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Abstract

The active development of the gas industry and an increase in the production and treatment of natural
gas makes the problem of the effective use of the obtained by-products more and more actual, in
particular, stable gas condensates, consisting mainly of hydrocarbons with5-7 carbon atoms. One of
the promising areas for the use of stable gas condensates is their processing into components of motor
fuels at low-tonnage autonomous units using zeolite catalysts. For the effective use of these
technologies, a detailed study of the chemical conversion’s directions, occurring on zeolite catalysts, is
necessary. This research directly for the stable gas condensates is complicated by their diverse
hydrocarbon composition. It is expedient to study the directions of chemical conversions for pure
hydrocarbons, which make up most of the composition of stable gas condensates. In the work using a
laboratory catalytic unit and the ZSM-5 structural type zeolite catalyst, the processing of pure n-
pentane, n-hexane, and n-heptane was carried out. The process was carried out in the temperature
range of 375-425°C with a step of 25°C, at a constant pressure of 0.35 MPa and a weight hour space
velocity of 2 hl. For the obtained products, the hydrocarbon composition was determined by the gas
chromatography method. Based on the chromatographic analysis data, as well as theoretical aspects
about the mechanism of the occurring chemical conversions on the ZSM-5 type zeolites, a list of
theoretically possible reactions (865 reactions) was formed, for which thermodynamic parameters
were calculated using the Gaussian software package under the conditions of the process realization.
According to the results of thermodynamic analysis, it was found that under the process realization
conditions on a zeolite catalyst, 777 reactions are thermodynamically possible. Based on the obtained
results, a formalized scheme of Cs-C; hydrocarbons chemical conversions on ZSM-5 type zeolite
catalyst has been developed.
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1. Introduction

Modern trends in the strategic development of the oil and gas processing industry are as-
sociated with an increase in the depth of processing of hydrocarbon feedstock as well as with
an increase in the quality of produced motor fuels. All of this determines the growing require-
ments for the resource-efficient use of light hydrocarbon feedstock, in particular, stable gas
condensates (SGC), which are a by-product of natural gas treatment. The volumes of SGC
production are stably growing in connection with the development of new fields and the im-
plementation of advanced gas projects such as Nord Stream, Nord Stream-2, Power of Siberia,
Turkish Stream [1-51, as well as the plan for accelerated gasification of the Russian Federation
territories 6], In addition, the Russian Federation is actively developing the production of lig-
uefied natural gas (LNG) (projects Sakhalin-2, Yamal LNG, Baltic LNG) [7-°], this industry will also
increase the volume of SGC production. One of the promising directions for using SGC is its
catalytic processing into components of motor gasoline [1°],

At the same time, the large remoteness of oil and gas production areas (the main oil and
gas producing enterprises are located at a distance of at least 2000-4000 km from major
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cities), as well as the labor intensity and high cost of supplying fuel and lubricants, sets the
task for the industry in providing motor fuel for its own needs at the fields.

A possible solution to this problem is the building of low-tonnage modular units in the field’s
areas using effective technologies based on the use of zeolite catalysts. Using such units shall
it is possible to ensure the complex processing of light hydrocarbon feedstock and significantly
reduce the prices of various motor fuels, including by reducing the cost of their transportation.

Nowadays zeolites are one of the most promising catalysts in the processes of obtaining
and upgrading motor fuels, which is associated with their high activity and selectivity in crack-
ing, isomerization and oligomerization reactions, low cost, and high resistance to the action of
catalytic poisons - organic hetero-compounds of nitrogen and sulfur [*11, In addition, zeolite
catalysts are used for biomass valorization processes to produce both biofuels and/or bio-
based chemicals, which is an emerging and fast-expanding field [*2], The most widely used is
zeolite catalysts with the ZSM-5 structure type. So in works [*3] this type of catalysts is used
for the synthesis of clean jet fuels by 1-hexene oligomerization, and in work [14] for oligomer-
ization of olefins from light cracking naphtha for the production of high quality diesel fuel. In
addition, zeolites of the ZSM-5 type are used in catalytic cracking processes. [15-17],

It should also be noted the trend of digitalization of industrial production and the active
creation of digital twins of technological processes. However, the develop a mathematical de-
scription of a chemical technological process, it is necessary to understand the chemistry of
the process, i.e. the main ongoing chemical transformations, as well as the thermodynamic
and kinetic parameters of reactions.

The hydrocarbon composition of SGC is diverse, represented by several hundred individual
hydrocarbons and largely depends on the field of production and production technology. How-
ever, according to [*8], paraffinic hydrocarbons prevail in the composition of SGC, their part is
from 40 to 70% wt., while the main part (from 15 to 30% wt.) is paraffins with the number
of carbon atoms from 5 to 7 (Cs-C7). It is the Cs-C7 paraffinic hydrocarbons that actively
participate in the transformations taking place on the acid sites of zeolite catalysts, which lead
to the formation of high-octane components of motor gasoline (aromatic hydrocarbons, iso-
paraffins). To develop a mathematical model of the processing of SGC on a zeolite catalyst, it
is most important to study the directions of these hydrocarbon's conversion. This work aim is
to create the formalized scheme of chemical transformations for pentane, hexane and heptane
in case of their processing on ZSM-5 type zeolite catalyst.

2. Materials and methods

In the work, the process on a zeolite catalyst was realized using the chemically pure n-
pentane, n-hexane, n-heptane (paraffins Cs-C7), as well as a zeolite catalyst of the structural
type ZSM-5, grade KN-30, produced by PJSC “Novosibirsk Chemical Concentrates Plant”. The
specific surface area of the KN-30 catalyst is more than 300 m?/g, composition: SiO2 — 90.0-
97.6% wt.; Al203 - 1.4-2.7% wt.; Na20 - less than 0.1% wt.; Fe203 - 0.35-1.25% wt. The
hydrocarbon composition of products in the work was determined by the gas-liquid chroma-
tography method using a Chromatek-Crystall 5000 chromatograph (with a quartz capillary
column 25 m x 0.22 mm, stationary phase — SE-54, carrier gas - helium), according to [19],

The calculation of thermodynamic parameters in this work was carried out using quantum-
chemical calculation methods in the Gaussian software package. The nonempirical Density
Functional Theory (DFT) method was used as a calculation method. The theoretical approxi-
mation was the B3LYP model (the theory of the Becke density functional (B3), using the elec-
tronic correlation of Lee Yang and Steam (LYP)), the basis 3-21G [29], The calculations were
carried out under the conditions (temperature, pressure) of the laboratory processing on a
zeolite catalyst.

The processing of Cs-C7 hydrocarbons on a zeolite catalyst was carried out on a laboratory
catalytic unit "CATACON". The technological scheme of the unit, as well as the scheme of the
reactor, are presented in the earlier works of the author's team [21],

At the stage of preliminary preparation, the catalyst was ground in a mortar and sieved
through sieves to select a fraction of 0.5-1.0 mm?2. After that 10 cm?3 zeolite catalyst was
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loaded into the reactor of a laboratory catalytic unit. At the next stage, the catalyst was acti-
vated to remove adsorbed moisture and organic matter from the catalyst surface. During
activation, the catalyst was calcined for eight hours at a temperature of 500°C in a stream of
nitrogen.

The processing of Cs-C7 hydrocarbons on a zeolite catalyst was carried out at the techno-

logical parameters presented in Table 1.

Table 1. Technological parameters of the Cs-C; hydrocarbons processing on a zeolite catalyst

Test number Temperature, °C Pressure, MPa Weight hour space velocity, h-!
1 375
2 400 0.25 2
3 425

3. Results and discussion

Figure 1 shows the results of determining the group hydrocarbon composition of the

n-pentane processing products on a zeolite catalyst, obtained under conditions of varying the
process temperature in the range of 375-425°C.
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Fig. 1. Group hydrocarbon composition of the n-pentane processing products, obtained under different
process temperature

According to the obtained results, with an increase in the temperature of n-pentane pro-

cessing, the following trends are observed for the obtained products:

1.

2.

The content of aromatic compounds increases. The main representatives of aromatic hy-
drocarbons at all temperatures of the process are toluene and xylenes.

The isoparaffins content is maximum at a process temperature of 375°C. The main product
at 375°C is isopentane. At process temperatures of 400 and 425°C, the content of isopen-
tane and its contribution to the total content of isoparaffins decreases, but remains the
highest.

. The maximum content of naphthenes is observed at a process temperature of 400°C, more-

over, half of these naphthenes are heavy Co+ hydrocarbons (more than 9 carbon atoms in
a molecule), which are practically not formed at process temperatures of 375 and 425°C.

. The content of n-paraffins in obtained products has a minimum at a process temperature

of 400°C. This result is explained by the fact that a significant part of the initial n-pentane
does not react at a process temperature of 375 °C (the content of n-pentane in the product
of its processing at 375°C is 35.00% wt.). An increase in the content of n-paraffins at a
process temperature of 425°C relative to the content at a temperature of 400°C occurs
mainly due to an increase in the content of heavy Co+ n-paraffins in the products, with a
simultaneous decrease in the content of n-pentane. This fact indicates the occurrence of
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hydrogen transfer reactions in olefins with the formation of unsaturated hydrocarbons and
heavy n-paraffins.

5. The olefin content in the obtained products has a maximum at a process temperature of
400°C. The main part of olefins at all temperatures of the process is heavy Cs+ hydrocar-
bons. Olefins in the system are formed as a result of cracking reactions and then participate
in hydrogen transfer reactions with the formation of heavy paraffins and aromatic com-
pounds. The obtained distribution of the olefin content allows us to assume that at a process
temperature of 375°C, the cracking of n-pentane is the limiting stage of the described se-
quence of transformations, and at a temperature of 400 °C the reaction of hydrogen trans-
fer in olefins.

Figure 2 shows the results of determining the group hydrocarbon composition of the
n-hexane processing products on a zeolite catalyst, obtained under conditions of varying the
process temperature in the range of 375-425°C.
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Fig. 2. Group hydrocarbon composition of the n-hexane processing products, obtained under different
process temperature

According to the obtained results, with an increase in the temperature of n-hexane pro-
cessing, the following trends are observed for the obtained products:

1. The content of aromatic compounds in the obtained products increases. The main aromatic
hydrocarbons observed in products are toluene and xylenes, with the toluene : xylenes
ratio increasing with increasing process temperature.

2. The content of isoparaffins decreases. Note that at a process temperature of 375°C, the
most common isoparaffins are 2-methylpentane and dimethylpentanes; at a temperature
of 400°C - 2-methylpentane, isopentane, isobutane and dimethylbutanes; at a temperature
of 425°C - isobutane and isopentane, however, the part of 2-methylpentane and dimethyl-
butanes remains significant. Thus, a decrease in the content of isoparaffins with an increase
in the process temperature is associated with a decrease in the stability of Ce+ isoparaffins.

3. The content of naphthenes decreases, the main representatives of which at all studied
process temperatures are methylcyclopentane and dimethylcyclopentane.

4. The total content of n-paraffins changes slightly. At the same time, for a process tempera-
ture of 375°C, the main representative of paraffins (9.30% wt.) is n-butane, less common
are n-pentane, propane, and heavy n-paraffins. With an increase in the process tempera-
ture, the yield of light C3-C4 n-paraffins practically does not change, the yield of Cs-Cs n-
paraffins decreases, and the yield of heavy Co+ n-paraffins, which are one of the products
of the hydrogen transfer reactions in olefins, increases. In contrast to the processing of n-
pentane, where the conversion of the feedstock at a process temperature of 375°C was
only 65%, the conversion of n-hexane exceeds 96% at all process temperatures.
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5. The content of olefins in the obtained products increases. The main representative of this
class of hydrocarbons at a process temperature of 375°C is methylenecyclopentane, and at
temperatures of 400 and 425°C - 1,3,5-hexatriene. These compounds contain six carbon
atoms, as does the n-hexane feedstock molecule, which explains their relatively high yield
at appropriate temperatures. Since these compounds were not found in the products of n-
pentane and n-heptane processing (where benzene, isoparaffins, and naphthenes with six
carbon atoms are present), it can be assumed that they are intermediate compounds for
the transformation chains, which are characteristic for the n-hexane processing.

Figure 3 shows the results of determining the group hydrocarbon composition of then-hep-
tane processing products on a zeolite catalyst, obtained under conditions of varying the pro-
cess temperature in the range of 375-425°C.
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Fig. 3. Group hydrocarbon composition of the n-heptane processing products, obtained under different
process temperature

According to the obtained results, with an increase in the temperature of n-heptane pro-
cessing, the following trends are observed for the obtained products:

1. The content of aromatic compounds increases. Moreover, at a process temperature of
375°C, a significant content of heavy Co+ aromatic compounds is observed, which is not
typical for process temperatures of 400 and 425°C, and is also not observed in the previ-
ously considered processing products of n-pentane and n-hexane. The main representatives
of aromatic hydrocarbons are toluene and xylenes.

2. The content of isoparaffins decreases. At a process temperature of 375°C, this class of
compounds is mostly represented by isopentane, heavy Co+ isoparaffins, isobutane,
methylpentanes. The content of isopentane and isobutane increases with an increase in the
process temperature, and the part of heavy Co+ isoparaffins decreases due to an increase
in the rate of cracking reactions.

3. The content of naphthenes decreases, the representatives of which are methylcyclopentane,
dimethylcyclopentane, ethylcyclopentane, Cs naphthenes, as well as heavy Co+ compounds.
This is explained by the fact that with an increase in the process temperature, the equilib-
rium of the hydrogen transfer reaction changes towards the formation of reaction products:

O+N—->A+P

where O - olefin, H — naphthene, A — aromatic hydrocarbon, P — n-paraffin.

4. The content of n-paraffins changes insignificantly, passing through a maximum at a process
temperature of 400°C. At all temperatures under study, the main components are heavy
Co+ n-paraffins (products of the hydrogen transfer reaction) and also n-butane and n-pen-
tane, which are present in the products due to the relatively high stability of Cs-C4 hydro-
carbons in the temperature range of 375-425°C.
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5. The olefin content passes through a maximum at a process temperature of 400°C. Unlike
the products of n-hexane processing, where olefins were mainly represented by Ce com-
pounds, heavy Cs+ compounds are the most common olefins among the products of
n-heptane processing.

Among the general trends typical for the processing of Cs-C7 hydrocarbons on a zeolite
catalyst, it should be noted that with an increase in the process temperature, the yield of
aromatic compounds, represented to the greatest extent by toluene and xylenes, increases
significantly. With an increase in process temperature, the content of isoparaffins in the ob-
tained products decreases due to cracking reactions of Ce+ isoparaffins, while isopentane re-
mains stable in the temperature range of 375-425°C. The yield of naphthenes decreases with
an increase in the process temperature due to a change in equilibrium in the reactions of
hydrogen transfer towards the formation of products. The content of n-paraffins in the prod-
ucts practically does not depend on the process temperature, however, as the temperature
rises, the content of heavy Co+ paraffins increases and the content of Cs-Cs n-paraffins de-
creases. Olefins are intermediate compounds and their yield significantly depends on the feed-
stock composition.

Based on the analysis of the composition of the processing products of hydrocarbons Cs-C7
on the zeolite catalyst, as well as theoretical ideas about the mechanism of the occurring
chemical transformations on high-silicon zeolites of the ZSM-5 type, a list of theoretically
possible reactions was formed (Table 2). The complete list consists of 865 theoretically possi-
ble chemical reactions.

Table2. The number of theoretically possible and thermodynamically probable reactions occurring during
the processing of Cs-C; hydrocarbons on a zeolite catalyst

Number of reactions

No. Reaction type Theoretically Thermodynamically
possible probable
1 Paraffins isomerization 52 19
2 Cracking of paraffins to form of olefins 41 34
Hydrogen transfer in olefins
3.1 with the formation of aromatic hydrocarbons 675 675

and n-paraffins
Hydrogen transfer in olefins

32 with the formation of diolefins 22 4
4 Diene synthesis 12 7
with the formation of cycloolefins
Hydrogen transfer in cycloolefins
3.3 with the formation of naphthenes 7 7
and aromatic hydrocarbons
Alkylation to form naphthenes from of olefins 28 26
6 Dealkylation of naphthenes 28 5

to form of olefins and naphthenes

The calculation of the thermodynamic parameters of various reactions of the conversion of
n-pentane, n-hexane and n-heptane on a zeolite catalyst was carried out for the conditions of
the laboratory implementation of the process: temperature — 648-698 K with a step of 25 K,
pressure — 2.5 atm.

According to the results of thermodynamic analysis, it was found that under the study
conditions of the processing Cs-C7 hydrocarbons on a zeolite catalyst, 777 reactions are ther-
modynamically possible (Table 2).

The conducted thermodynamic analysis revealed the following trends:

1. Among the Cs-C7 n-paraffins cracking reactions, the most probable is the occurrence of
reactions with the predominant formation of gaseous hydrocarbons C3-C4 due to the crack-
ing of the weak C-C bond with the formation of olefins with a shorter chain length and the
position of the double bond at the second carbon atom.
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2. From a thermodynamic point of view, among the reactions of n-paraffins isomerization, the
formation of such high-octane components as 2-methylbutane, 2-methylpentane,
2,2-dimethylpentane, 2,3-dimethylpentane, and 2-methylhexane is most likely by catalytic
isomerization of the carbenium ion on acid sites of zeolite in B-position.

3. Among the reactions of hydrogen transfer in olefins with the formation of aromatic com-
pounds and paraffinic hydrocarbons, the most thermodynamically probable reactions are
those involving light C2-Cs olefins with Cs-C7 olefins. It is in these reactions that a tendency
towards a decrease in Gibbs energies is observed with increasing temperature, while in all
other reactions this thermodynamic index tends to zero with increasing temperature.

4. Of the 22 reactions occurring with the formation of diolefins, only the reactions of the for-
mation of hexadiene-1,3, hexadiene-2,4 and heptadiene-3,5 are thermodynamically possi-
ble. Also, according to the results of thermodynamic analysis, it was found that the for-
mation of conjugated and isolated diolefins is more likely than the formation of cumulated
diolefins.

5. The thermodynamic probability of diene synthesis reactions decreases with an increase in
the number of carbon atoms in molecule and branching of cycloolefin side chains, as well
as with an increase in the process temperature.

6. More thermodynamically favorable in the processing on a zeolite catalyst for alkylnaph-
thenic hydrocarbons is the abstraction of the entire alkyl group with the formation of olefins
and naphthenes without a side chain.

Based on the obtained results, a formalized scheme of chemical transformations for pen-
tane, hexane and heptane on a zeolite catalyst was created. Figure 4 shows the formalized
scheme.

diolefins cycloolefins &8

s
Fig. 4. Formalized scheme of chemical transformations for Cs-C; hydrocarbons on a zeolite catalyst

The formalized scheme of Cs-C7 hydrocarbons chemical transformations includes isomeri-
zation reactions (1), paraffin cracking with the formation of olefins reactions (2), reactions of
hydrogen transfer in olefins with the formation of aromatic hydrocarbons and n-paraffins
(3.1), as well as diolefins (3.2), which, when interacting with olefins by diene synthesis (4),
form cycloolefins. Hydrogen transfer in cycloolefins (3.3) also leads to the formation of aro-
matic hydrocarbons and naphthenes. In addition, the formation of naphthenes is facilitated by
the alkylation reactions of olefins (5) with the formation of naphthenes with side methyl and
ethyl groups, which undergo dealkylation reactions (6) with the formation of olefins and naph-
thenes without side chains.

4. Conclusion

1. The processing of pure n-pentane, n-hexane, n-heptane has been carried out, using a la-
boratory catalytic unit and the ZSM-5 structural type zeolite catalyst in the temperature
range of 375-425°C with a step of 25°C, at a constant pressure of 0.35 MPa and a weight
hour space velocity of 2 h™1.

2. The hydrocarbon composition has been determined by gas chromatography for all obtained
products. It was found that with an increase in the process temperature in the obtained
products during the processing of Cs-C7 hydrocarbons, the content of aromatic compounds,
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represented to the greatest extent by toluene and xylenes, significantly increases. Also,
with an increase in the process temperature in the composition of the obtained products,
the content of isoparaffins and naphthenes decreases. A decrease in the content of naph-
thenes occurs due to a change in equilibrium in the reactions of hydrogen transfer towards
the formation of products. The total content of n-paraffins in the products practically does
not depend on the temperature of the process, however, as the temperature rises, the
content of heavy Co+ n-paraffins in the products increases and the content of Cs-Cs n-
paraffins decreases.

3. Based on the analysis of the obtained products composition as well as theoretical ideas
about the mechanism of occurring chemical transformations, a list of theoretically possible
reactions has been formed. The complete list consists of 865 theoretically possible reac-
tions. According to the results of thermodynamic analysis, it was found that under the
process implementation conditions the 777 reactions are thermodynamically possible.

4. According to the results of thermodynamic analysis, the most probable types of occurring
chemical transformations and the most stable isomers of the compounds have been estab-
lished.

5. Based on the obtained results, a formalized scheme of chemical transformations of
Cs-C7 hydrocarbons on a zeolite catalyst has been developed. The created scheme includes
8 types of chemical reactions.
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