p-/ o-xylene and benzene/xylene ratios are probably due 

to the dealkylation and coke formation in the narrow zeolite pores of the parent AlZSM-5 

material. The treated AlZSM-5 material shows significant decrease in p-/o-xylene and 

benzene/xylene ratios (Table 7) because of the formation of mesopores in the ZSM-5zeolites 

which lead to the limiting of the dealkylation process. The activity and selectivity of the 

materials studied is a result of concentration of acid sites, their strength and the reactants 

accessibility to them. 
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Table 7. Toluene conversion at 350˚C on the parent and treated AlZSM-5 samples. 

Sample Conversion 

[mol %] 

Benzene/Xylenes 

mol.ratio 

p-/o-xylene 

mol.ratio 

AlZSM-5 2.82 2.7  1.21  

AlZSM-5tr 7.25 1.7 0.84 

 

Synthesis of titanosilicates and catalytic properties of gold deposited on mesoporous 

titanosilicates 

 

The isomorphic substitution of silicon or aluminum by various other elements in the zeolite 

lattice is interesting from a practical point of view. Industrial processes for the production of 

fine chemicals require the use of new zeolites with high activity and selectivity for useful 

products. Isomorphic substitution is a well-known phenomenon in mineralogy. By such 

substitution, the lattice atoms are replaced by atoms of other elements. Substitution does not 

change the type of crystalline zeolite structure. Substitution provides new materials with 

interesting specific catalytic and other properties in many reactions and phenomena. The search 

for new multifunctional materials has led in recent years to the successful development of a 

number of microporous and layered titanosilicates with potential application in catalysis, ion 

exchange, and separation processes. 

In our studies, we applied a standard hydrothermal technique for the synthesis of 

titanosilicates using starting gels in the xNa2O – yTiO2–10SiO2–675H2O system, where X is 

between 4 and 35 and Y is between 0.5 and 5. The syntheses were performed without the use 

of organic compounds as structure directing agents. Thus, we managed to synthesize 7 

titanosilicate pure phases, namely: 

- microporous materials ETS-4 and GTS-1 and sitinakite 

- the layered phases AM-1, also known as JDF-L1 and AM-4. 

- two dense phases - the minerals paranatisite and natisite. 

Powder precursors were examined by IR and Raman spectroscopy and the final products 

were proved. The mechanism of phase formation was also studied by solid-state 29Si NMR 

spectroscopy. It was found that in the studied system, without the use of an organic template, 

the Na2O/TiO2 ratio in the starting gel played a key role in the synthesis of titanosilicates. This 

ratio affects the arrangement of the clusters, which are precursors in the initial mixture, before 

the hydrothermal treatment and subsequently, regarding the type of topology of the obtained 

products. Spectroscopic data reveal that for gels with a lower Na2O/TiO2 ratio, the precursors 

have a lower degree of polymerization of the SiO4 groups (fragments) than that of the first 

crystalline products. This means that the hydrothermal treatment causes homocondensation of 

the SiO4 groups. Conversely, for gels with a higher Na2O/TiO2 ratio, the hydrothermal 

treatment enhances the fragmentation of the Si-O system in the final product compared to the 

amorphous precursors. Within the investigated range of the Na2O/TiO2 ratio of the synthesis 

mixture, fragments with five coordinated titanium are obtained at the lowest (3.7) and highest 

(9) values of the ratio, while six-coordinated Ti4+ predominates in constructs prepared at 

average values of the ratio. Layered and microporous titanosilicates crystallize as pure phases 

at lower Na2O/TiO2 ratios, while dense titanosilicates are formed at higher alkalinity. These 

studies make it possible, through variations in the Na2O/TiO2 ratio in the starting gel, to achieve 

precise tuning and control in the preparation of titanosilicate phases with a consistent porous 

system and functionality. 
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By using another starting gel containing a mixture of sodium and potassium hydroxide, and 

not only sodium hydroxide, two more microporous phases are obtained, namely STS also 

known as AM-2 and ETS-10. 

To increase the structural diversity of synthetic titanosilicates with useful properties, it is 

necessary to vary the chemistry of the precursors, ie. selection of suitable sources for lattice 

and extralattice cations, mineralizers and co-solvents, as well as to carry out synthesis in mild 

conditions regarding the pH and the temperature at which the synthesis is carried out. 

Titanosilicates have a special place in the field of catalysis. The interest in these materials 

is related to their remarkable catalytic activity in the selective oxidation of organic compounds 

with hydrogen peroxide under mild conditions. Titanium silicates combine the advantages of 

the high coordination ability of Ti (IV) ions with the hydrophobicity of the silicate lattice, 

spatial selectivity and specific local geometry of the active centers in the structure of the 

molecular sieves. The distribution of active titanium centers is also important for the catalytic 

activity of these materials. Titanium silicate with a microporous structure was first synthesized 

in 1986 and was named TS-1. It has an MFI structure. Later, in order to provide more space 

for reactions and better access to the active sites, mesoporous titanosilicates were also used. 

New materials consisting of amorphous silica with regular pore structure, therefore called 

mesoporous molecular sieves MCM (Mobil Crystalline Materials), exhibit an X-ray diffraction 

pattern with at least one peak at a dspacing greater than about 1.8 nm with a relative intensity 

of 100. Among them, MCM-41 consists of a regular, hexagonal array of uniform channels with 

each pore surrounded by six neighbors. Isomorphous substitution of Si by Ti has been 

attempted by performing the synthesis in the presence of titanium compounds. Titanium 

containing mesoporous materials Ti–MCM-41 has been tested for oxidation of hydrocarbons 

in liquid phase, using H2O2 or hydroperoxides as oxidants. Gold supported on Ti–MCM-41 is 

proved to be selective in the epoxidation of propylene in the copresence of O2 and H2. Other 

related titanium silicates can also work as an effective support for gold in the selective 

oxidations of propylene. 

In continuation, we now investigate to compare the catalytic behavior of gold deposited on 

Ti–MCM-41 and gold deposited on TiO2 dispersed on silica for the epoxidation of propylene. 

An attempt was also made by using Au/Ti– MCM-41 catalysts to selectively oxidize propane 

to acetone and isobutane to t-butanol with a H2–O2 mixture in flow conditions. 

Because gold has long been regarded as being catalytically less active than platinum group 

metals it has attracted little attention in the development of heterogeneous catalysis. The basic 

reason is that gold catalysts are highly sensitive towards the preparation methods and it is 

normally impossible to prepare active gold catalysts with classical impregnation methods. 

However, when gold is dispersed as fine particles over suitable support by coprecipitation or 

deposition-precipitation methods, it has been found that the supported gold exhibits 

exceptionally high catalytic activity for such reactions as : CO oxidation, CO2 and CO 

hydrogenation, hydrocarbon combustion, the reduction of NO to N2 and the water-gas shift 

reaction. Quite often reactions occur at low temperature.  

Table 8 lists the amount of gold (in weight % to the support) in the starting solutions for the 

deposition– precipitation and the actual gold loadings. Higher contents of titanium in the 

supports result in larger amounts of gold actually deposited (see samples 1, 2B, and 3C), 

suggesting that gold is probably deposited on titanium sites in Ti– MCM-41. 

TEM micrographs for the 2B catalyst (in Table 1) prior to and after reaction are presented 

in Fig. 32. Since dodecyl trimethyl ammonium chloride was used as a template during the 

synthesis of Ti–MCM-41, the pore diameters of the samples are about 2.0–2.5 nm. Figure 32 

left shows that before reaction gold particles are homogeneously dispersed on the suppot with 

an average diameter around 2 nm . The particle size distribution (Fig. 32left) that about 30% 

of the gold particles have a diameter above 2.5 nm suggests that a fraction of gold particles 
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deposited are not incorporated in the pores of the support. Figure 32right shows that these 

particles located outside the pores are coagulated during the reaction. However, the majority 

of gold particles are encapsulated in the channels of the Ti–MCM-41 and they are prevented 

from coagulation and from irreversible deactivation. 

 

Table 8. The amount of titanium and gold in the catalyst samples tested. 

  Gold loading wt %  

No Ti/Si molar ratio solution actual 

1 2/100 8 1.10 

2A 2.8/100 4 0.92 

2B  8 1.20 

2C  12 1.70 

3A 4.8/100 2 0.61 

3B  4 1.81 

3C  8 2.60 

 

 

Figure 32. TEM photographs of Au(1.2 wt%)/Ti–MCM-41(Ti/Si = 2.8/100) catalyst (No. 2B in Table 1) Before 

reaction - left and after reaction - right. The size distribution of Au particles is shown, with the number of Au 

particles as ordinate and the diameter as abscissa 
 

Figure 33 shows typical results for the reaction of hydrocarbons with hydrogen and oxygen 

over Au/Ti–MCM-41 catalysts at 373–393 K. The best catalytic performance in this reaction 

was obtained with the 2B sample (8 wt% Au loading in solution and actual Au loading of 1.2 

wt% on Ti/Si = 2.8/100). The partial oxidation products, PO from propylene, acetone from 

propane, and t-butanol from isobutane, have been obtained with selectivities of 95, 48, and 

85% at hydrocarbon conversions of 1.8, 0.3, and 2.2%, respectively. These products are the 

same as those obtained with Au/TiO2 catalysts (19). A catalyst with the same gold loading on 

Ti-free silica MCM-41, prepared by GVP, was inactive. The Ti–MCM-41 (2.8/100) sample 
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without gold loading was also inactive under these reaction conditions. This means that both 

components, gold and titanium, are indispensable to the selective oxidation of aliphatic 

hydrocarbons.  

 

 
Figure 33. Yield of products in the oxidation of propylene at 373 K, propane at 393 K, and isobutane at 393 K 

on the catalyst 2B (see Table 1) in the presence of oxygen and hydrogen.  

 

 

Figure 34. Time course of propylene conversion and selectivity to PO (a) and hydrogen consumption (b) at 373 

K over the catalyst 2B (see Table 1). 
 

Figure 34 shows that in the oxidation of propylene over the 2B catalyst, a relatively long 

induction period of about 1.5 h is observed in propylene conversion at 373 K, whereas 

selectivity to PO and hydrogen conversion reach a steady state much earlier. The induction 

period becomes longer at 323 K. The consumption of hydrogen is about double that over 

Au/TiO2/SiO2 for a similar conversion of propylene, suggesting that selective oxygen species 

formed by the reaction of oxygen with hydrogen may have a smaller chance to react with 

propylene. Since Ti cations are isolated from each other in Ti–MCM-41, the long induction 

period can be regarded as a period which is necessary to accumulate selective oxygen species, 

probably H2O2, on the Ti–MCM-41 surface and in the gas phase. Another probability is that 

PO formed first remains on the Ti–MCM-41 surface until saturation and then tends to desorb 

from the surface. 
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Figure 35 shows PO yield over 8 wt% (in solution) Au/ 1 wt% TiO2/SiO2 as a function of 

time. The catalytic activity of this catalyst monotonically decreases with time. Water is 

continuously formed during the oxidation of propylene, and the oxygenated intermediates may 

block the active sites and depress the adsorption of hydrocarbon on the surface of the catalyst. 

On the other hand, MCM materials have hydrophobic nature and Ti–MCM-41 preferentially 

adsorbs olefin molecules which are less polar. This may suppress the competitive adsorption 

of water and probably avoid the accumulation of the oxygenated intermediates resulting in 

more stable catalytic activity.  

 

Figure 35. Time course of propylene conversion and selectivity to PO (a) and hydrogen consumption (b) at 373 

K over Au(8 wt% in solution)/ (1 wt%)TiO2/SiO2 

 

Taking into account the experimental results obtained in the present and previous works, the 

following reaction pathways may be proposed: Hydrocarbon covers partly the surface of Au 

particles, over which H2 reacts with O2 to form H2O2 and H2O. H2O2 formed is transmitted to 

the free titanium sites on the surface of Ti–MCM-41 and there it is transformed to hydroperoxo-

species. Hydrocarbon adsorbed on the surface of Ti–MCM-41 reacts with the hydroperoxo 

species to yield oxygenates.  

 

Synthesis and catalytic properties of materials modified with zirconium 

 

In order to optimize the conditions of synthesis of zirconosilicates, we conducted research 

in the Na2O-ZrO2-SiO2-H2O system, in order to obtain pure crystalline products for a relatively 

short period (1-5 days) at 180-200˚C without the use of organic reagents during synthesis. The 

syntheses carried out in this way lead to the production of three completely new sodium 

zirconosilicate phases: 

- Na2Zr7Si2.5O20.3H2O - phase with layered structure; 

- Na4Zr2Si5O16.2H2O - microporous phase; 

- Na8Zr3Si6O22 - phase with dense structure. 

In the course of optimizing the reaction conditions, it has been found that sodium 

zirconosilicates with useful properties can be obtained in a slightly alkaline medium by fine-

tuning the molar ratios in the starting gel. Syntheses carried out in a strongly alkaline or acidic 

environment lead to the formation of phases with dense structures. 



36 

 

Kenyaite (a layered silicate mineral named after the state of Kenya) NaSi11O20.5(OH)4.3H2O 

was synthesized for the first time in a reaction medium containing zirconium. Pure crystalline 

samples were obtained at 200°C from a gel with a molar composition of 1.2Na2O-0.3ZrO2-

10SiO2-200H2O and a synthesis time of 72-96 hours. Kenyaite with a low degree of 

crystallization is formed on the second day from the beginning of the synthesis. After the fourth 

day, its transformation into quartz is observed, but traces of kenyaite are registered by the 10th 

day. Under the same conditions without the use of ZrCl4, this layered sodium silicate is formed 

in less than 24 hours, but almost immediately begins its conversion to quartz, the latter being 

the only final product after 48 hours. This is the reason why we consider the properties of this 

silicate in this chapter, although zirconium is not part of the layered silicate kenyaite. 

Based on the high thermal stability, the layered structure and the high specific surface area, 

we used kenyaite as a support on which we applied cobalt and platinum and tested the catalysts 

thus prepared in reactions of complete oxidation of volatile organic compounds. N-hexane and 

benzene were used as model compounds. 

Creating a catalytic system for complete oxidation of hydrocarbons is an important 

environmental problem. Volatile organic compounds (VOCs) make a major contribution to air 

pollution. Catalytic oxidation is one of the important processes for the elimination of VOCs, 

as catalytic combustion takes place at temperatures much lower than those required for thermal 

combustion. It is well known that catalysts for the complete oxidation of VOCs can be 

classified into three categories: (1) supported noble metals; (2) metal oxides or supported metal 

oxides; (3) mixtures of noble metal and metal oxides. Most commercial VOC oxidation 

catalysts belong to the first category, as the reaction can start at a temperature as low as room 

temperature, but their cost is high. Transient metal oxides are less efficient but more stable at 

high temperatures. 

We now report results on the synthesis of kenyaite in the system K2O–SiO2–H2O, its 

modification with Co and Pt, characterization by X-ray diffraction, SEM, TG-DTA, TPR, FTIR 

spectroscopy. Two methods for cobalt loading are used in order to obtain catalysts of different 

particle size as well as to study the influence of the cobalt oxide dispersion in the reaction of 

complete benzene and n-hexane oxidation. Hexane has been chosen because it is a component 

of many products related to industry. In atmosphere it participates in a radical reaction with 

OH , yielding 2-hexanone, 2- and 3-hexyl nitrate and 5- hydroxy-2-pentanone, all of them 

existing in the photochemical smog. Benzene was chosen because it is a high toxic pollutant, 

difficult for oxidation. 

 
Figure 36. X-ray diffraction patterns of: (a) as-synthesized kenyaite; (b) Co + Pt/ Ken-AM; (c) Co + Pt/Ken-I 
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X-ray diffraction patterns of as-synthesized kenyaite and bimetallic catalysts are shown on 

Fig.36. Initial identification of kenyaite was carried out on the basis of the powder XRD pattern 

(see Fig. 1, curve a) using the powder diffraction file (PDF) of the International Centre for 

Diffraction Data (ICDD). The search gave best fit with the PDF 20-1157. Curves b and c show 

the XRD patterns of Co3O4 loaded kenyaite prepared by ammonia and impregnation methods, 

respectively. The reflections labelled with asterisks are characteristic for Co3O4. Those 

deposited by ammonia method indicate average particle size of the metal oxide of about 5 nm. 

Particle size of 22 nm was registered on the samples prepared by impregnation. The vertical 

scale is normalized to a constant intensity for the (0 0 2) reflections in the three patterns. The 

calcination procedure following the metal oxide deposition causes apparent lowering in the 

degree of crystallinity of the investigated material expressed in broadening of some kenyaite 

reflections, decrease of intensity or disappearance of other reflections on curves b and c. 

Additional peak labelled M can be seen on curves b and c. It has a d value of about 1.52 nm, 

which corresponds to that one of the basal reflection (0 0 1) of the structurally related magadiite 

(PDF 42-1350). Its appearance is assigned to temperature-induced structural transformation of 

the initial material. Water liberation on heating leads to a regular shift of the kenyaite basal 0 l 

0 reflections towards lower d values. 

 

 
Figure 37. SEM micrograph of kenyaite; bar length, 10 mm. 

 

The micrograph in Fig. 37 reveals the rosette-like crystal aggregate morphology of the as-

synthesized kenyaite. The less than 1 mm thickness of the individuals substantially contributes 

to broadening of the reflections and intensity lowering for some of them.  

 

TG-DTA data give evidence for two-stage water liberation at 362 K (physisorption) and at 

462 K (structurally bound H2O) for the as-synthesized kenyaite (Fig. 3a). The exothermic 

effect at 1100 K should be related to phase transition, which marksupper stability limit for this 

material. The DTA curve of the kenyaite proton form (Fig. 38b) also shows two-stage water 

liberation, however, the second stage at 835 K is more clearly expressed. In addition, its shift 

towards a higher temperature might be indicative for structural rearrangements and bond 

strengthening in the interlayer spacing due to its shrinkage (Fig. 36, curves b and c). This could 

be the reason for the higher thermal stability of the proton form as evidenced by the lack of 

exothermic effect within the temperature range investigated.  
Elemental analysis of the tested Co/Ken-I and Co + Pt/Ken-I sample gave 11.77 wt% Co 

(for monometallic and bimetallic samples) and 0.12 wt% Pt. The catalyst prepared by ammonia 

method contained 7.59 wt% Co (for both Co/Ken-AM and Co + Pt/Ken-AM) and 0.06 wt% Pt. 

The amount of platinum in the Pt/Ken-I catalysts is also 0.06 wt %. The surface area of as-

synthesized kenyaite was 150 m2/g, while the surface area of the samples after cobalt deposition 
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by ammonia method was 140 m2/g and for the samples prepared by impregnation was 110 

m2/g. 

 

Figure 38. TG-DTA curves of: (a) as-synthesized kenyaite; (b) proton form of kenyaite. 

 

 

Figure 39. TPR profiles of: (a) Co/Ken-I; (b) Co + Pt/Ken-I 

 

Figs. 39 and 40 present TPR curves of the calcined at 773 K Co and Co–Pt supported 

samples prepared by impregnation and ammonia method, respectively. The reduction profiles 

of the Co-samples prepared by both methods fit well within the reduction interval of Co3O4 

particles. The two resolved reduction peaks in the temperature interval 500– 700 K could be 

assigned to the stepwise reduction of Co3O4 (Co3O4 CoO Co). The peaks for Co/Ken-

AM (Fig. 40a) appear at lower temperatures in comparison with those of the impregnated 

samples (Fig. 39a). This could be explained with the particle size effect—the smaller the 

particle size the lower is the reduction temperature registered. Okamoto et al. found out the 
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same tendency for the reduction of variously sized Co3O4 supported on SiO2. As it was shown 

above the average particle diameter of Co3O4 calculated from the powder X-ray patterns for 

the samples prepared by ammonia method was about four times smaller than that one in the 

impregnated catalysts. The lower reduction temperature of the finely dispersed cobalt oxide in 

Co/Ken-AM, implies its weak interaction with the support. In a previous investigation the same 

ammonia method was used to prepare cobalt supported SiO2 catalysts. The samples exhibited 

strong interaction between the metal oxide and the support due to the formation of Co-silicates, 

the latter being difficult to reduce. The result obtained in the present study implies that kenyaite 

is a suitable material for preparation of finely dispersed and easily reducible cobalt oxide 

supported catalysts.  

 

 

Figure 40. TPR profiles of: (a) Co/Ken-AM; (b) Co + Pt/Ken-AM 

 

Two broad peaks can be seen in the TPR profiles of the samples containing Pt (Figs. 4b and 

5b). The shoulder at 400 K and the peak at 429 K could be assigned to the step reduction of 

Co3O4 particles in the close proximity to Pt. The second one may be explained by reduction of 

Co3O4 located apart from the platinum active centres. The peaks for Co + Pt/Ken-AM appear 

at higher temperatures in comparison with those for Co + Pt/ Ken-I. As known, noble metals 

used as promoters are reduced at lower temperature than the cobalt oxide is and catalyse the 

reduction of the oxide phase by hydrogen spillover from the metal surface. The less promoting 

effect on cobalt reduction in the sample prepared by ammonia method is very likely a result of 

the lower platinum content. It should be noted that a separate peak responding to the reduction 

of Pt oxide only was not observed in our experiments. This is due to the low Pt content and the 

high Co/Pt ratio in our catalysts leading to a very small hydrogen consumption by platinum 

compared to that one for the reduction of cobalt oxide.  

Based on the results given above it can be concluded that finely dispersed Co3O4 particles 

are formed on the kenyaite support by the ammonia method. Deposition of cobalt by 

impregnation leads to the formation of relatively large Co3O4 particles. Addition of Pt promotes 

the reduction of Co3O4 in all cases and the process depends on the noble metal content. 

The temperature dependences of the complete benzene and n-hexane oxidation over 

catalysts prepared by both methods are shown in Fig. 41. H2O and CO2 were the only detectible 

reaction products in all studied samples. 

The samples are compared according to the temperature for 95% hydrocarbon conversion 

or according to that one for maximum conversion in cases this value has not been reached. The 

following order of activity in the reaction of complete benzene oxidation is established: Pt/Ken 

(640 K) = Co + Pt/ Ken-AM (640 K) > Co/Ken-AM (700 K) > Co + Pt/Ken-I (705 K, 90%) > 
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Co/Ken-I (723 K, 76%). The values in brackets for the last two samples show the maximum 

conversion reached in the studied temperature interval 298–723 K. The row of activity in the 

complete hexane oxidation is as follows: Co/Ken-AM (633 K) > Co + Pt/Ken-AM (723 K) > 

Co + Pt/Ken-I (723 K, 93%) > Co/Ken-I > (723 K, 89%) > Pt/Ken (703 K, 83%). As seen 95% 

conversion has not been attained with samples prepared by impregnation. Despite the lower 

cobalt concentration, the monometallic Co/Ken-AM is more active than the catalysts prepared 

by impregnation in both reactions. This sample demonstrates the highest activity in the case of 

deep hexane oxidation. It is well known that the transient metal oxides operate in complete 

hydrocarbon oxidation by redox type mechanism according to which the metal oxides are 

regenerated by the oxygen-containing gaseous phase. The difference between Co/ Ken-I and 

Co/Ken-AM catalysts behaviour can be related to the cobalt oxide reducibility as observed in 

the TPR profiles (cf. Figs. 39a and 40a). Cobalt loading by impregnation leads to the formation 

of large Co3O4 crystallites, which are reduced at higher temperature.  

 

 

Figure 41. Dependence of the conversion with temperature in the reaction of complete oxidation of: (a) 

benzene; (b) hexane. 

 

Introduction of Co by ammonia method results in the formation of finely dispersed Co3O4 

particles interacting weakly with the support. Thus, the cobalt oxide activity correlates with its 

reducibility and depends on the method of sample preparation. Addition of Pt to the cobalt 

catalysts improves their activity in the reaction of complete benzene oxidation. This result can 

be explained by synergy effect of cobalt oxide species and Pt. The promoting effect is more 

evident for Co + Pt/Ken-I, which could be explained in part by the higher Pt content. Another 

factor is the lower extent of interaction between cobalt oxide and Pt resulting from the 

processes of impregnation and subsequent calcination. This allows the formation of more 

accessible Pt0 centres on the support. Obviously, the preparation method influences the degree 

of interaction between Co and Pt in the bimetallic catalysts. The less promoting effect of Pt on 

the catalytic activity of bimetallic Co + Pt/Ken-AM in the reaction of deep benzene oxidation 

can be attributed to the lower Pt concentration in this sample and to the strong interaction 
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between Co oxide and Pt during the preparation process. In the case of Co deposition by 

ammonia method, Pt has been introduced to the fresh (not calcined) sample. Very likely, the 

subsequent calcination has led to strong interaction between Co3O4 and Pt, decreased 

reducibility of platinum and thus to a weaker promoting effect. The monometallic platinum 

sample is the most active in benzene oxidation. However, in the case of hexane oxidation it is 

the least active. According to these authors the activity order depends from O2 pressure and in 

the other reaction condition the order may be different. One of possible explanation for the 

order of hydrocarbon activity on the Pt/Ken-I sample can be the activation energy difference 

between benzene and hexane oxidation over Pt catalysts.  

It appears that in deep hexane oxidation the finely dispersed monometallic cobalt sample 

(Co/Ken-AM) is the most active. Addition of Pt to Co/Ken-AM causes the decreasing in 

catalytic activity (Fig. 41b), probably as a result of cobalt oxide modification (strong interaction 

with Pt, as was shown above). As can be seen from Fig. 41b the activity of Co + Pt/Ken-I is 

higher than of monometallic one at 50%. At higher reaction temperatures two samples possess 

comparable activity. The difference in the catalytic behaviour of Co + Pt/Ken-I and Co + 

Pt/Ken-AM, obviously may be explain with lower interaction between Co3O4 phase and Pt 

during preparation. In the reaction of n-hexane oxidation most active phase is cobalt oxide and 

mixing with noble metal lead to its modification and decreasing in the activity. 

We synthesized and studied the properties of mesoporous sulfated zirconia, together with 

colleagues from the Ukrainian Academy of Sciences. A series of sulphated samples was 

prepared using impregnation and sulfuric acid or ammonium sulphate was used as sulphating 

agent. The samples were examined using powder X-ray diffractometry, thermogravimetric 

analysis, infrared spectroscopy, nitrogen adsorption-desorption at low temperature, 

potentiometric titration. Sulphated samples have superacid Bronsted active centers. The 

synthesized samples are effective catalysts for cumene (isopropylbenzene) cracking. These 

catalysts are effective in the isomerization of n-alkanes and can be used to produce high octane 

fuel. Zirconium oxides and / or zirconium modified porous materials are used in many reactions 

that require the presence of a strong acid catalyst. Other such examples are the esterification of 

levulinic acid, the esterification of glycerol and others. 

 

Zeolites synthesized from coal ash 

 

Studies for the synthesis of zeolite X from coal ash have been performed. Zeolite Linde 

Type X (LTX) is a synthetic analogue of the naturally occurring zeolite Faujasite. Zeolite X is 

a very attractive zeolite for technological and environmental applications. It is used for 

purification and adsorption of gases and organic components. 

Using of a dual-stage process of zeolite synthesis, fusionhydrothermal treatment, zeolite X 

has been synthesized. A sodium hydroxide/fly ash ratio below 2.0 is resulted in unreacted fly 

ash, mixed zeolite structure or a low extent of zeolitization depending on the duration of the 

hydrothermal incubation. The best attempt in the selective preparation of FA-X by two-stage 

fusion-hydrothermal synthesis has been achieved at a sodium hydroxide/fly ash ratio of 2.0, 

fusion temperature of 550 C, and a hydrothermal synthesis for 2 h at 90 C. These synthesis 

conditions have been used to obtain the investigated FA-X zeolite. Further increase in 

NaOH/FA ratio to 2.4 results in a small growth. The XRD patterns of Na-X reference sample, 

synthesized from pure chemicals, and the FA-X sample, obtained from coal fly ash, are shown 

in Fig. 42. The Na-X phase is identified on the basis of a group of reflections (d = 14.46, 8.85, 

7.55, 5.74, 4.82, 4.42, 3.82, 3.35, 2.80). The proposed procedure for conducting the reaction 

process of the fly ash with sodium hydroxide produced predominantly Na-X and negligible 
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amount of sodalite. Sodalite, because of a small amount in tested material, was recognized only 

on the basis of the most intensive reflections (d = 6.27, 3.62)—Fig. 42, X-ray pattern 2.  

 

 
Figure 42. XRD patterns of zeolite synthesized from: 1 conventional pure chemicals, 2 fly ash. 
 

The process of zeolitization of coal fly ash can be divided into three stages, namely: (1) 

dissolution of Si4+ and Al3+ -ions from the initial aluminosilicates in alkaline solution; (2) 

condensation of aluminosilicate hydrogel; and (3) crystallization of zeolite phase from the 

aluminosilicate gel. The OH--ions contribute to the dissolution stage, while the Na?-ions play 

a certain role into zeolite crystallization process. Na+ -ions are stabilizers of the zeolitic 

structure as they compensate the negative charges of the AlO4
- tetrahedra. It could be expected 

in advance that cations from the raw ash are also participating as charge compensators in FA 

zeolites preserving the neutrality of their overall framework. Therefore FA zeolites could not 

be obtained in defined ionic form corresponding to the alkaline activator because of the 

presence of interfering ions from the initial composition. The main indicator of the quality of 

fly ash–zeolite is the degree of fly ash conversion into the zeolite material, called also with the 

term ‘‘zeolite purity’’ or degree of crystallinity (in the case where X-ray analysis is used). The 

FAX yield synthesized from the aluminosilicate part of the raw fly ash has been evaluated to 

be of the order of 60 % by comparison of the sum of relative intensities of selected peaks for 

fly ash zeolite with the sum of relative intensities of the same peaks for the pure Na-X zeolite, 

according to the formula: 
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where: X is the yield of FA-X from the aluminosilicate mass of the raw fly ash, %;  expXi,I  

and  refXi,I  are the sum of the intensities of X phase reflections on the experimental 

diffractograms of FA-X and Na-X, respectively, arb. units; SiO2 and Al2O3 are the contents of 

the corresponding components in the FA composition, mass %. 

Figure 43 represents SEM micrographs of reference sample (a) and FA zeolite (b). 

Reference zeolite Na-X has particles on a micrometer scale, while nano-sized crystallites are 

predominant in the FA-X zeolite. As it can be seen in Fig. 2, the final product consists of 

octahedral crystals. Zeolite X crystallized in its typical octahedral form, and it is a member of 

the faujasite group of zeolites. Its structural framework comprises 4- and 8-membered rings.  
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Figure 43. SEM micrographs of reference sample (left) and FA zeolite (right). Bar length 1 lm 

 

 
Figure 44. TG-DTG curves of reference sample (solid line) and FA zeolite (dashed line). 

 

Figure 44 represents TG-DTG curves of both the reference sample Na-X and the FA-X. TG-

DTG curves are typical for zeolites as the detected mass losses are due to the dehydration of 

both samples. The mass loss process is initiated at 30˚C and almost completes at 350˚C. The 

DTG peaks maxima are observed at 92˚C (a shoulder) and 151˚C for the reference sample, 

while for the FA zeolite sample the peaks are being shifted toward lower temperatures. The 

low temperature peak corresponds to dehydration of physically adsorbed water on the surface 

of zeolites, and the second peak is characteristic of desorption of water from the pores of 

zeolites. The peaks for the reference sample are located at higher temperature due to the higher 

degree of crystallinity and higher adsorption capacity. The water content in the reference 

sample is 24.0 mass% at 350˚C, while for the FA-X sample is 13.9 mass% at the same 

dehydration temperature. Taking into account these results about mass loss during dehydration 

of the samples, thermogravimetric fly ash-to-zeolite conversion factor has been determined. 

The model is based on the fact that mass loss during dehydration of zeolites is characteristic of 

a specific zeolite type, and the corresponding zeolite water content of the zeolite sample 

indicates their degree of crystallinity. The thermogravimetric factor is 58 % which is in a good 

agreement with the factor calculated by X-ray analysis. In the case of FA-X, a peak at about 

700˚C is observed on DTG curve that is accompanied by mass loss of about 3–4 mass%. This 
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peak is due to the presence of carbonate in this sample also detected by FTIR measurements 

under static conditions. In the FTIR spectrum of the sample bands at 1473 and 865 cm-1 , 

characteristics of carbonate group are observed. The carbonate group is formed due to the high 

residual alkalinity of the sample.  

 

  
Figure 45. Adsorption of CO2 at 22˚C on reference sample (a) and on FA zeolite (b). 1 TG curve, 2 DTA curve. 

 

The TG–DTA profiles of CO2 adsorption on Na-X and FAX samples are represented in Fig. 

4. The preliminary dehydration of Na-X obtained by described experimental procedure is 25.0 

mass%. For this sample, the adsorption takes place mainly during the first 20 min with an 

exothermal effect on the DTA curve (Fig. 45a). Thereafter the mass increases slightly reaching 

a steady state after 70 min. At that time, the restore volume due to CO2 adsorption amounted 

to 15.5 mass% as the adsorption capacity is about 200 mg g-1 . The profile of the TG–DTA 

curves for CO2 adsorption on FA zeolite (Fig. 45a) is the same as that of the reference sample. 

In this case, the preliminary dehydration reaches up to 14.0 mass% and the restore volume 

amounted to 5.0 mass%. The main part of the sorption is occurring during the first 10 min, and 

the peak in DTA curve is sharper than that of the reference sample. The measured adsorption 

capacity of the FA zeolite toward CO2 is 60 mg g-1 , and this value is comparable to the 

adsorption capacity values of zeolites, obtained from fly ash and impregnated with amine 

solutions. Nevertheless, this amount of CO2 is remarkable for zeolite synthesized from fly ash 

and it can provide a promising solution for lowering of the CO2 emissions from power plants. 

The sample composition of FA zeolite has been studied by an integral energy-dispersive X-ray 

(EDX) analysis and has been found to consist of 17.21 mass% Na2O, 35.55 mass% SiO2, 22.11 

mass% Al2O3, and other components from the raw material, such as 16.01 mass% Fe2O3, 7.39 

mass% CaO and 1.73 mass% MgO, which corresponds to a deficit of Na2O and an excess in 

SiO2 against Al2O3, as compared to Na-X. Na content is known to effect the uptake of adsorbed 

CO2 at equivalent pressures because the Na cation possesses a higher electric field than a 

proton for example. Additionally, CO2 has large polarizability together with an electric 

quadrupole moment. Therefore CO2 is more prone to perform ion-quadrupole interactions with 

Na cations located within the extra-framework, and thus, the higher the content of Na cations, 

the higher the CO2 capacity results at equilibrium pressures - as is the case for Na-X sample. 

Vice versa, the lower the Na cations content results in the lower CO2 capacity which is the case 

of the FA-X sample. Both parameters, lower level of crystallinity and lower sodium cations 

content lead to lower CO2 capacity of the FA-X sample. The presence of carbonate group also 

results in the lower CO2 capacity of this sample. 

Zeolites that are synthesized from coal ash can be used as catalysts in a number of other 

reactions that are important for environmental protection. These include the complete oxidation 

of volatile organic compounds and the oxidation of carbon monoxide. We have obtained results 
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that are promising and can be the basis for finding and using a cheaper alternative to zeolite X 

as a carrier for active catalysts in the oxidation reactions of carbon monoxide and hydrocarbons. 

 

Synthesis and properties of hybrid zeolite-polymeric materials 

Biocompatible zeolite-polymer composite films with antimicrobial properties 

 

Aromatic poly(ether ether ketone)s (PEEKs) exhibit an excellent combination of properties 

required in biomedical applications, such as chemical resistance, good mechanical properties, 

bioinertness and easy processing. Because of the good biocompatibility and non-toxicity of 

PEEK and the excellent characteristics of silver exchanged zeolite particles, we prepared com-

posite films based on these two components and studied their cytotoxicity and antimicrobial 

properties, using zeolite type LTL. 

‘‘In vitro” testing activity of these films was accomplished on standardized strains ATCC 

(American Type Culture Collection) Gram positive Staphylococcus aureus 25923 ATCC, 

Staphylococcus aureus MRSA 43300 ATCC and Gram negative Escherichia coli 25922 

ATCC. The antimicrobial activity of biofilms was compared with the standard antimicrobial 

action of gentamicin (10 lg) that was included in the tables for interpretation of sensitivity tests, 

according to CLSI 2016.  

 

 
Figure 46. Antimicrobial activity assay against: Escherichia coli (PEEK-0 (a), PEEK-2 (b) and PEEK-12 (c)), 

Staphylococcus aureus MRSA (PEEK-0 (d), PEEK-2 (e) and PEEK-12 (g)) and Staphylococcus aureus (PEEK-0 

(g), PEEK-2 (h) and PEEK-12 (j)). 
 

Fig. 46 shows the inhibition halos on Gram positive Staphylococcus aureus 25923 ATCC, 

Staphylococcus aureus MRSA 43300 ATCC and Gram negative: Escherichia coli 25922 

ATCC growth after 24 h of incubation, for PEEK-0, PEEK-2 and PEEK-12. The antimicrobial 

activity was dependent on Ag-ZL concentrations. According to the CLSI Reference Standard 

2016, the gentamicin inhibit area interpretation diagram provides estimated values of > 15->12 
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mm for Staphylococcus aureus and >15–>13 mm for Escherichia coli. The sample without Ag-

ZL, PEEK-0 did not show antimicrobial activity indicating that this property is due to the 

release of silver. 

Summarising the obtained results, it is observed that PEEK-12 has developed antimicrobial 

activity towards Gram positive - and Gram negative, while PEEK-2 was active only towards 

Gram positive bacteria (Fig. 46, Table 9). The best antimicrobial activity (14 mm) was obtained 

on the PEEK-12 on the Gram negative bacterial strain. Antimicrobial activity of PEEK-2 is 

similar to that of gentamicin, complying with the standard diameter of microbial inhibition for 

both Gram positive bacteria and Gram negative bacteria (Table 9). It is notable the importance 

of the antimicrobial activity of PEEK12 towards Staphylococcus aureus MRSA strain (Fig. 

46). MRSA (Methicillin-resistant Staphylococcus aureus) strains are part of the nosocomial 

pathogenical group representing a risk factor for infections during surgeries, wounds created 

for percutaneous devices or invasive catheters.  

 

Table 9. Antimicrobial activity expressed through the diameter of clearing zone and cell 

viability of the samples 

 

Sample Staphylococcus 

aureus (мм) 

Staphylococcus 

aureus MRSA 

(мм) 

Esche-

richia coli 

(мм) 

Cell viability (%) 

24 h. 48 h. 72 h. 

PEEK -0 0 0 0 96.6 95.4 95.0 

PEEK -2 11 11 0 93.9 95.8 91.0 

PEEK -7 - - - 91.3 89.8 90.8 

PEEK -12 13.3 13.0 14.0 82.3 85.1 83.3 

Gentamicin  12-15 12-15 13-15    

 

The size of inhibition halos was relatively small, especially at low Ag-ZL concentrations, 

probable due to low humidity absorption of the polymer which does not show great amount of 

water to alow fast diffusion of the active agent. Biocompatibility of materials can be tested in 

a simple way by analyzing whether they are suitable substrates for cell culture growth. A 

number of cell culture systems are commonly used to study in vitro cytotoxicity. In our case 

the direct contact method was applied. The reference polymer film PEEK-0 showed 96% cell 

viability, as is presented in Table 9. The cell viability decreased by increasing the Ag-ZL 

content. For example, after 24 h, the cell viability values for the samples containing 0, 2, 7 and 

12% Ag-ZL were of 96.63, 93.96, 91.38 and 82.30, respectively. However, the cell viability 

value was at least 82% suggesting that these materials are safe for biomedical domain. 

Although the presence of silver particles greatly increases the cytotoxicity of a polymeric 

composite, in our case biocompatible materials with a low degree of toxicity were obtained. 

This can be explained by the presence of zeolite as inorganic filler, which is known to be 

biocompatible. On the other hand, the incorporation of silver ions into zeolite can control the 

release of these ions, thus preventing large concentrations of silver ions which can produce a 

considerable increase of toxicity. All samples show reduced cytotoxicity, thus being potential 

candidates for biomedical applications - they could be used as materials for the manufacture of 

medical devices with antibacterial properties. 

 

Hybrid zeolite-polymer material for the controlled drug release 

 

We investigated the transport and release of enalapril maleate (EM), which is an angiotensin 

converting enzyme inhibitor (ACE-inhs) administered in the therapeutic management of 
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hypertension and in the prevention of cardiovascular accidents. Currently EM is formulated 

into conventional release tablets and the therapeutic dose ranges from 20 to 40 mg/day [33]. 

According to the biopharmaceutical classification of drug substances, EM is included in the 

third class of biopharmaceuticals (high solubility - low permeability); only 60% of an oral dose 

is absorbed from the gastrointestinal tract in enterocytes and due to the metabolism of the first 

hepatic passage, its bioavailability is 40%, has a half-life of 4–5 h and maximum plasma 

concentration is reached in 1–2 h after dosing. All of these pharmacological properties and 

biopharmaceutical disadvantages define EM as an ideal candidate for formulation in a modified 

release polymeric system in order to optimize bioavailability and increase its therapeutic 

efficacy.  

Based on these facts, we have created a new system for loading and controlled release of 

EM using biodegradable polymers (PVA, PU) as organic components and zeolite L (ZL) as an 

inorganic filler. Poly(vinyl alcohol) (PVA) is a non-toxic, non-carcinogenic, biodegradable 

polymer that exhibits a high degree of swelling in water, bioadhesive characteristics, drug 

diffusion, film forming ability and mechanical strength. Pullulan (PU) is a non-ionic water-

soluble polysaccharide which is produced from starch by the yeast-like fungus Aureobasidium 

pullulans. The use of PU in the biomedical field is increasing, because it has its non-toxic, non-

immunogenic, biocompatible and inert properties. PU is highly water soluble and has a high 

resistance to the digestive enzymes from the human gut, hence it is used as a carrier for drug 

and helps in controlled release.  

The effect of polymer type, proportion and combinations of composition on retention effi-

ciency, drug release rate and drug release kinetics was monitored. Five modified cryogel re-

leasing agents based on PVA, PU, zeolite L and EM were prepared by lyophilized drying tech-

nique with PVA. Table 10 shows the samples tested, their designation and composition, as well 

as details of sample preparation. 

 

Table 10. The composition of the samples with EM, maximum humidity absorption, and 

estimation of drug loading and EE 

 

Код % ПВА % ПУ % L % ЕМ WS %  DC % EE % 

S1 75 - - 25 18.18 25±0.18 98.52±0.68 

S2 - - 75 25 5.28 8.86±0.01 17.45±0.13 

S3 60 15 - 25 19.06 25.35±0.40 91.35±1.46 

S4 55 - 20 25 13.94 23.30±0.35 89.11±1.34 

S5 40 15 20 25 16.08 23.76±0.39 98.26±1.46 

S6 20 10 50 20 12.72 23.27±0.22 99.99±0.86 

 

A surface property of interest is the sorption, the process of interaction between the solute 

and the surface of an adsorbent. The forces involved can be strong (for example hydrogen 

bonds) or weak (van der Waals forces). Water vapors sorption capacity for the samples S1-S6 

and PVA at 25 °C in the 0–90% relative humidity (RH) range was investigated by using the 

IGAsorp equipment. The sorption-desorption isotherms registered in the RH range of 0–90% 

are presented in Fig. 47 and the maximum WS capacity of the samples is given in Table 10. 

The isotherms of the samples S1 and S3-S6 showed hysteresis between the adsorption and 

desorption throughout the studied humidity range. The dry mass after the sorption/desorption 

cycle is different by the initial one, probably due to a difference between condensation and 

evaporation process occurring in pores. According to IUPAC classification, the sorption-

desorption curves can be associated to type III curves. Sample S2, containing only ZL and EM, 

exhibited the lowest WS values over the entire RH interval. The presence of ZL nanoparticles 

in the samples also diminished WS values. Thus, the samples S4 and S5 exhibited lower values 
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(13.93 and 16.08%, respectively) when compared with that of pure PVA (16.88%). Also, the 

sample S6 having a much higher concentration of ZL showed lower WS values (15.90 and 

12.72%, respectively). This can be explained by the fact that ZL nanoparticles exhibited lower 

WS capacity when compared with the cryogels formed from PVA, PU and EM. As was 

expected, samples without ZL nanoparticles, S1 and S3, showed the highest WS values. 

 

 

Figure 47. The shapes of the moisture sorption-desorption isotherms for all the samples and PVA. 

 

The estimation of drug loading and entrapment efficiency was evaluated using UV 

spectroscopy. The wavelength of the maximum absorption for EM was found at 208 nm. For 

a series of EM standard solutions in the concentration range 2–20 μg/mL, absorbance was 

measured at 208 nm and calibration curve was a straight line with R2 value of 0.9990 indicating 

that the drug release follows Beer's law within the specific concentration range.  

The calculations of the drug loading and EE were based on the calibration curve. The results 

presented in Table 1 show a direct correlation between drug loading and entrapment efficiency. 

The entrapment efficiency of drug in various formulations has been found to be in the range of 

17.45–99.99%. The low value of EE in sample S2 (17.45 ± 0.13%) was due to the lack of 

crosslinking agent. From Table 1, it can also be noticed that the high EE in sample S4 (89.11 

± 1.34%) was due to the crosslinking agent (PVA) which, according to FTIR spectra, has 

permitted strong interactions between ZL and drug. However, a high concentration in PVA 

determined the occupation of the free ZL spaces, and therefore a slight decrease in EE (sample 

S3 and S4 vs. sample S5, 91.35 ± 1.46% and 89.11 ± 1.34% vs. 98.26 ± 1.46%). For samples 

5 and 6 it is observed that the concomitantly decrease of the concentration in PVA with the 

increase of ZL concentration resulted in a 100% EE. 

The results obtained from in vitro drug release studies of all formulations were shown in 

Fig. 48. These results highlighted that the association of the two hydrophilic polymers, PVA 

and PU from sample S3 (EM:PVA:PU), led in obtaining a 6 h prolonged release system, in 

comparison with the PVA system from sample S1, which released 83.06% of the amount of 

the EM loaded into system, in the first 45 min of the test. Thus, the fact that the physical 

properties of PVA are not altered by lyophilization is confirmed. Although, loading the EM 

into the ZL matrix (sample S2 (EM:ZL)) has generated a 24 h prolonged release system specific 

to this type of biomaterial when it was associated with the PVA the delay effect of the active 
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principle did not preserved . Thereby, it was found that the EM release profile from sample S4 

(EM:PVA:ZL) reached in the first hour of the test a 100% concentration. These results show 

that in sample S4 the EM was not encapsulated in ZL pores, but it was attached only by the 

PVA through weak chemical bonds. The samples S5 and S6, in which the two hydrophilic 

polymers were associated with the zeolite L, worked as prolonged release systems, as shown 

in Fig. 48. Sample S5 was highlighted, where the loading materials were formulated in equal 

proportions, which generated a EM prolonged release profile of 95.03% during a 8 h period. 

Knowing that the main disadvantage of PVA is the reduced bioadhesivity, the conclusion is 

that the hydration and bioadhesive characteristics of PVA are optimized in the case of the its 

association with PU in 1:1 ratio.  

 

 
Figure 48. In vitro release profile of EM from the samples. 

 

Analysis of release data of EM in vitro was performed using three kinetic models: zero order 

and order I kinetic mode, and the Korsmeyer-Peppas kinetic model. The values of R2 and AIC 

showed that Korsmeyer-Peppas kinetic model fitted well the experimental data. Based on the 

kinetic release analyses, the conclusion follows that the formulation of cryogels with 

pharmacotechnic characteristics, will be possible for cutaneous application cryogels and also 

for bio mucoadhesive films. It was noted that a very good EM release profile shows the S2 and 

S6 samples. At these samples, approximately 65% of the drug is released after 12 h, thus 

demonstrating the specific nature of this biomaterial. The best release profile was generated 

sample S5 for which the drug is released 95% after the first 8 h, due to the characteristics of 

the used biomaterials (APV and ZL). The results of this study show a higher release profile for 

EM in the case of the formulation APV-PU-Z-EM/40: 15: 20: 25 that can be recommended to 

enter into pharmaceutical formulations for oral administration.  
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Conclusions 

 

1. It has been found that by using of low temperature hydrothermal crystallization and 

vapor phase transformation of starting gels for the synthesis of zeolite type LTA, crys-

tals of zeolite A with a size of less than one micrometer are synthesized. The resulting 

crystalline particles are at least 1 order of magnitude smaller than the reference sample 

prepared under conventional hydrothermal conditions using the same starting gel. 

2. By varying the reaction parameters such as the amount of water in the starting gel, the 

temperature, the amount of seeds used, conditions are created for controlling the parti-

cle size of the obtained zeolites. In the synthesis of mordenite and zeolite beta, the seeds 

not only greatly reduce the particle size, but also affect the rate of synthesis, as well as 

the yield and purity of the resulting product. 

3. Use of fluorine ions, combined with the use of nuclei in the synthesis of zeolite type 

Beta, a sample was obtained without significant defects in the crystal lattice and with 

small particles in the nanometric region - 200-300 nanometers. The catalytic activity of 

this sample was tested in the m-xylene transformation reaction and was higher than the 

sample synthesized in an alkaline medium due to the better acidic properties of the 

sample. In addition, the distribution of the obtained products is in favor of the 

isomerization products (ortho and para-xylenes) and not of side reactions 

(trimethylbenzene and toluene). 

4. By treatment with a buffer solution of hydrofluoric acid and ammonium fluoride, 

zeolite samples with secondary porosity were obtained. Mordenite and ZSM-5 

(aluminum and gallium samples) were treated. This buffer is not highly selective for 

the silicon atom or the heteroatom, and thus the Si / T atom ratio is almost preserved in 

the final product. Zeolites with secondary porosity have a higher catalytic activity in 

the m-xylene transformation reaction than the starting samples. This is also the case in 

the glycerol esterification reaction, in which hierarchical zirconia-modified hierarchical 

mordenite is used as a catalyst. 

5. Gold deposited on mesoporous titanosilicates is an active catalyst for the oxidation of 

propylene to propylene oxide in the presence of oxygen and hydrogen. Gold and 

titanium have a synergistic effect and reaction takes place only in the presence of both 

elements in the catalyst. It is believed that a hydroperoxy species are formed during the 

reaction, which are the active agent for the oxidation of the hydrocarbon. The catalyst 

is also active for the oxidation of propane to acetone and isobutane to tert-butanol. 

6. The conditions for the synthesis of zirconosilicates obtained in the Na2O-ZrO2-SiO2-

H2O system are optimized in order to obtain pure crystalline products for a relatively 

short period (1-5 days) without the use of organic reagents during the synthesis. In 

addition to obtaining several pure zirconosilicate phases, layered silicate kenyaite was 

also obtained in this system. It is used as a support for catalysts for the oxidation of 

volatile organic compounds - n-hexane and benzene. Applying an ammonia method to 

load platinum and cobalt on kenyaite produces fine particles deposited on the surface 

of the support. The samples are more active than those applied by the classical method 

of impregnation. Platinum-modified samples have a higher catalytic activity in the 

reaction of complete oxidation of benzene, while in the reaction of oxidation of n-

hexane, platinum does not show promotional properties. 

7. Zeolite X is synthesized from coal ash using a two-stage process - fusion of the ash 

with sodium hydroxide and subsequent hydrothermal synthesis. The adsorption 

capacity of the obtained zeolite with respect to carbon dioxide was studied. It was found 
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that the adsorption capacity of the zeolite thus obtained is comparable to that of NaX 

zeolite obtained from pure chemicals, which makes it very suitable for CO2 adsorption 

and creation of TPPs with "zero emissions" - without ash deposition and without release 

of CO2. Deposition of platinum on such a zeolite produces catalysts which are active in 

the oxidation of carbon monoxide. 

8. A biocompatible material with a low degree of toxicity has been developed, which has 

antibacterial properties, in terms of both gram-positive and gram-negative bacteria, 

comparable to an antibiotic substance. The material owes its properties, thanks to the 

content of silver-exchanged zeolite L and is suitable for producing medical devices. 

9. Based on zeolite L, a controlled release drug of enalapril maleate (EM) has been 

developed, which is an angiotensin converting enzyme inhibitor (ACE inhibitor) used 

in the therapeutic treatment of hypertension and in the prevention of cardiovascular 

events. The results of this study show a higher release profile for EM in the case of the 

formula APV-PU-ZL-EM / 40: 15: 20: 25, which may be recommended to be included 

in pharmaceutical compositions for oral administration. 

10. Polyimide-zeolite hybrid films have been synthesized, which are light, flexible, with 

high strength and high thermal stability up to 450 ° C.  

 

Summarized scientific contributions 

 

1. For the first time the method of vapor phase transformation of starting gels for synthesis of 

zeolite type LTA was applied. Using both methods - low-temperature hydrothermal 

crystallization at 30-60 ℃ and vapor-phase transformation of starting gels, zeolite A crystals 

with a size of less than one micrometer are obtained. The resulting crystalline particles are at 

least 1 order of magnitude smaller than the reference sample prepared under conventional 

hydrothermal conditions using the same starting gel. The size of the zeolite particles is a 

function of the synthesis temperature. In the case of LTA at 35˚С - 50 nm, at 50˚С - 200 nm, 

at 65˚С - 300 nm, which is a very fine regulation of the particle size of the obtained zeolite. 

2. The size of the zeolite particles in the synthesis of mordenite was controlled by varying the 

reaction parameters - water content in the starting gel, temperature, amount of added seeds. 

The synthesis of mordenite was performed without the presence of an organic structure 

directing agent. The addition of seeds leads to other economic and environmental advantages 

- increasing the rate of synthesis, high yield, obtaining pure zeolite phases. 

3. Nanosized zeolite Beta was synthesized using seeds. The use of seeds in the synthesis of 

zeolite Beta leads to the possibility of synthesis of samples with a strong expansion of the range 

of the Si/Al ratio, to a reduction in the synthesis time and to obtain products in the nanoscale 

range (100-400 nm). The yield when using a suspension of mother liquor as seeds in the 

synthesis of zeolite Beta is higher than when using crystalline seeds. 

4. Beta zeolite has been synthesized by using fluorine ions combined with the use of seeds for 

the first time. Thus, a sample was obtained without significant defects in the crystal lattice and 

with small particles in the nanometric region - 200-300 nanometers. The catalytic activity of 

this sample was tested in the m-xylene transformation reaction and was higher than the sample 

synthesized in an alkaline medium due to the better acidic properties of the sample. In addition, 

the distribution of the obtained products is in favor of the isomerization products (ortho and 

para-xylenes) and not of other side reactions (trimethylbenzene and toluene). 

5. For the first time the influence of treatment with a buffer solution of hydrofluoric acid and 

ammonium fluoride on the structure and catalytic properties of mordenite was observed. A 

detailed study of acidic properties using low-temperature carbon monoxide and solid-state 
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NMR infrared spectroscopy shows that this treatment improves catalytic activity due to the 

secondary micro- and mesoporosity created and the reagents' access to the active centers 

improved.  

6. The catalytic activity of catalysts with treated and untreated mordenite modified by 

impregnation with zirconia in the esterification reaction of glycerol with acetic acid is 

compared. The catalytic activity is higher in the treated support (reaches 93.5%), and the 

selectivity to triacetylglycerol, which is the most valuable product, is nearly 70%. The stability 

of this support is also higher. Deactivation is slower than the untreated support catalyst. 

7. For the first time, a gallium analog of ZSM-5 was treated with a buffer solution of HF and 

NH4F. Solid-state NMR was used to study the Si / Ga and Gain/Gaout ratios, which are crucial 

for the catalytic properties. Acidity was monitored by IR spectroscopy of low-temperature 

adsorption of a carbon monoxide probe molecule. The changes resulting from this treatment 

were found to be similar to the aluminum analogue ZSM-5. The catalytic activity in the m-

xylene transformation reaction was compared. 

8. For the first time, gold deposited on mesoporous titanosilicate Ti-MCM-41 was used as a 

catalyst for the oxidation of propylene to propylene oxide in the presence of oxygen and 

hydrogen. Gold and titanium have a synergistic effect and only the presence of both elements 

in the catalyst leads to the reaction. It is believed that a hydroperoxy particle is formed during 

the reaction, which is the active agent for the oxidation of the hydrocarbon. The catalyst is also 

active for the oxidation of propane to acetone and isobutane to tert-butanol. 

9. The silicate mineral kenyaite is a suitable support of the active metals platinum and cobalt 

for the preparation of active catalysts for the complete oxidation of volatile organic compounds. 

Due to the greater dispersion and lower metal-carrier interaction, the catalytic activity of 

kenyaite-based catalysts is higher than that of silica-based catalysts. 

10. Zeolite X is synthesized from coal ash using a two-stage process - initial fusion of the ash 

with sodium hydroxide and subsequent hydrothermal synthesis. The adsorption capacity of the 

obtained zeolite with respect to carbon dioxide was studied. It was found that the adsorption 

capacity of the zeolite thus obtained is comparable to that of NaX zeolite obtained from pure 

chemicals, which makes it very suitable for CO2 adsorption and ideally creation of TPPs with 

"zero emissions" - without ash deposition and without CO2 emissions. 

11. Deposition of platinum on zeolite X synthesized from coal ash yields catalysts that are 

active in the oxidation of carbon monoxide. The activity of the catalyst is fully compatible with 

that of catalysts based on pure chemical carriers and this opens the prospect of synthesis of 

advantageous carriers. 

12. Using seeds - pre-synthesized zeolite X from pure chemicals, is synthesized zeolite X from 

coal ash at room temperature and a ratio of zeolite to sodium hydroxide of less than one. The 

use of seeds reduces the synthesis time at room temperature from 60 days to 20 days and 

increases the yield. 

13. A biocompatible material with a low degree of toxicity has been developed, which has 

antibacterial properties, in terms of both gram-positive and gram-negative bacteria, comparable 

to an antibiotic substance. The material owes its properties, thanks to the content of silver-

exchanged zeolite L and is suitable for making medical devices. 

14. Based on zeolite L, a controlled release material of the drug enalapril maleate (EM), which 

is an angiotensin converting enzyme inhibitor (ACE-inhibitor), has been developed. The results 

of this study show a higher release profile for EM in the case of the formula PVA-PU-ZL-EM 

/ 40: 15: 20: 25, which may be recommended to be included in pharmaceutical compositions 

for oral administration. 
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15. For the first time, a film of suspension was prepared by directly mixing polyamino 

carboxylic acid and zeolite L on a glass plate. The synthesized polyimide-zeolite hybrid films 

are light, flexible, high strength and high thermal stability up to 450 ° C. 
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