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Abstract 

In the course of the work the zeolite-containing on pillared montmorillonite 

cracking catalysts were studied, which have a high activity in the cracking of 

vacuum gas oil, but a low strength of the catalyst granules. To solve this 

problem, ultrasound treatment method of exposure to montmorillonite was 

chosen. Catalysts were tested without ultrasound treatment and after 

exposure to ultrasound treatment for 10, 30 and 60 minutes. The strength of 

the catalysts increases with increasing ultrasound treatment time and the 

maximum strength is observed for a catalyst based on a matrix treated with 

ultrasonic for 60 minutes. It has been established that the ultrasonic treatment of 

zeolite-containing on pillared montmorillonite catalysts promotes an increase in 

cracking activity with formation of light products - gasoline and light gas oil. The 

total yield of light products on the catalyst subjected to ultrasonic treatment 

increased to 54.5% compared with 48.45% on the untreated ultrasound 

treatment catalyst. The article also discusses changes in the physicochemical 

parameters of the samples depending on the exposure time. It was shown the 
increase in the specific surface area of the catalysts and the absolute amounts of 

acid sites in the catalysts whose matrix was subjected to ultrasound treatment 

Keywords: montmorillonite, cracking catalysts, microporous materials, mechanical strength, 

the ultrasonic treatment, vacuum gasoil, gasoline, light gas oil 

Introduction 

Currently, aluminosilicate of natural origin - Tagan montmorillonite (MM) which is 

involved to formation of catalyst porous structure and primary cracking of hydrocarbon raw 

materials, is used as industrial cracking catalysts [1]. Modification of MM allows to optimizing 

its properties for use in cracking catalysts [2]. Intercalation of MM by oxides of various metals 

(Al2O3, ZrO2) give an opportunity to obtain microporous materials comparable for structure and 

acidity of zeolites. It is known that the dispersion of components of catalysts is important to 

formation of porous structure of the catalyst and its mechanical properties [3]. 

In addition, the strength of catalyst granules is important, especially in cracking, since the 

process proceeds in a fluidized bed. In this regard, to increase dispersion and mechanical 

strength of oil refining catalysts based on natural clays and zeolites, the ultrasonic treatment 

(UST) of montmorillonite was used, which is known as, leads to smooth decrease average size of 

its particles with increasing processing time and decreasing volume and average pore diameter 
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due to denser packing of particles [4]. This indicates an increase in bulk density of the catalyst. 

According to the thermal analysis, under influence of UST, hydrophilicity of MM and the 

strength of catalysts based on it increase [5]. 

It is known that the ultrasonic treatment of montmorillonite contributes to denser packing 

of its particles, change in the texture and acid properties of this clay material [8, 9]. The effect of 

UST on the clay suspensions is determined by type of clay being processed, concentration of 

suspension, frequency, power of UST, duration of exposure, and can lead to both of dispersion 

and substantial agglomeration of particles. The UST has a great influence on the dispersion, 

strength, hydrophilicity, and phase composition of the components of cracking catalyst. 

Еxperimental Part 

Party of cracking catalyst samples were prepared, on which vacuum gasoil (VGO) is 

cracked with a maximum yield of gasoline, but the catalyst has a low strength. In the process of 

preparation before the stage of pillaring, montmorillonite was subjected to ultrasonic treatment 

(UST) with varying processing times. The optimal parameters of UST of the catalyst were 

selected on basis of published data [6,7]. The frequency of the UST was 20 kHz, the installation 

power is 500W. UST times ranged from 10 to 60 minutes. To select the optimal time for 

ultrasound exposure, four samples were prepared:  

1) Al (2.5) NaHMM + НLaY without UST, for comparison, 2) Al (2.5) NaHMM + НLaY 

UST 10 min, 3) Al (2.5) NaHMM + НLaY UST 30 min and 4) Al (2.5) NaHMM + НLaY UST 

60 minutes. Before testing catalysts in the cracking process, the elemental and phase 

compositions were determined, as well as textural properties of the prepared catalyst samples by 

energy dispersive - X-ray fluorescence spectroscopy on an energy dispersive microanalysis 

system INCA - Energy 450, mounted on a JSM6610LV scanning electron microscope, JOEL 

(Japan), and X-ray phase analysis diffractometer DRON - 4 * 0.7 with CoKα and CuKα 

radiation, BET method for low-temperature nitrogen adsorption on an ACCUSORB instrument. 

The crush strength of studied catalysts was determined by the results of three measurements on 

the instrument "Durable Meter Catalysts" PK-21-015, OJSC BSKB "Neftekhimavtomatika". 

The catalytic activity of the samples was determined on a flow type fixed bed laboratory 

scale reactor, corresponding to the standard, filled with an amount of 40 ml catalyst, temperature 

of 5000С and the ratio of catalyst: raw material = 2: 1. PPP (Pavlodar Petrochemical Plant) 

vacuum gas oil was used as a cracking feedstock. When the catalysаt was distilled, gasoline 

fractions (Tb.b.p.- 2050С) and light gasoil fractions (205-3500С) were taken. An analysis of 

hydrocarbon composition of cracking products was tested on a Chromos-1000 chromatograph 

with a flame ionization detector and a 100 m long capillary column; temperature 2500С; carrier 

gas is helium. 

Results and Discussions 

According to elemental analysis, it was determined that UST has an effect on the 

quantitative distribution of elements in the composition of the catalyst (Table 1). The amount of 

Na decreases significantly with increasing UST time, and in the case of lanthanum its relative 

content increases regardless of the UST time. The maximum increase in the amount of 

lanthanum, equal to 50.8%, was found with a 30-minute UST. For Al, Si, Fe during UST for 10 
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and 30 minutes, decrease in the relative amounts of these elements is observed compared with 

the initial catalyst, and for UST> 30 minutes the number of these elements increases and exceeds 

their number in the original sample without UST. It should be noted that if in the case of Al and 

Si this growth does not exceed 2 - 4%, then the relative amount of Fe under the influence of UST 

increases by 28.6%. 

Table 1. Elemental composition of Al (2,5) NaHMM + HLaY catalysts before and after UST for 

10, 30 and 60 minutes 

 Samples O Na Mg Al Si Fe La 

№1 Al(2.5)NaHMM + HLaY 

without UST 52.8 0.48 0.9 19.5 24.1 0.28 1.91 

№4 Al(2.5)NaHMM + HLaY 

UST 10 min 53.93 0.31 1.12 18.16 23.72 0.28 2.49 

№3 Al(2.5)NaHMM + HLaY 

UST 30 min 53.89 0.35 0.90 19.26 22.34 0.22 2.88 

№2 Al(2.5)NaHMM + HLaY 

UST 60 min 50.80 0.31 1.12 20.32 24.53 0.36 2.55 

It is interest to trace the change in phase composition of the catalyst, during the preparation 

of which activated montmorillonite before the stage of pillaring was subjected to UST for 10, 30, 

and 60 minutes. Reflexes identified on NaHMM sample by XRD: 4.46 3.28; 2.55; 1.68; 1.50; 

1.27 were corresponding to NaHMM. There is no basal reflex on this sample.On the Al (2.5) 

NaHMM + HLaY sample, in addition to NaHMM reflections, HLaY reflections were found 

(14.2; 5.64; 4.74; 3.75; 3.28; 2.84; 2.15). After ultrasonic treatment of montmorillonite for 10 

minutes before the stage of pillaring, all previous reflexes were preserved and a basal reflex of 

18.31Å appears. The diffraction patterns of the cracking catalyst subjected to UST during the 

preparation for 30 and 60 minutes showed that all reflections characteristic of NaHMM and 

HLaY were preserved, while the intensity of HLaY reflexes decreased slightly, and the intensity 

of the basal reflex increased. 

During the pillaring the separation of aluminosilicate layers, which characterizes basal 

reflex of the catalyst, decreased from 18.31Å at 10 minutes UST to 17.8Å at 30 minutes UST 

and up to 17.6Å at 60 minutes UST. By analyzing the XRD data, it can be concluded that the 

UST of montmorillonite before pillaring promotes more significant expansion of the 

aluminosilicate layers and an increase in the height of Al2O3 columns, but structure of 

montmorillonite as a result of UST remains unchanged. 

The characteristics of porous structure of the catalysts that calcined at 500 °C and prepared 

without and with UST for 10, 30 and 60 minutes are presented in Tab. 2.   
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Table 2. Comparative structural and adsorption characteristics of the catalysts 

The specific surface area (SSSA) of the catalyst increased with increasing UST time 

compared to data for a catalyst without UST. A particularly sharp increase in the specific surface 

area is observed for a sample that had been subjected to UST for 60 minutes. Its specific surface 

area is 336.7 m
2
/g compared to 223.0 m

2
/g for a sample without UST. As for total pore volume, 

it can be seen that for 10 and 30 minutes UST the total pore volume decreased slightly, and in 

the case of within 60 minutes UST, the pore volume sharply increased to 0.212 cm
3
/g compared 

to 0.195 cm
3
/g for a catalyst without UST, which is accompanied by increase in the number of 

mesoporous to 77.4% for 60 minutes UST compared to 63.6% in the original catalyst. The 

content of micropores in the catalysts subjected to UST is reduced from 36.4% without UST to 

22.6% in a catalyst with UST within 60 minutes. 

Table 3.  Crushing strength of Al (2.5) NaHMM + HLaY catalysts depending on the duration of 

preliminary ultrasonic treatment 

Samples UST, min Crushing strength,N/cm
2
 

Al(2.5)NaHMM without treatment 34.1 

10 minutes 42.6 

30 minutes 48.8 

60 minutes 55.1 

The results of determining crushing strength of the catalysts subjected to UST are shown in 

Tab. 3. From the Tab. 3 it can be seen that the no ultrasonic treated initial sample strength is 

equal to 34.1 N/cm
2
, processing of ultrasonic for 10 minutes leads to an increase in strength by 

25%. The increase in contact time leads to a further stable increase in strength and at 60 minutes 

the maximum value of strength was reached equal to 55.1 N/cm
2
. 

Fig.1 illustrates that ultrasonic treatment of a catalyst suspension in the water leads to an 

improvement in the operational properties of the obtained cracking catalysts: an increase in the 

strength of finished catalysts and, as will be shown later, an increase in catalytic activity during 

UST, which leads to an increase in the yield of light oil products (gasoline, light gasoil) without 

changing the composition of the used catalysts. 

The scanning electron microscopy method was used to confirm the dispersion of catalyst 

particles prepared with UST of montmorillonite before the stage of pillaring, which is 

 

№ 

 

Samples 

SSSA, 

m
2
/g 

Total pore 

volume, 

cm
3
/g 

R, Å 

 

 

The relative amount,% 

Micropores 

0-20 Å 

Mesoporous 

20-80 Å 

1 Al(2.5)NaHMM+HLaY without 

UST 

223.0 0.195 10.0-75.0 36.4 63.6 

2 Al(2.5)NaHMM+HLaY 

UST 10 min 

291.9 0.189 10.0-75.0 26.2 73.8 

3 Al(2.5)NaHMM+HLaY 

UST 30 min 

281.8 0.183 11.0-75.0 39.4 60.6 

4 Al(2.5)NaHMM+HLaY 

UST 60 min 

336.7 0.212 12.0-75.0 22.6 77.4 
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accompanied by an increase in the specific surface area. Electron microscopy was carried out 

using catalyst particles remaining on the filter, on side surface of the granules, as well as on a 

section of granules. Pictures were recorded with varying degrees of magnification from 300 to  

50000. 

 

 
1                                 2                                 3                              4 

Fig. 1. SEM analysis of Al (2.5) NaHMM + HLaYcatalystson the filter (x 50000) 

1 - Al (2.5) NaHMM + HLaY without UST 

2 - Al (2.5) NaHMM + HLaY after UST 10 min. 

3 - Al (2.5) NaHMM + HLaY after UST 30 min. 

4 - Al (2.5) NaHMM + HLaY after UST 60 min. 

A comparison of particle sizes in the Fig. 1 leads to conclusion about the dispersion of 

catalyst particles under the UST before stage of pillaring. So, in the picture of catalyst particles 

from the filter with an increase of 50000 (Fig. 1) the particle size in the catalyst without UST 

was 0.3-0.6 μm, while after UST for 60 minutes the particle size of catalyst decreased by 2–3 

times and ranged from 0.1-0.3µm. Tab. 4 shows the material balance of cracking vacuum gas oil 

of PPP.  

Table 4. The material balance of the cracking of the vacuum gas oil at Al (2.5) NaHMM 

+HLaY-catalyst (40 ml) 

Products The yield of products, wt.% 

without UST UST 10 min UST 30 min UST 60 min 

Gas 38.65 36.5 32.4 32.8 

Gasoline (i.b.p-205
0
С) 32.25 32.8 34.25 35.6 

Lightgasoil(205-350
0
С) 16.2 17.68 18.2 18.9 

Heavygasoil(>350
0
С) 2.82 3.65 3.95 3.82 

Coke 3.06 2.56 3.42 2.75 

Losses 7.02 6.81 7.78 6.13 

Product Amount 100 100 100 100 

It can be seen from the results presented in Tab. 4 that in cracking of VGO at a temperature 

of 500°C, with an increase in ultrasonic treatment time of the catalyst, the gasoline yield 

gradually increased compared to the gasoline yield on the catalyst without ultrasonic treatment 

(32.25%). The maximum gasoline yield was 35.6% and was observed on a sample treated with 
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ultrasound for 60 minutes. Also the yield of light gas oil on a catalyst without UST was 

increased from 16.2% to 18.9% on the catalyst treated with ultrasound for 60 minutes (Fig.2). 

 
Fig. 2. Cracked products yield and sample strength changedepending on the time of ultrasound 

treatment 

The maximum increase in the yield of light gas oil in comparison with untreated sample is 

2.7%. The total yield of light products on the catalyst subjected to ultrasonic treatment increased 

to 54.5% compared with 48.45% on the untreated UST catalyst. A slight increase in the amount 

of heavy gas oil was observed when using a catalyst with preliminary ultrasonic treatment for 10 

and 30 minutes. 

The gas yield, depending on the time of UST on the processed samples is reduced and 

reaches a minimum (32.4%) at a 30-minute UST compared to the result on an untreated catalyst 

(38.65%). With an increase in the exposure time of 60 minutes UST, the gas yield on such a 

catalyst remains practically unchanged, remaining equal to 32.8%. Thus, the UST contributes to 

an increase in cracking activity of zeolite-containing on the pillared montmorillonite catalyst 

with formation of light products - gasoline and light gas oil. In addition, the UST of the catalyst 

helps to reduce formation of gaseous hydrocarbons in the process of VGO cracking. 

One of the reasons for increase in cracking ability of the catalysts subjected to UST may be 

increase the acidic properties under the influence of preliminary UST, which was fully 

confirmed by the results determination of acidic properties by thermal desorption of ammonia 

(Tab. 4). 
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Table 4. The effect of UST on the distribution of a.c. of Al (2.5) NaНMM + HLaY catalysts by 

ammonia TPD 
Sample Content 

a.c 

Acid centers (a.c.) 

Weak 

<200
0
С 

Medium 200-

300
0
С 

Strong 

>300
0
С 

Total 

acidity 

Al (2.5)NaHMM+HLaY 

(without UST) 

% 36.51 34.29 29.20 100 

ΜmolNH3/g 157.12 147.57 125.66 430.35 

Al (2.5)NaHMM+HLaY 

(UST30 minutes) 

% 32.73 32.39 34.88 100 

ΜmolNH3/g 147.09 145.57 156.76 449.42 

Al (2.5)NaHMM+HLaY 

(UST60 minutes) 

% 36.82 33.66 29.52 100 

ΜmolNH3/g 189.12 172.89 151.63 513.64 

Results of analysis showed that the proposed highly effective catalyst for producing 

gasoline by cracking VGO is characterized by high total acidity, which is 430.35 μmolNH3/g. To 

reduce relative amount of acid centers of different strengths in the without UST catalyst, one can 

arrange in the following row: weak (36.5%)> medium (34.3%)> strong (29.2%). 

For the catalysts with UST, within 30 and 60 minutes, the total acidity increased to 449.42 

and 513.64 μmol NH3/g, respectively. Their relative strength distribution is presented in Tab. 4. 

According to absolute amounts of acid centers with different strength compared to their number 

in the catalyst without UST shows that the maximum increase in total amount of medium and 

strong acid centers was 51.29 μmol NH3/g, this observed in the case of a catalyst with UST for 

60 minutes. It was on this catalyst that the highest yield of gasoline was found during the 

cracking of VGO. A catalyst with 30 minutes UST is characterized by increase in strong acid 

centers equal to 31.10 μmol NH3/g and the amount of medium acid centers decreases with UST. 

The gasoline yield on it is lower than on a catalyst with 60-minute UST. The increase in the 

number of acid center in catalysts subjected to UST is graphically presented in Fig. 3 according 

to the thermal desorption of ammonia. 

 
Fig. 3. The effect of UST on the distribution of а.c.of Al (2.5) NaHMM + HLaY catalysts by 

ammonia TPD: 1-Al (2.5) NaHMM+HLaY; 2- Al (2.5) NaHMM+HLaY(UST30 

minutes); 3- Al (2.5) NaHMM+HLaY(UST60 minutes) 
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Fig. 4. The effect of UST on the gasoline yield and sum of medium and strong acid centers in the 

catalysts Al (2.5) NaHMM + HLaY by ammonia TPD 

Comparison the activities of synthesized catalysts in the cracking of weighted oil fractions 

with the acidity of pillared samples determined by NH3 TPD method, made it possible to 

establish a direct correlation between them (Fig. 4).An increasing in gasoline yield was found 

during the VGO cracking on samples subjected to UST with an increase in the exposure time, 

which is accompanied by increase in absolute number of acid centers, especially desorbing 

ammonia at temperatures > 200-300
0
С, i.e., the sum of medium and strong acid centers. 

Conclusion 

Samples of cracking catalysts were prepared by variable time and intensity of the 

ultrasonic treatment of montmorillonite before the stage of pillaring and was determined their 

crush strength. It was shown that the strength of the catalysts increases with increasing UST time 

and the maximum strength is observed for a catalyst based on a matrix treated with ultrasonic for 

60 minutes. By scanning electron microscopy, dispersion of montmorillonite particles as a result 

of ultrasonic treatment was found, accompanied by 1.5-fold increase in the specific surface area 

of the catalysts and decrease in the microporous content. 

X-ray powder diffraction analysis revealed an increase in basal reflex of pillared 

montmorillonite to 18.1 Å, which is indicates the separation of aluminosilicate layers of 

montmorillonite during the aluminum pillaring of MM samples subjected to preliminary 

ultrasonic processing. 

It has been established that the ultrasonic treatment of zeolite-containing pillared 

montmorillonite catalysts on promotes an increase in cracking activity with formation of light 

products - gasoline and light gas oil. The total yield of light products on the catalyst subjected to 

ultrasonic treatment increased to 54.5% compared with 48.45% on the untreated catalyst. The 

maximum yield of gasoline increased from 32.25 to 35.6%, and light gas oil from 16.2 to 18.9% 

on a catalyst sample treated with ultrasonic for 60 minutes. In addition, UST of catalyst matrix 
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before the stage of pillaring, helps to reduce formation of gaseous hydrocarbons in the process of 

cracking VGO. 

According to the thermal desorption of ammonia, an increase in the absolute amounts of 

acid sites in the catalysts whose matrix was subjected to UST were found to be proportional to 

the exposure time. A directly proportional relationship was found between the yield of gasoline 

during the cracking of VGO on samples subjected to UST and the absolute amount sum of 

medium-strength and strong acid centers on these catalysts. 
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