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SYNTHESIS AND TESTING OF CATALYSTS BASED ON THE CENOSPHERES 
OF FLY ASH OF THERMAL POWER PLANT FOR PROCESSING 

OF HYDROCARBON RAW MATERIALS 
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ABSTRACT

The purpose of the work was the synthesis of catalysts based on cenospheres obtained from fly ash and testing  
their activity in hydrocarbon processing: oxidative cracking of fuel oil and oxidation of methanol to formaldehyde. 
Collection of microspheres is carried out from the water surface of the pond-ash dump of  thermal power plant (TPP-
2, Almaty), working on the coals of the Ekibastuz coal deposit (Kazakhstan). Oil of Zhetybai oil field (Kazakhstan), 
commercial fuel oil and M-100 grade fuel oil were used as cracking raw materials. It was found that the catalysts 
synthesized are effective for producing light gas oil by cracking. Symmetrical decomposition of high-molecular hy-
drocarbons contained in the fuel oil was found to be associated with the formation of alkenes and alkanes of homo-
logues, starting with heptene-1 and heptane and ending with octadecene-1 and octadecane. With the simultaneous 
action on the cracked molecules of the active centers of the optimal catalyst and atmospheric oxygen, a synergy was 
established in the yield of the middle distillate fraction.   It was shown that for the processing of hydrocarbons by 
catalytic cracking is very effective to pre-conduct electromagnetic effects on the feedstock. The conditions for isolat-
ing aluminosilicate microspheres of a certain dispersion and fixing iron molybdate to them have been optimized. The 
developed Mo-Fe catalysts were tested in the process of methanol oxidation with oxygen. Under optimal conditions, 
the degree of conversion of methanol was 99.8 % with a selectivity of 100 % conversion of methanol to formaldehyde. 
The catalyst showed its stability over time and in the studied temperature range (270°С - 450°С).
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INTRODUCTION

At present, 2 main trends have clearly been outlined: 
on the one hand, this is a pronounced decrease in proven 
reserves and production of light and medium oils, and 
on the other hand, there is a sharply increasing global 
demand for oil [1 - 3]. An increase in the demand for 
hydrocarbon raw materials leads to the need to search 
for and engage in the processing of heavy raw materials 
(heavy oils, natural bitumen, etc.) and to increase the 
depth of oil processing. 

An important task of Kazakhstan’s oil refining is the 
creation of new environmentally advanced and energy-
saving technologies aimed at improving the efficiency 
of oil use by deepening its refining. This, above all, 
concerns the increase in the yield of light oil products, as 
well as the rational use of fuel oil and heavy oil residues. 
According to experts, increasing the depth of oil refining 
from  63.5 % to 65 % only can save more than 30 million 
tons of oil [4 - 6]. Capital investments with an increase 
in the production of petroleum products by 1 ton are 
3.5 times less than with the production of the required 
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additional amount of oil [7 - 9]. Calculations show that 
with an increase in oil refining depth of 1.2 - 1.4 times, 
oil consumption can be reduced by 20 % - 35 %. The 
fuel oil which is contained in heavy oils makes up to 50 
% and above, and a considerable part of it is used for 
production of boiler fuel or raw materials for produc-
tion of bitumen and coke which is the main reserve for 
deepening of oil refining. The need to create low-cost 
technologies for processing of heavy raw materials in 
the industry of Kazakhstan has increased the relevance 
of the search for new methods and the development of 
effective catalytic systems based on local raw materials 
[10 - 13]. 

The cenospheres are metastable glassy systems 
formed during the thermochemical transformations of 
the mineral components of coal - clays, feldspathoids, 
feldspars. Cenospheres are hollow aluminosilicate mi-
crospheres that are part of fly ash from coal burning, 
have a low bulk density (0.18 - 0.82 g cm-3) and, due to 
this, can be easily isolated as a concentrate by gravita-
tional methods in aqueous media or collected from the 
water surface of ash ponds. Due to the spherical struc-
ture and the composition (SiO2/Al2O3) close to natural 
aluminosilicates, cenospheres can act as precursors of 
microspherical sorbents. The unique properties of the 
composition and structure of aluminosilicate hollow 
microspheres obtained from coal combustion wastes at 
thermal power plants have determined a wide range of 
their use in the production of ceramic lightweight heat-
insulating materials, radiolucent ceramics, lightweight 
grouting mixtures and drilling fluids [14 - 16]. The ash 
cenospheres are a valuable promising object for synthesis 
of microspherical zeolites on their basis and preparation 
of catalysts and sorbents. The material of the cenospheres 
performs a double function – the shaping matrix and the 
source of Si and Al, which are necessary for building 
the zeolite framework. Features of the chemical and 
mineral-phase composition of the cenospheres in com-
bination with their microspherical design, the presence 
of an internal cavity, high strength, thermal stability, 
and chemical resistance make it possible to predict the 
prospect of obtaining adsorbents, filters, microspherical 
catalysts, and other high-tech materials on their basis that 
can function under exposure to conditions of aggressive 
environment and high temperature [17 - 19].

The aim of this study was the synthesis of catalysts 
based on cenospheres obtained from fly ash of TPP-2 

(Almaty, Kazakhstan) and testing their activity in hy-
drocarbon processing: oxidative cracking of fuel oil and 
oxidation of methanol to formaldehyde. 

EXPERIMENTAL

Microspherical aluminosilicate catalysts were 
prepared on the basis of microspheres (cenospheres) 
isolated from a volatile thermal coal ash. Collection of 
microspheres is carried out from the water surface of the 
pond-ash dump TPP-2 (Almaty), working on the coals 
of the Ekibastuz coal deposit (Kazakhstan). The phase 
composition of microspheres is mainly represented by 
quartz and mullite. The size of the microspheres is within 
150-250 microns, the limit of compressive strength of 
150 - 280 kg cm-2, hardness on the Mohs scale - 5-6. 

The modes of hydrodynamic separation of ceno-
sphere concentrates by density were worked out accord-
ing to a previously developed technique [20]. To classify 
fly ash from the burning of Ekibastuz coal at TPP-2, a 
column pulsation device with a diameter of 50 mm with 
pneumatic pulsators and swirling partitions was used. 
The distance between the partitions was 80 mm, and the 
area of the living section nozzles - 30 %. The rate of the 
ascending water flow was 0.005 m s-1. The amplitude 
of the pulsation was kept within 5 mm. The pulsation 
frequency varied within the density/specific surface area 
ratio of the two non-magnetic products (quartz sand and 
γ-Al2O3), i.e. in this case - 0.2 - 5.0 pulse min-1. At the 
bottom of the column, an annular electromagnet was 
placed, providing the required range of magnetic field 
intensity in the upstream section (1,000 Gs). The effi-
ciency of the process was determined by visual quality 
control of selected products using an electron micro-
scope. The parallel samples were selectively subjected to 
X-ray phase analysis. The yield of hollow microspheres 
was determined after deposition of the column upper 
discharge suspension in the sump. Depending on the 
input level of the initial suspension, the yield of hollow 
microspheres was equal to 51.0, 82.0, 84.0, 88.0, and 
89.0 %, respectively.

The chemical composition of the activated zeolite-
containing composite was determined by X-ray spectral 
fluorescence method. The concentration of lanthanum in 
the catalysts was measured on a DFS-13 spectrograph 
using calibration graphs constructed from a reference 
sample. The lower limit of the quantitative determina-
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tion of lanthanum by this method is 10-3 - 10-2 %. The 
phase composition of zeolite-containing composites was 
determined by the X-ray spectral method. The measure-
ment was carried out at a DRON-4 X-ray diffractometer 
equipped with a Iskra-330 control microcomputer. The 
relative measurement error was 10 %. The diffraction pat-
terns were interpreted using the ASTM Powder Difraction 
File card index and diffraction patterns of the impurity-free 
compounds that make up the analyzed samples.

The specific surface area of the catalysts was de-
termined by thermal desorption, which allows surface 
measurements in the range of 0.1 - 500 m2 g-1. IR spec-
tral analysis of catalysts was carried out on the device 
Specord IR-75 of the company “Karl Zeiss”. The catalyst 
powders were pressed with KBr (100 mg KBr and 1 mg 
sample). The acid centers of the catalyst surface were 
determined by IR spectral method by adsorption of am-
monia and carbon monoxide (II). Thermal analysis of 
catalysts was carried out on the Q-1500D derivatograph 
manufactured by “MOM” (Hungary). 

Oil of Zhetybai oil field (Kazakhstan), commercial 
fuel oil and M-100 grade fuel oil were used as cracking 
raw materials. Zhetybai is a large oil and gas conden-
sate field in the Mangistau region of Kazakhstan, on 
the Mangyshlak peninsula [20, 21]. The oil density of 
the Zhetybai field is in the following ranges: light and 
medium in density of 830 - 870 kg m-3, resinous 4.53 - 
15.5 %, highly paraffin 17.2 - 25 %, low sulfur 0.2 - 0.28 
%. The content of asphaltenes ranges from 0.9 to 3.4 %. 
The fractional composition of oil of the field Zhetybai 
was determined by distillation at atmospheric pressure 

and in a vacuum (5×10-2 mm Hg) with use of the vacuum 
pump VN-4 and vacuum indicator of pressure PMT-2. 
Fractional composition of fuel oil was determined on 
the basis of distillation at atmospheric and reduced 
pressures. Fractions were selected: gasoline - start of 
boiling 185°C; light gas oil 185°C - 350°C; vacuum gas 
oil 350°C - 500°C; heavy residue - over 500°C.

The content of each fraction was determined by the 
gravimetric method and was expressed in mass percent. 
The sulfur content in fuel oils and vacuum gas oils was 
determined by the method of high-temperature oxida-
tion of samples followed by acid-base titration of the 
resulting sulfurous acid. In the initial fuel oils, as well 
as in gasoline and kerosene-gas oil fractions obtained 
as a result of cracking, the presence of oxygen and 
sulfur-containing compounds was determined by IR 
spectral method, which, in addition, makes it possible 
to establish the qualitative composition of hydrocarbons 
in the analyzed samples.

The installation for oxidative catalytic cracking is 
shown in Fig. 1. Usually the reactor (2) was washed 
with inert gas and heated to the required temperature 
before each experiment. When carrying out oxidative 
catalytic cracking, a suspension of the required catalyst 
with a cracking substance was fed into a flowing quartz 
reactor at a certain temperature and constant stirring 
with inert gas. The vapors coming out of the reactor 
condensed in the refrigerator, the liquid cracking prod-
ucts were collected in an ice-cooled Wurz’s flask, and 
the gaseous products were picked in a gas meter. The 
equilibrium of the speeds of the processes of selection 

Fig. 1. Installation for oxidative catalytic cracking of oil and fuel oil: 1- a vessel (tank), 2 - a 
reactor, 3 - a valve, 4, 9 - a flow meter, 5 - a thermocouple, 6 - straight glass refrigerator (a 
cooling tube), 7 - a vessel (cooled with ice), 8 - a gasometer.
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in the course of the cracking of gaseous hydrocarbons 
and their entry into the gasometer was determined using 
mercury manometer. After the experiment, the yield of 
the gas, liquid fraction and coke (wt.%) was calculated. 
The mass of gaseous products was determined by the 
density of the gas using a pycnometer, and the liquid 
fraction by weighing the Wurz’s flask on an analytical 
balance before and after the experiment. Then, the liquid 
fraction was distilled, the results of which determined 
the content of gasoline, light gas oil and a heavy residue 
in the cracked products. Coke formation was calculated 
based on the results of weighing the reactor before and 
after the catalytic cracking process.

The analysis of gaseous cracking products was car-
ried out on a gas chromatograph with a flame ionization 
detector on a column: for hydrocarbon gases, 2 m long 
and 2 mm inner diameter, filled with NaX zeolite with 
particle sizes of 8.2 - 8.3 mm; non-hydrocarbon gases 
were analyzed using a packed column 1 m long with 
NaX zeolite with a particle size of 0.25 - 0.5 mm. The 
individual hydrocarbon composition of kerosene-gas 
oil fractions was determined by the chromatomass 
spectrometer HP 5890/5972. A capillary column SPV-5 
(Supelco) 30 cm long with an internal diameter of 0.25 
mm and a filter coating thickness of 0.25 µm was used. 
Helium with a linear flow of 1 ml min-1 was used as a 
carrier gas, and the evaporator temperature was 280°C.

RESULTS AND DISCUSSION
	 Typical electron micrographs of isolated alumi-

nosilicate microspheres are shown in Fig. 2. The chemi-
cal composition (Table 1) is represented by oxides of alu-
minum, silicon, iron, calcium, and titanium (~ 95 wt.%). 
In IR spectrum of the microspherical aluminosilicates 
isolated from the ash of TPP-2 (Almaty, Kazakhstan) an 

intense absorption band was revealed in the frequency 
range 1,200 - 1,000 cm-1, which is typical for Si-O, Al-O, 
Si-O-Al: n - 1,100, 1,066, 1,022, 1,050 and 900 cm-1 (Fig. 
3). Absorption bands in the low-frequency range from 
668 cm-1 to 614 cm-1 are characteristic for Fe-O in the 
Fe2O3 [21]. Specific surface area of catalysts, calculated 
by full isotherms of low-temperature nitrogen adsorp-
tion by the BET method, is equal to 14.65 - 15.77 m2 g-1. 
The specific surface area of catalysts calcined at 400°C 
is 0.57 ml g-1. The optimal size of the active particles of 
the catalysts developed is 40 - 50 nm.

The microspheres isolated from the ash of TPP-2, 
already contains iron, and iron is nanostructured. Im-
pregnation of microspheres with solutions of different 
salts leads to the formation of catalysts, containing iron 
together with another metal (depending of the composi-
tion of the impregnating solution). So, for example in 
a case of ammonium molybdenum using as an impreg-
nating solution the formation of an iron-molybdenum 
catalyst happens. The resulting catalysts have high me-

Fig. 2. Typical SEM images of aluminosilicate microspheres isolated from the ash of TPP-2 (Al-
maty, Kazakhstan): a, b - a general view, c - a wall of the cenosphere.

Component Content, wt. % 
Al2O3 26.4 
SiO2 59.73 
CaO 2.15 
TiO2 1.13 
Fe2O3 5.51 
Na2O 0.82 

S 0.187 
P 0.599 

SrO 0.041 
ZrO 0.053 

 

Table 1. The elemental and chemical composition 
of aluminosilicate microspheres (cenospheres).
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chanical strength. In Table 2 are shown the elemental and 
chemical analyses of the synthesized catalyst by the data 
of the X-ray fluorescence spectrometer Philips PW2400.

The test results of the synthesized catalysts based on 
cenospheres obtained from fly ash from TPP-2 during 
the oxidation of methanol to formaldehyde are presented 
in Table 3.

The results obtained indicate that in the Mo/Fe range 
from 1.1 to 2.0, along with an increase in the degree 

Component Content, wt. % 
Al2O3 24.0-36.0 
SiO2 49.0-59.0 
Fe2O3 3.68-5.71 
Na2O 3.8-4.7 
MoO3 6.9-14.9 

 

Table 2. Elemental and chemical composition of 
iron-molybdenum aluminosilicate catalyst synthe-
sized on the basis of cenospheres from fly ash of 
TPP-2, wt. %.

Mo/Fe ratio The degree of 
conversion of 
methanol, % 

The yield of 
formaldehyde, 

% 

The selectivity of the 
oxidation of 
methanol to 

formaldehyde, % 
1.1 91.8 90.2 98.3 
1.5 93.6 92.85 99.2 
2.0 96.2 96.1 99.9 
2.2 97.3 95.15 97.8 
2.5 98.4 93.7 95.2 

 

Table 3. The effect of the Mo/Fe ratio on the activity of a microspherical aluminosilicate 
catalyst in the oxidation of methanol to formaldehyde. PO2 = 13 %, Specific surface of 
the catalyst - 12.6 m2 g-1, T = 640 K, methanol content in the mixture 6.5 %, gas flow rate 
0.34 L min-1. 

Period of 
operation of the 
catalyst, h 

Methanol at the 
inlet to the 
reactor, % 

The degree of 
conversion of 
methanol, % 

The yield of 
formaldehyde, % 

The selectivity of 
the oxidation of 
methanol to 
formaldehyde, % 

40.0 6.1 98.8 98.3 97.8 
80.0 7.5 98.7 96.6 99.6 

122.0 9.1 98.6 98.2 99.6 
482.0 10.1 98.7 98.2 99.5 
674.0 9.1 98.8 98.8 100.0 
729.0 7.5 98.8 98.8 100.0 

 

Table 4. The effect of the catalyst working time on its activity at Mo/Fe = 2.0, PO2 = 13 %, 
the specific surface area of the catalyst 14.7 m2 g-1, T = 640 K, flow rate  0.34 L min-1.

Fig. 3. IR spectrum of the microspherical aluminosilicates 
isolated from the ash of TPP-2 (Almaty, Kazakhstan).
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of methanol conversion and formaldehyde yield, the 
selectivity of methanol oxidation to formaldehyde also 
increases. A further increase in the Mo/Fe ratio has little 
effect on the degree of methanol conversion, but the yield 
of formaldehyde decreases and, consequently, the selec-
tivity of the process. Among reaction products formic 
acid (up to 3.4 %) and carbon monoxide (up to 1.3 %) 
were found. An increase in the methanol content in the 
mixture from 4.2 to 6.0 % leads to an increase to almost 
100 % of the degree of conversion of methanol, the yield 
of formaldehyde and the selectivity of the process. 

The efficiency of the catalyst decreases sharply over 
time with the increase in the methanol content at the 
reactor inlet to 9.0 % (Table 4). Further, the efficiency of 
the catalyst returns to its original value by reducing the 
content of methanol 6.12 %. It is characteristic that the 
synthesized catalyst is stable throughout the operating 
time regardless of the methanol content at the reactor inlet.

The catalyst containing activated zeolite based on 
the cenospheres of the Almaty TPP-2 turned out to 
be the most suitable for the optimal yield of light gas 
oil as a result of the cracking process both in an inert 
environment and in the presence of trace amounts of 
air. It should be emphasized that a catalyst with such a 
composition was also highly effective in the oxidative 
cracking of vacuum distillate of oil from the Zhetybai 
field (Kazakhstan). 

In Table 5 are listed the data on fraction composition 
and sulfur concentration for oil from the Zhetybai field. 

Chemical and phase composition of the optimal fuel 
oil cracking catalyst was as follows: microcomponent 
composition, wt. %: SiO2 - 67.6; Al2O3 - 20.95; Fe2O3 - 
3.03, SiO2/Al2O3, wt. % - 3.2. The crystalline phases was 
as follows, wt. %: quartzite - 3.4; mullite - 0.8; calcite 
- 0.5, glass phase - 95.4. Sspecific, m

2 g-1 was equal to 12.2. 
Table 6 presents the specific surface area of the 

catalysts and phase composition of the catalysts (I-non-
calcined, II-calcined) according to X-ray diffractometry. 

In the Table 7 the data of the optimal catalysts for 
fuel oil oxidative cracking are shown. For catalysts 
preparation clay samples from the different Kazakhstan 
deposits were used.

Results of oxidative cracking of vacuum distillate 
of Zhetybai oil are demonstrated in Table 8.

For the processing of hydrocarbons catalytic crack-
ing it is very effective to pre-conduct electromagnetic 
effects on the feedstock. Due to this effect, as described 
in the literature [22 - 24], the efficiency of the catalytic 
cracking process increases, especially cracking of heavy 
raw materials. Obviously, the effect of wave action on 
oil and petroleum products by means of high-frequency 
electromagnetic field [25] is associated with the presence 
of magnetic particles in the composition of oil [26 - 28], 
and the effect of the electromagnetic field is to destroy 
the accumulations of colloidal magnetic particles and to 
activate their surface due to an increase in temperature.

Table 9 presents the data of tests cracking M-100 
fuel on the activated zeolite, prepared on the base of 
the Almaty TPP-2 cenospheres.  In this case pre-wave 
treatment of fuel oil was applied.

The activation process affects the change in the spe-
cific surface area of the catalysts after their calcination. 
For catalytically active compounds, they decrease by 
2.0 - 3.5 times, and in the case of catalytically inactive 
ones, by 22 - 29 %. X-ray phase analysis showed that 
this is due to the formation of coarse crystalline structure 
catalysts in optimal catalysts at the stage of calcination, 
while catalytically inactive compositions remain X-ray 
amorphous.

The activating effect of microquantities of oxygen 
is proved by a 20 - 25 wt. % decrease in the yield of the 
gas oil fraction during cracking on the same catalysts in 

Fraction Content, wt.% 
Hydrocarbons Sulfur 

Crude oil 100 1.0 
Gasoline 3.5 - 
Light Gas Oil 34.4 0.2 
Vacuum Gas Oil 21.3 1.5 
Heavy Residue 40.8 - 

 

Table 5. Sulfur concentration for the different raw materials fraction composition 
of Zhetybai oil.
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an inert atmosphere. Under the influence of oxygen, only 
the initiation of hydrocarbon molecules occurs, and the 
radical chain reactions of their destruction take place on 
the active surface of the optimal catalysts, as evidenced 
by the fact that when the catalyst is removed from the re-
action medium, the oxidative cracking of fuel oil ceases. 
These results are fundamentally new and, in contrast to 
previous studies, show that in the absence of a catalyst, 
the activation of the thermal cracking process by the 
oxygen in the air of residual oil fractions does not occur.

According to data of the chromatography-mass spec-
trometry analysis, the composition of light gas oils ob-
tained during oxidative cracking of fuel oils on optimal 
composites includes hydrocarbons with carbon number 
from C10 to C25, with alkanes and alkenes C10 - C19 pre-
dominated, which are contained in equimolar amounts. 
This is evidence of their formation due to the symmetric 
decomposition of C20 - C38 hydrocarbons. Consequently, 

in the presence of ferromagnetic catalysts attached to 
aluminosilicates, the destruction of hydrocarbons occurs 
at the place with the lowest energy of the carbon–carbon 
bond, i.e. in the middle of the hydrocarbon chain. As a 
result of homolytic symmetric splitting of high molecular 
mass hydrocarbons in the products of cracking of fuel 
oil, middle distillate fractions predominate. The results 
obtained in this work are in good agreement with pub-
lished data [29 - 37].

The effect of a constant magnetic field “fixes” a 
new structure of hydrocarbon systems, characterized 
by greater homogeneity and paramagnetic activity, 
lower viscosity and surface tension. The duration of 
this structure is from several tens of minutes to several 
hours. This time is sufficient for the creation of favorable 
conditions for the flow of physico-chemical processes 
in the processing of petroleum raw materials.

It was shown that crystalline zeolite-like structures 

Phase Composition Narynkol clay 10 % zeolite  14 % zeolite  20 % zeolite  
I II I II I II I II 

SiO2   quartz 1 1 1 1 1 1 1 2 
(K, Na)[Si3AlO8] 
feldspar 

2 2 3 2 3 3 3 1 

CaCO3 calcite 3 0 2 0 2 2 2 3 
СаSO4 anhydrite 0 3 0 0 0 0 0 0 
CaSO4

.2H2O gypsum 4 0 5 8 8 0 5 0 
CaMg(CO3)2 dolomite 5 0 6 4 4 0 6 0 
K[AlSi3O8]  
potassium feldspar 

8 4 7 3 5 5 7 4 

Al4Si4O10(OH)8  
mixed-layer clay 
mineral 

7 0 8 5 7 0 8 5 

[Na, Ca]0.33(Al, Mg)2
. 

Si4O10(OH)2
.nH2O 

smectite 

6 0 4 4 6 4 4 7 

KAl2(OH)2[AlSi3O10] 
mica 

9 5 9 6 9 6 9 6 

(Mg, Fe, Al)5(Al, Si)4
. 

O10(OH)8 chlorite 
10 0 10 7 10 7 10 8 

zeolite cell parameters absent absent b0=18.06Å absent b0= 
17.96 

Å 

absent b0= 
18.06

Å 

absent 

Sspecific, m2/g 29.5 11.8 31.8 20.5 28.5 21.4 28.7 17.2 

 Note: The numbering of minerals is given in decreasing order of their concentration in the analyzed samples.

Table 6. Catalyst Characteristics (I-non-calcined, II-calcined).
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with different mineral composition are responsible for 
the catalytic activity during cracking of fuel oils of dif-
ferent hydrocarbon composition. For each of the studied 
fuel oil conditions of formation of the crystal phases hav-
ing optimum parameters for adsorption and activation of 
molecules of the hydrocarbons which are a part of this 
fuel oil are defined. The degree of their destruction and 
isomerization on a composite of optimal composition 
increases, and in the presence of air, the secondary pro-
cess of symmetric decomposition of medium molecular 
hydrocarbons starts, accompanied by cyclization of the 

formed hydrocarbon molecules of the gasoline fraction.
The concentration and acidity of the active sites of 

catalysts are determined by the quantitative ratio of zeolite 
and clay composites, as well as the activation of zeolite. 
The influence of these parameters is due to two factors:

- the formation in the composite of the optimal com-
position of the zeolite structure due to the interaction of 
the mineral phases contained in its components with each 
other and with cations upon activation by ion exchange;

- the formation at the calcination stage in the optimal 
catalyst of the Brønsted acid sites [12, 13, 21, 30].

 
Fuel oil 
samples 

 
Sulfur 

content, 
% wt. 

14 % zeolite-
containing (I) 

composite with 
clay (II) 

The yield of the products of cracking, % Total, 
% 

Gas Gasoline Light 
gas oil 

Heavy 
residue 

Losses 

1 1.0 Chankanay (I) 
Mangistau (II) 

4.5 1.8 75.3 17.8 0.6 100 

2 0.5 Chankanay (I) 
Bauxite (II) 

4.9 5.0 79.1 10.5 0.5 100 

3 2.7 Saryozeksky (I) 
Kemertuz (II) 

0.8 0.7 79.9 18.5 0.1 100 

M-100 0.7 Taizuzgen (I) 
Narynkol (II) 

0.8 1.1 85.7 11.9 0,5 100 

Commodity 
fuel oil 

(M-100) 

2.1 Taizuzgen (I) 
Narynkol (II) 

3.3 8.4 84.3 4.0 0 100 

 

Table 7. Optimal Catalysts for Fuel Oil Oxidative Cracking.  

Reaction 
products, % 

Technological mode 
Inert atmoshere Air flow rate 0.05 h-1 

The amount of zeolite in the 
catalyst, % 

Presence of La The amount of zeolite in 
the catalyst, % 

14.0 20.0 50.0 without La with La 14.0 20.0 50.0 
Gasoline 10.6 7.8 6.3 11.2 13.3 18.0 15.0 13.0 
Light Gas 

Oil 
16.1 15.8 16.4 15.6 16.5 23.9 18.0 16.9 

Yield of 
liquid 

fraction 

80.1 72.6 83.9 73.8 71.5 56.5 64.6 68.2 

Gas  19.3 27.0 15.6 22.8 27.6 41.2 31.8 29.8 
Coke 0.6 0.4 0.5 1.0 0.7 1.8 2.2 2.1 

Losses - - - 2.4 0.2 0.5 1.4 - 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

 

Table 8. Oxidative cracking of vacuum distillate of Zhetybai oil over 0.2 % zeolite-containing catalyst at 
flow rate 0.1 h-1.
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The optimal composite catalyst allows the cracking 
process of heavy oil residues without prior purification 
and with a high degree of conversion to diesel fraction.

In the presence of the developed catalysts there is 
a symmetric decomposition of hydrocarbons with high 
molecular mass, which make up the fuel oil. This occurs 
with the formation of the alkenes and the corresponding 
alkanes homologous series, starting with heptene-1 and 
heptane and ending with octadecene-1 and octadecanol. It 
was found that the cracking conditions have a significant 
effect on the destruction of various hydrocarbon fractions 
of fuel oil. During thermal cracking in an inert atmosphere 
and in the presence of air, the lightest hydrocarbons do not 
form, as evidenced by the fact that alkenes and alkanes 
with the number of carbon atoms in the chain equal to 
nine or more are identified in the obtained gas oils.

CONCLUSIONS
Catalysts on the base of zeolites and cenospheres of 

Almaty TPP-2 obtained from the fly ash were prepared 
and tested in the processes of oxidation of methanol to for-
maldehyde and oxidative cracking of heavy oil fractions. 
An unified methodology has been developed to obtain the 
cenospheres with a stabilized chemical, mineral-phase, 
and zeolite-like composition of aluminosilicate and the 
spinel structure of magnetic iron as a matrix for preparing 
catalysts.  The multifunctional, self-adjusting catalyst of 
oxidative cracking of organic substances considered in 
the work can be successfully used for oil and oil products 
in order to reduce their density, viscosity and obtain light 
carbon fractions. The initiators of the process, which, as a 
rule, lead to the cracking of heavy oil fractions, are singlet 
oxygen and OH, OOH free radicals. 

 Zeolite 
content in 
composit

e,  
% wt. 

Cracking products, % wt. 

Total 
Gas Gasoline 

Light gas oil 
185-340 °C 

Light gas oil 
340-350 °C 

Σlight gas oil  Heavy 
residue 

Losses 

Inert atmoshere 
0 2.0 1.7 14.8 11.4 26.2 71.0 0 100.9 

5.0 1.6 1.8 30.4 19.6 50.0 46.8 0 100.2 
10.0 1.1 1.2 37.8 16.0 53.8 42.8 1.1 100.0 
14.0 1.4 0.9 51.6 19.8 71.4 27.1 0 100.8 
20.0 0.9 0.8 32.3 11.1 43.4 55.2 0 100.3 
50.0 1.3 0.9 28.7 8.8 37.5 59.9 0.4 100.0 
80.0 0.9 0.9 25.2 5.3 30.5 67.6 0.1 100.0 
100 0.8 0.8 20.3 3.1 23.4 73.9 1.1 100.0 

With the air (ω = 0.15 h-1) 
0 2.8 2.0 21.7 12.2 33.9 62.2 0 100.9 

5.0 1.9 1.2 32.6 16.2 48.8 48.4 0 100.3 
10.0 0.9 0.9 47.6 13.3 60.9 37.5 0 100.2 
13.0 1.2 1.1 48.4 28.8 77.2 20.3 0.2 100.0 
14.0 0.8 1.1 52.5 33.2 85.7 11.9 0.5 100.0 
15.0 1.1 1.1 46.2 21.6 67.8 29.9 0.1 100.0 
20.0 1.3 1.3 37.9 16.2 54.1 42.7 0.6 100.0 
50.0 1.3 1.1 33.7 9.9 43.6 53.5 0.5 100.0 
80.0 1.4 1.0 28.6 7.9 36.5 60.8 0.3 100.0 
100 1.1 0.9 26.1 5.9 32.0 65.6 0.4 100.0 

 

Table 9. Cracking of М-100 fuel based on a zeolite-containing composition at pre-wave treatment 
of fuel oil: frequency 57-65 MHz, power 0.2-1.0 kW, temperature 50°C, processing time 3 h.

Note: Content of catalytic composition: SiO2 – 67 wt.%, Al2O3 – 20.95 wt.%, Fe3O4 – 3.03 wt. %; specific 
surface area – 125 m2g-1, bulk density – 0.75 g cm-3 (ωsusp.= 1.0 h-1, Т = 470°С).
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The conditions of the M-100 fuel oil cracking 
process determine the hydrocarbon composition of 
the resulting products. In the absence of a catalyst, the 
reaction route in inert and oxidizing media is identical, 
which leads to the coincidence of the compositions of 
both gaseous and light liquid hydrocarbon fractions. 
The degree of their destruction and isomerization on a 
composite of optimal composition increases, and in the 
presence of air, the secondary process of symmetric de-
composition of medium molecular hydrocarbons begins, 
accompanied by cyclization of the formed hydrocarbon 
molecules of the gasoline fraction.

It was found the optimal conditions for the oxida-
tion of methanol to formaldehyde on an aluminosilicate 
catalyst with the addition of cenospheres obtained from 
fly ash of TPP-2: Mo/Fe ratio > 2, methanol content in 
the initial mixture CH3OH-O2-N2 6.0 - 10.0 %, oxygen  
9.0 - 13 %, gas flow rate of 600 ml min-1. The silicate 
catalyst reduces its activity over time when the methanol 
content at the input increases to 9.0 % and then returns to 
the original value when the methanol content decreases 
to 6.1%. At the same time, the aluminosilicate catalyst 
is stable throughout the operating time regardless of the 
methanol content at the inlet.
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