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Abstract. The article provides an analysis of the current state and prospects for the development of pyrolysis com-
plexes in Russia and analyzes the main directions of development of the pyrolysis process of hydrocarbon raw materi-
als. The characteristics of the feedstock and high-silica zeolites of the pentasil family of the CVN and HCVM types
are given. The choice of a flow-through research method to identify the patterns of transformation of low-molecular-
weight hydrocarbon fractions is justified, which is characterized by simplicity, accessibility and provides the ability to
determine the catalytic activity at a steady state of the catalyst at any stage of the reaction. The method of conducting
research on a laboratory flow-through unit of the thermal and catalytic pyrolysis process of the propane fraction and
the method of preparing samples of catalysts for research are described. The effect of the concentration of pentasil
family zeolites of the CVN and HCVM types on the catalytic properties of samples during heterogeneous pyrolysis of
the propane fraction is considered. A comparative analysis of the results of thermal pyrolysis of the propane fraction
and in the presence of prepared pentasyl-containing catalysts with the same technological parameters was carried out.
The effect of the zeolite concentration in a heterogeneous catalyst on the activity and selectivity of the obtained cata-
lytic systems during pyrolysis of the propane fraction is shown. A comparative analysis of coke formation in the pres-
ence of prepared catalyst samples as a result of high-temperature transformations of the propane fraction is carried out.
It has been established that catalytic pyrolysis has an advantage over thermal pyrolysis, and the high catalytic activity
and selectivity of the studied high-silica pentasyl-containing catalysts in the process of pyrolysis of low-molecular-
weight hydrocarbon fractions makes it possible to develop active and effective catalysts based on them for the produc-
tion of low-molecular-weight olefins. The optimal technological parameters of the pyrolysis process of low-
molecular-weight hydrocarbon fractions are analyzed. The possibilities of implementing catalytic pyrolysis of the pro-
pane fraction within the framework of investment projects aimed at the development of the Astrakhan gas condensate
field are considered.
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AHHOTanus. B ctathe MpUBECH aHAN3 COBPEMEHHOTO COCTOSIHUS U TIEPCIIEKTHUBBI Pa3BUTHS MHPOIU3HBIX KOMILIEK-
coB B Poccun 1 npoaHau3upoBaHbl OCHOBHBIE HAIIPABJICHUS Pa3BUTHS IPOLIECCA MUPOJIM3a YIIIEBOJOPOJHOTO ChIPbSL.
IIpuBeneHb! XapaKTEPUCTUKU UCXOMAHOTO ChIPbs U BHICOKOKPEMHE3EMHBIX 1IE0JIUTOB ceMelicTBa neHTacuia tuna [IBH
n HIIBM. OGocHOBaH BBIOOp MPOTOYHOTO METOJA MCCIICIOBAHUH IS BHISABICHUS 3aKOHOMEPHOCTEH MpeBpaLICHUs
HU3KOMOJICKYJISIPHBIX YTJICBOAOPOIHBIX (Ppakiuii, OTIMYAIOUIMNACS MPOCTOTOM, JOCTYIHOCTHIO U 00ECTIeUHBAIOIIUI
BO3MOJKHOCTb OIPEJENCHHs KaTaTUTHYECKOW aKTMBHOCTU HPH CTAIIMOHAPHOM COCTOSIHHM KaTallM3aTopa Ha JIo0oH
ctaguu peakiun. OnrcaHa METOMKa POBEICHUS HCCIEJOBAaHUH Ha TaOOPaTOPHOI MPOTOYHOH yCTAHOBKE TEPMHUE-
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CKOTO M KaTaJIUTHYECKOTO Ipolecca MUPOIHN3a IPOIaHOBON (pakIuK U METOANKA IPUTOTOBIICHHS 00pa3IoB KaTalH-
3aTOPOB AJIsl MCCIEeNOBaHUN. PaccMOTpeHO BIMsHME KOHLIEHTPALMU LIEOJIMTOB ceMmeiicTBa neHracuna tuna LIBH
u HLIBM Ha kaTanuTudeckue cBoiicTBa 00pa3IioB B Mpoliecce reTepOreHHOTo MUPon3a mponanoBoit ¢pakiuu. [Ipo-
BE/ICH CPAaBHUTEIBHBII aHAIN3 Pe3yIbTaTOB TEPMUUECKOTO MHPOJIN3a MPOIIAaHOBOH ()PAKINH U B IPUCYTCTBHHU IIPUTO-
TOBJICHHBIX IIEHTACHUJICOJEPKAMIMX KATaIU3aTOPOB IPH TEX K€ TEXHOJOrmdeckux napamerpax. Ilokazano BiusHue
KOHLIEHTPALUH LIEOJUTA B COCTABE FETEPOr€HHOr0 KaTaJld3aToOpa Ha aKTUBHOCTD U CEJICKTUBHOCTH ITOJIyYEHHBIX KaTa-
JUTHYECKUX CHCTEM B IIPOIlECcCe IMHMPOJIH3a MPOMaHOBOH (pakimu. IIpoBenieH cpaBHUTENBHBIN aHAIH3 KOKCOOOpa3o0-
BaHMA B MPHUCYTCTBUM IMPUTOTOBIEHHBIX 00pa3I0B KaTalW3aTOPOB B pe3yjbTaTe BBICOKOTEMIIEPATYPHBIX IIPEBpalle-
HMIT IPOIIaHOBOH (GPAKIMK. Y CTAaHOBJICHO, YTO KAaTATMTHYECKH MTHPOIH3 HMEET MPEUMYIIECTBO 110 CPABHEHHUIO C TEPMU-
YECKHUM, U BBICOKAs KAaTAJIMTHYECKasl aKTUBHOCTb M CEJIEKTHBHOCTb MCCIEYEMbIX BEICOKOKPEMHE3EMHBIX MEHTACUICOIEP-
JKAIUX KaTAI3aTOPOB B TPOIecce MHAPOITH3a HU3KOMOJIEKY IIPHBIX YIJIEBOZOPOAHBIX (DpaKIyii TO3BOIISIET pa3paboTaTh Ha
MX OCHOBE aKTHBHbIE M 3()(QEKTUBHbIC KaTaIM3aToPbl sl HOMydeHUs] HU3KOMOJEKY IPHBIX onedrHOB. [Ipoananu3uposa-
HBI ONTUMANbHBIE TEXHOJIOTHYECKHE MapaMeTpsl Mporecca MAPOIN3a HU3KOMOJIEKYIIIPHBIX YIIIEBOJAOPOAHBIX (pak-
nuid. PaccMOTpeHbI BO3MOXXHOCTH peaTi3aliy KaTATUTHIECKOTO MIPOJIH3a MPONAaHOBOH (PaKIMU B paMKax peann3a-
I[MM MHBECTUI[MOHHBIX IPOEKTOB, HAMIPABIEHHBIX Ha Pa3BUTHE ACTPaXaHCKOTO ra30KOHJIEHCATHOTO MECTOPOXKIEHHS.

KiioueBbie cioBa: FeTepOFeHHBIfI NMUPpOJIN3, TIPOIIaH, 3TUJICH, INPOINJICH, BBICOKOKPEMHE3EMHbBIC LEOJIUTHI, II€HTA-
CHUJICOACPIKAHUE KaTaJIU3aTOPhL
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Introduction

The petrochemical industry plays a key role in the
modern economy, providing the production of materi-
als without which the development of related indus-
tries is impossible. Petrochemical products — polymers,
rubbers, synthetic fibers, and a wide range of organic
compounds — have become the basis for progress in
mechanical engineering, construction, transportation,
and the household sector. For Russia, the development
of the petrochemical complex is of strategic im-
portance, as it allows to increase the depth of pro-
cessing of hydrocarbon raw materials, reduce depend-
ence on imports and increase the internal added value
of the resources produced.

Pyrolysis of hydrocarbon raw materials is one of
the most important processes underlying petrochemi-
cal production. This method provides the production of
low molecular weight unsaturated and aromatic hydro-
carbons, which serve as raw materials for the synthesis
of plastics, rubbers and other valuable products. The
pyrolysis process is flexible, as it allows the use of
various raw materials, from light hydrocarbon gases
and straight-run gasoline fractions to heavier residual
raw materials. However, in industry, thermal pyrolysis
requires high temperatures (770-900 °C) and is ac-
companied by the formation of coke.

The current trend in the development of pyrolysis
process technology is associated with the introduction of
catalysts capable of controlling the direction of decom-
position reactions, increasing the yield of target products
and reducing the formation of by-products [1, 2]. Cata-
lytic pyrolysis is necessary to reduce energy consump-
tion and improve production performance. The use of
catalysts makes it possible to intensify the cracking of
hydrocarbons, change the mechanism of bond breaking
and increase the selectivity for light C,—C, olefins.

Russian patents and publications describe specific
examples of studies of catalytic pyrolysis of hydrocar-
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bon raw materials. Catalysts are most often used in the
processing of light fractions — ethane, propane, pro-
pane-butane, a wide fraction of light hydrocarbons,
straight-run gasoline, where targeted production of
target products is required. On an industrial scale, py-
rolysis is still mainly carried out without a catalyst,
however, catalytic systems are actively considered as a
way to modernize and increase the selectivity of the
process [3—15].

With the development of technology, approaches to
the creation of catalysts are becoming more complex.

The use of catalysts in pyrolysis processes opens
up opportunities for optimizing parameters, increasing
the yield of target products and reducing energy costs.
The Russian Scientific School is actively developing
this area, adapting acid, oxide, metal composite and
other systems to various types of raw materials. Cata-
Iytic pyrolysis is one of the most promising ways of
technological modernization of the petrochemical in-
dustry and forms the basis for the transition to a new
generation of energy-efficient and environmentally
friendly industries.

An important step in the development of pyrolysis
technology will be the transition from thermal to cata-
lytic pyrolysis. Catalytic pyrolysis will improve the
technical, economic and operational costs for the pro-
duction of low molecular weight olefin hydrocarbons.
This, in turn, will affect not only the economic per-
formance of these installations, but will also lead to a
reduction in the cost of high-margin products from
petrochemical plants, the raw materials of which are
low molecular weight olefins.

The experimental part

During the study, the propane fraction was used as
the starting material, the characteristics of which are
given in Table 1.
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Table 1
Characteristics of the propane fraction
Indicator CH, CcO, C;Hg i-C4H;y -C4Hyy
Component content, mass. % 0.01 0.01 99.97 0 0.01

Currently, the catalytic properties of zeolites of the
pentasyl family are of great interest. They meet all the
basic requirements for industrial catalysts: they have
high mechanical strength, are resistant to coking, the
action of sulfur, water and other oxygen-containing
compounds [5, 8-10, 16].

During the experimental studies, CVM and CVN
type zeolites belonging to the zeolites of the pentasyl
family were used as initial zeolites. They have some

differences in crystallographic structure, adsorption
physico-chemical and catalytic properties. CVN type
zeolites are obtained by direct synthesis and contain
insignificant amounts (less than 0.1 mass. %) of sodium
oxide. High-silica zeolites of the pentasil family of the
CVN and CVM types were synthesized at the Nizhny
Novgorod Sorbents CJSC in Nizhny Novgorod. The
characteristics of the initial zeolites are given in Table 2.

Table 2
Characteristics of zeolites of the pentasyl family
. Powdered zeolite CVM Powdered zeolite CVN
Ne Naming th f th f
e of the indicator e norm for e norm for
TS 38.102168-85 | “ctualvalie | 1g3g 10216885 | 2ctual value
1 | Appearance Powder Accordance Powder Accordance
2 | Silica module Nevertheless 30 31.2 Nevertheless 50 69.0
3 | Content Al,O3, % - 0.1 - 0.1
4 Static \ivater Va%’"r capacity at No more than 0,08 0.08 No more than 0.06 0.05
P/P.=0.1cm’/g
5 Static c_apaCIty ? fheptane vapor at No more than 0,14 0.17 No more than 0.16 0.16
P/P.=04cm’/g
X-ray phase analysis Type CVM Type CVN

Decationated zeolites were molded with a binder
v-ALOs. Moreover, Al,O; was previously peptized with
concentrated nitric acid, then mixed with zeolite. The
resulting pellet was granulated, the granules were dried

at room temperature, and then dried at 120 °C for
2-3 hours.

The characteristics of the prepared pentasyl-
containing catalysts are given in Table 3.

Table 3

Characteristics of pentasyl-containing catalysts

Designation The amount of zeolitein the catalyst composition, mass. %
CVN-1 20
CVN-2 30
CVN-3 40
HCVM-1 20
HCVM-2 30
HCVM-3 40

The flow method was chosen to identify the pat-
terns of transformation of low-molecular-weight hy-
drocarbon fractions on zeolite catalysts. This method is
characterized by simplicity and accessibility, provides
the ability to determine the catalytic activity at a
steady state of the catalyst at any stage of the reaction
and is used quite often in laboratory practice.

The studies were carried out in a laboratory flow-
through unit at atmospheric pressure [16].

The feed rate of raw materials and water was calcu-

25

lated before the start of experimental studies, guided
by the specified experimental conditions: temperature,
contact time, water vapor: raw material ratio. The du-
ration of the experiment was set taking into account
the need to obtain pyrolysis products in sufficient
quantities for their study.

The pyrolysis process was carried out in a quartz
reactor, which made it possible to exclude the influ-
ence of the wall material on the experimental results.
The reactor consisted of a quartz tube with an inner
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diameter of d; = 2.0 x 102 m and a pocket for a ther-
mocouple coaxially located in it with an outer diameter
ofd,=8.0x 107 m.

To carry out the catalytic pyrolysis process, the re-
actor was loaded (0,5 x 107°)—(1,0 x 10~°) m’ of cata-
lyst. During thermal pyrolysis, quartz glass of a similar
volume was loaded into the reactor.

The coked catalyst was regenerated for 2 hours at
a temperature of 500 °C in an air flow supplied through
a gearbox and a flow regulator at a rate of 1 I/h.

Based on the literature data, temperature ranges
of 600-800 °C were selected to identify the patterns of
transformations of low-molecular-weight hydrocarbon
fractions during thermal and catalytic pyrolysis. The
contact time was 0.25 seconds, and the mass ratio of
water vapor: raw materials was 0.4 : 1. The duration of
the experiments ranged from 15 minutes to 30 hours.

Due to the formation of a wide range of hydrocar-
bons as a result of the conversion of the propane frac-
tion, the composition of the resulting products was
determined according to a multi-stage scheme using
gas-liquid chromatography.

Results and discussions

For comparability of the data obtained, a series of
experiments under thermal pyrolysis conditions was
conducted at the initial stage of the study. The results of

the data obtained confirm that an increase in tempera-
ture has a beneficial effect on the yield of the target py-
rolysis products of the propane fraction. Thus, at a tem-
perature of 600 °C, the conversion of raw materials
practically did not occur, and the significant formation
of ethylene begins at 700 °C. It should be noted that the
yields of the target products, sufficient for industry, are
achieved only at a temperature of 800 °C. Thus, at
a temperature of 800 °C, the yield of ethylene during
thermal pyrolysis of the propane fraction was 21.53
mass. %, and the yield of propylene was 9.58 mass. %.
The yield of the sum of unsaturated hydrocarbons C,—C,
at a temperature of 800 °C was 31.12 mass. % with
a propane conversion rate of 74.02 mass. %.

Thus, on an industrial scale, the pyrolysis process
can only be carried out at temperatures above 800 °C.
Carrying out the process in such conditions is associat-
ed with an increase in equipment costs due to the use
of heat-resistant materials, as well as directly creating
such a high temperature.

At the next stage of the research, the pyrolysis pro-
cess of the propane fraction was carried out in the
presence of prepared samples of pentasyl-containing
catalysts under the same conditions.

The results of the experiments are presented in Ta-
bles 4 and 5.

Table 4

Results of catalytic pyrolysis of propane fraction on catalysts CVN-1, CVN-2 and CVN-3

Indicator Process temperature, °C
600 [ 650 | 700 | 750 | 800

CVN-1
Output of C,H,, mass. % 3.04 18.20 21.27 26.79 23.35
The output of the sum of unsaturated hydrocarbons C,—C,, mass. % 3.04 18.20 21.27 30.84 31.38
Propane conversion, mass. % 3.71 39.05 49.10 66.58 49.97

CVN-2
Output of C,Hy, mass. % 2.74 5.85 13.79 21.19 30.44
The output of the sum of unsaturated hydrocarbons C,—C,, mass. % 2.74 5.85 14.42 24.41 40.33
Propane conversion, mass. % 3.47 7.44 24.34 41.70 68.09

CVN-3
Output of C,Hy, mass. % 5.09 9.12 12.06 35.62 37.73
The output of the sum of unsaturated hydrocarbons C,—C,4, mass. % 5.09 14.79 20.33 45.65 47.94
Propane conversion, mass. % 6,31 3445 31.51 76.39 83.53

Table 5
Results of catalytic pyrolysis of propane fraction on catalysts HCVM-1, HCVM-2 and HCVM-3
Indicator Process temperature, °C
600 | 650 [ 700 [ 750 [ 800
HCVM-1
Output of C,H,, mass. % 2.83 10.33 16.10 20.55 23.95
The output of the sum of unsaturated hydrocarbons C,—C,, mass. % 2.83 10.33 20.10 27.72 30.68
Propane conversion, mass. % 5.51 20.65 33.55 42.18 49.19
HCVM-2

Output of C,H,, mass. % 3.38 12.44 18.88 23.09 29.14
The output of the sum of unsaturated hydrocarbons C,—C,, mass. % 3.38 12.44 21.92 29.34 38.33
Propane conversion, mass. % 7.14 22.59 36.13 46.70 65.20
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Ending of Table 5
Indicator Process temperature, °C
600 | 650 [ 700 [ 750 | 800
HCVM-3
Output of C,Hy, mass. % 6.19 12.62 16.61 36.93 38.62
The output of the sum of unsaturated hydrocarbons C,—C,4, mass. % 6.19 15.27 25.33 46.19 48.16
Propane conversion, mass. % 9.53 30.45 31.51 78.03 85.15

An analysis of the data obtained indicates that the
pyrolysis process in the presence of pentasyl-containing
catalysts leads to an increase in the yield of the target
products and a decrease in the process temperature
compared with the results of thermal pyrolysis.

High yields of ethylene were obtained already at 650 °C.
In the presence of the CVN-1 catalyst at 650 °C, the
yield of ethylene was 18.20 mass. %, and with thermal
pyrolysis of the propane fraction, such a yield can be
obtained at temperatures above 750 °C. In the presence
of the HCVM-1 catalyst at 650 °C, the yield of ethylene
was 10.33 mass. %. It should be noted that the yield of
ethylene in the presence of pentasyl-containing catalysts
over the entire temperature range studied was higher
than the yield of ethylene during thermal pyrolysis with
similar technological parameters.

An increase in the zeolite concentration in the cata-
lyst led to an increase in the yields of unsaturated hy-
drocarbons at high temperatures (800 °C).

Thus, as a result of a study on the CVN-2 catalyst, an
ethylene yield of 30.44 mass. % was obtained at 800 °C,
and on the HCVM-2 catalyst in the amount of 29.14
mass. %, which is significantly more than in thermal py-
rolysis with the same temperature (21.53 mass. %).

In the presence of the CVN-3 catalyst at 800 °C,
the highest yield of unsaturated hydrocarbons was ob-
tained, which amounted to 47.94 mass. % at the max-
imum yield of ethylene — 37.73 mass. %, and in the
presence of the HCVM-3 catalyst at the same tempera-
ture, the maximum yield of unsaturated hydrocarbons
was 48.16 mass. % with a maximum ethylene yield of
38.62 mass. %. The yield of ethylene in the presence
of the CVN-3 catalyst was more than 75% higher than
during thermal pyrolysis of the propane fraction. The
yield of unsaturated C,—C,4 hydrocarbons in the pres-
ence of the CVN-3 catalyst was more than 54% higher
than during thermal pyrolysis of the propane fraction.
A similar trend is observed as a result of the conver-
sion of the propane fraction in the presence of the cata-
lyst HCVM-3. The yield of ethylene and the sum of
unsaturated C,—C,4 hydrocarbons was higher by more
than 57 and 79%, respectively, than during thermal
pyrolysis of the propane fraction.

The data obtained indicate that in the presence of
pentasyl-containing catalysts, the reaction rate of eth-
ylene formation increases faster than the rate of for-
mation of other unsaturated low-molecular-weight
hydrocarbons. The conversion rate of the raw material
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(propane) in the presence of the CVN-3 catalyst at 750
and 800 °C was 76.39 and 83.53 mass. %, respective-
ly, and in the presence of the HCVM-3 catalyst at the
same process temperatures — 78.03 and 85.15 mass. %,
respectively.

It should be noted that when using catalysts, the
yield of coke and tarry substances increases compared
to the results of the thermal pyrolysis process. Coke is
deposited in the pores of the catalyst, blocks the active
sites and reduces the activity of the catalyst. An increase
in the amount of zeolite in the composition of the cata-
lysts led to an increase in the yield of hydrogen, me-
thane, tarry substances and coke. At the same time, the
yield of resinous substances and coke was higher by
0.1-0.45 mass. % in the presence of pentasyl-containing
catalysts of the HCVM type, than in the presence of
pentasyl-containing catalysts of the CVN type.

The results obtained indicate that catalytic pyroly-
sis has an advantage over thermal pyrolysis. The yields
of ethylene and the amounts of unsaturated C,-C, hy-
drocarbons, which are the target products of the pyrol-
ysis process, increase significantly, and the high cata-
lytic activity and selectivity of the studied high-silica
catalysts in the pyrolysis of low-molecular-weight
hydrocarbon fractions makes it possible to develop
active and effective catalysts based on them for the
production of low olefins, which are valuable raw ma-
terials for petrochemical and organic synthesis.

The plans for the development of the Astrakhan gas
condensate field [17] provide for the construction of
a complex for the production of plastics. It is planned to
use hydrocarbon fractions produced at the Astrakhan
Gas Processing Plant, a branch of Gazprom Pererabotka
LLC, as raw materials for their production. The con-
ducted studies show the possibility of involving propane
and propane fractions in the production of low-
molecular-weight unsaturated hydrocarbons, as well as
the prospects of using the catalytic pyrolysis process to
obtain them [5]. Reducing the cost of heating hydrocar-
bon raw materials will improve the economics of the
process and increase production efficiency.

Conclusion

A comparative analysis of the results of thermal
and catalytic pyrolysis of the propane fraction in equal
technological parameters showed that the yields of
ethylene and unsaturated hydrocarbons C,—C, were
higher in the presence of pentasyl-containing catalysts
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such as CVN and HCVM compared with the thermal
process at optimal technological parameters, and the
yield of the target products increased with an increase
in the amount of zeolite in the catalyst. The largest
number of target products as a result of the pyrolysis
process of the propane fraction was obtained using the
CVN-3 and HCVM-3 catalysts.

The results obtained allow us to assert the possibil-
ity of using pentasyl-containing catalysts in the pro-
cess of propane pyrolysis, which will lead to a de-
crease in the process temperature and, as a result, to an
improvement in the operational and economic perfor-
mance of pyrolysis process plants. However, these

results also make it possible to determine the direction
of further research in this area, namely, to improve the
efficiency of catalytic systems, it is necessary to work
out the issue of finding modifiers that would increase
the yield of target products and increase the stability of
operation in order to increase the interregeneration
period of using catalytic systems in the pyrolysis of
low-molecular-weight hydrocarbons.

The search for effective modifiers for obtaining ac-
tive and stable catalytic systems in the pyrolysis of low
molecular weight fractions will continue in the future
at the Department of Chemical Technology of Oil and
Gas Refining of Astrakhan State Technical University.
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