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Abstract: Natural gas liquids are a by-product of natural gas preparation, one of the most common
and environmentally friendly energy sources. In natural gas fields located in remote areas, there
is no resource-efficient way to use natural gas liquids. However, natural gas liquids are a valuable
hydrocarbon feedstock for the production of motor fuels, in particular motor gasolines. The aim of
this work is to develop a method for obtaining motor gasolines by processing natural gas liquids
on a zeolite catalyst, taking into account the influence of the particle size of the zeolite catalyst, the
technological parameters of the process, and the composition of the feedstock. As part of the work,
for the first time, regularities of the influence of zeolite catalyst particle size, technological parameters
of the process and the composition of feedstock on the composition and characteristics of the resulting
processed products were revealed. A database about the composition and characteristics of natural
gas liquids, obtained from various gas fields in Western Siberia of the Russian Federation, has been
accumulated. During the study, it was found that the optimal particle size of the zeolite catalyst
is 0.50–1.00 mm; optimal technological parameters are a temperature of 375 ◦C, pressure 2.5 atm.
and the feedstock space velocity 2 h−1. It is shown that the processing of natural gas liquids of
various compositions on a zeolite catalyst, on average, makes it possible to increase their detonation
resistance by more than 16 points. The results obtained indicate the prospects of using the process for
the production of motor gasoline. The paper presents a number of blending recipes for obtaining
fuels, both within the framework of production at the fields and at processing plants.

Keywords: natural gas liquid; gasoline; zeolite catalyst; process parameters; hydrocarbon composition

1. Introduction

One of the most environmentally friendly and applicable sources of energy in the
world now is natural gas. Gas is used to generate heat and electricity, and also as a fuel
for transport [1]. The popularity and environmental friendliness of natural gas are the
reasons for the steadily growing demand for this type of fuel [2,3]. That is why the search
for and development of new natural gas fields are being actively conducted. Basically, large
gas fields are located in areas with harsh climatic conditions, in particular in the Arctic
regions [4,5]. The Russian Federation is one of the leaders in terms of explored reserves of
natural gas, its production and supply to world markets [6,7].

At the same time, an increase in gas production leads to an increase in the volume of
products obtained in the process of its preparation and bringing it to commercial quality.
One such product is natural gas liquids (NGLs). NGLs in the process of preparation of
commercial natural gas are obtained in the course of low-temperature separation, low-
temperature condensation, rectification, or by combining these processes [8–10]. NGLs
consist of hydrocarbons C5-C8 with more than 50% vol. The composition of NGLs includes
paraffinic hydrocarbons of normal and iso-structure; the content of naphthenes usually
varies from 5% to 30% vol., the content of aromatic hydrocarbons usually does not exceed
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10% vol., and the content of olefins usually does not exceed 5% vol. The presence of olefinic
hydrocarbons in the composition of NGLs is explained by the peculiarity of the preparation
of natural gas in the process of adsorption drying [11,12]. The described composition of
NGLs makes them a promising feedstock for the production of motor gasoline components.
This direction, in contrast to the existing methods of using NLGs, will allow using them
most rationally. Now, in oil and gas fields, NLGs are usually added to oil to increase the
yield of light oil fractions, while in the case of gas fields, they are simply burned or pumped
back into the reservoir to maintain pressure, since it is unprofitable to store and export the
produced volumes in batches, and there are no pipelines for transportation. At the same
time, as mentioned earlier, NLGs are obtained in areas with a harsh climate, which also
need to be provided with motor fuels, in particular motor gasolines. Now, such territories
are provided with gasoline from the so-called “big land” which multiplies the final cost of
fuel for consumers.

In addition, there is the problem of fuel delivery. Sometimes fuel delivery is simply
impossible due to the lack of infrastructure, or is available, for example, only in the winter
months, when it is possible to drive along the winter roads [13–15]. In this case, fuel must
be stored, for which it is necessary to build and maintain fuel storage facilities, which also
does not reduce the cost of fuel. The solution to this problem can be the production of fuel,
in particular gasoline from NGLs using small-tonnage autonomous installations [16]. Such
processes for light hydrocarbon feedstock can be implemented on zeolite catalysts, the use
of which, due to their resistance to catalytic poisons, does not require additional preparation
of feedstock, as well as the use of hydrogen [17]. Chemical reactions that allow increasing
the octane number of products occur on zeolites [18–20]. There are examples of work
on the production of motor gasoline from feedstock similar in composition (straight-run
gasolines) [21]. In addition, there are works on obtaining gasoline from gas condensates;
however, in these, the authors managed to obtain only low-octane gasolines [22]. In
addition, NLGs can be used as feedstock for the steam cracking process, which is an
energy-intensive process used to convert NLGs into ethylene and propylene, as well as
other chemicals. It is the primary source of ethylene, one of the most important building
blocks for the chemical and plastics industry. Steam cracking also co-produces hydrogen
which is typically combusted with the tail gas on site for process heat, but alternatively
could be separated and sold as a by-product [23].

Speaking about NGLs as a feedstock, it is not possible to operate with statistical
data on their quantities; however, on average, in the process of preparing 1 million m3 of
natural gas, about 50–55 tons of NGLs are obtained. In 2019, the production of natural
and associated petroleum gas in the Russian Federation amounted to 738.4 billion m3,
which indicates significant volumes of NLGs produced and allows us to consider them as a
feedstock for the production of motor gasoline [24].

The aim of this work is to develop a method for obtaining motor gasolines by process-
ing natural gas liquids on a zeolite catalyst, taking into account the influence of the particle
size of the zeolite catalyst, the technological parameters of the process, and the composition
of the feedstock.

2. Materials and Methods

The objects of study in the work are 7 samples of NGLs and products of their processing
on a zeolite catalyst. NGL samples were obtained from various gas fields in Western Siberia
of the Russian Federation (in accordance with the oil and gas geological zoning, the fields
are located within the Pudinsky oil and gas region, which is part of the Vasyugan oil and
gas region). Table 1 shows labeling of NGL samples and products of their processing on a
zeolite catalyst (ZP).

For processing, a zeolite catalyst of the KN-30 brand, structural type ZSM-5, produced
by PJSC “Novosibirsk Chemical Concentrates Plant”, was used [25]. Table 2 presents the
main characteristics of the catalyst.
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Table 1. Labeling of NGL samples and products of their processing on a zeolite catalyst.

Feedstock
labeling NGL 1 NGL 2 NGL 3 NGL 4 NGL 5 NGL 6 NGL 7

Product
labeling ZP 1 ZP 2 ZP 3 ZP 4 ZP 5 ZP 6 ZP 7

Table 2. Main characteristics of the zeolite catalyst 1.

Characteristic Value

Structural form ZSM-5
Granule diameter 3.0–4.3 mm

Specific surface area minimum 300 m2/g
Mechanical crush strength minimum 4.2 MPa

Mass fraction of zeolite minimum 80%

Mass fraction in zeolite powder

SiO2—90.0–97.6%
Al2O3—1.4–2.7%

Na2O—minimum 0.1%
Fe2O3—0.35–1.25%

1 Catalyst is produced according to technical specifications 2177-011-07622236-2008.

Table 3 shows the equipment and methods used for determination of the composition
and characteristics of NGL samples and products of their processing on a zeolite catalyst.

Table 3. Research methods.

Characteristic Equipment Method Method Error

Total sulfur content
X-ray fluorescence energy

dispersive analyzer
“SPECTROSCAN S”

ASTM D4294-16 “Standard test method for
sulfur in petroleum and petroleum products

by energy dispersive X-ray fluorescence
spectrometry” [26]

±0.1 mg/kg

Density at 15 ◦C Stanbinger SVM3000 Anton
Paar viscometer

ISO 12185:1996 “Crude petroleum and
petroleum products—Determination of

density—Oscillating U-tube method” [27]
±0.9 kg/m3

Fractional composition Unit for determining the
fractional composition

ISO 3405:011 “Petroleum
products—Determination of distillation

characteristics at atmospheric pressure” [28]
±1.4 ◦C

Saturated Vapor
Pressure (SVP)

Reid vapor pressure
bomb, thermostat

ISO 3007:1999 “Petroleum products and
crude petroleum—Determination of vapor

pressure—Reid method” [29]
±3.5 kPa

Hydrocarbon composition

Gas-liquid
Chromatec-Crystal

5000 chromatograph with a
quartz capillary column

25 m × 0.22 mm, stationary
phase—SE-54, carrier

gas—helium

EN 14517:2004 “Liquid petroleum
products—Determination of hydrocarbon

types and oxygenates in
petrol—Multidimensional gas
chromatography method” [30]

±0.1% vol.

Octane numbers by
research (RON) and motor

(MON) methods
Software “Compounding” Shown in [31] ±1 point

3. Experimental Section

Processing of NGL samples on a zeolite catalyst was carried out on a laboratory
flow-type catalytic unit. Figure 1 shows the basic technological scheme of the laboratory
catalytic unit.
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Figure 1. Basic technological scheme of the laboratory catalytic unit.

The laboratory catalytic unit consists of a plunger-dosing pump, a vertical flow-type
reactor, a heat exchanger, a high-pressure separator, and control instrumentation (pressure
sensor, elastic element pressure gauge, and thermocouple). The reactor is located in a
thermal box for minimizing temperature losses to the atmosphere and to eliminate the risk
of contact with the hot parts of the reactor. A thermocouple is installed in the bottom flange
of the reactor through a thermowell to control the temperature inside the reactor.

The feedstock is poured into the feedstock tank, from where it is fed to the suction line
of the plunger-dosing pump. Feedstock, getting into the upper zone of the reactor, passes
through a layer of catalyst. At the exit from the reactor, the product heated to a certain
temperature is cooled, and the vapors formed are partially condensed in the condenser
at 20 ◦C. The condenser is a shell-and-tube heat exchanger, in which cooling occurs due
to the supply of distilled water at a given temperature into the shell side. The product,
after passing through the heat exchanger, enters the high-pressure separator, where partial
cooling also occurs due to the supply of water to the separator jacket. The gas phase
from the separator is discharged from the system to the atmosphere through a pressure
control valve. The liquid product is taken from the high-pressure separator into a specially
prepared container for further analysis.

The flow-type reactor is a vertical cylinder surrounded by a heating element, which
is enclosed in a copper band, over which thermal insulation is applied. The reactor is
equipped with top and bottom flanges with thermowells for thermocouples. The feedstock
is fed through the top flange and discharged through the bottom one.

In this work, before loading into a laboratory reactor, an industrial zeolite catalyst was
crushed mechanically. The crushed zeolite catalyst was sieved in laboratory sieves of a
certain size to obtain the desired fraction of the catalyst. Three fractions of the catalyst were
used in the work. Table 4 shows detailed characteristics of the catalyst fractions.

The prepared fraction of the zeolite catalyst was loaded into the reactor. The loaded
catalyst was calcined in a reactor for 6 h at a temperature of 500 ◦C in a nitrogen atmosphere.
In the process of calcination, all moisture is removed from the pores of the catalyst, which
it could have absorbed from the environment during its crushing. Having passed all the
above stages, the catalyst is considered ready for use in the processing of feedstock in a
catalytic unit.
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Table 4. Characteristics of the used catalyst fractions.

Characteristic
Zeolite Catalyst Fractions

0.25–0.50 mm 0.50–1.00 mm 1.00–1.60 mm

Volume of catalyst loaded
into the reactor, cm3 10

Bulk density, g/cm3 0.55–0.68 0.57–0.70 0.59–0.72

The experiment was carried out under the conditions of varying the following techno-
logical parameters of the process:

• Temperature (in the range from 350 to 425 ◦C by 25 ◦C steps);
• Pressure (in the range from 2.5 to 4.5 atm. by 1 atm. steps);
• Feedstock space velocity to the reactor (in the range from 2 to 4 h−1 by 1 h−1 steps).

Table 5 shows sets of technological parameters at which the processing of NGLs on a
zeolite catalyst was carried out (with the example of ZP 1).

Table 5. Sets of technological parameters.

Set Technological Parameters

1 350 ◦C; 2.5 atm.; 2 h−1

2 375 ◦C; 2.5 atm.; 2 h−1

3 400 ◦C; 2.5 atm.; 2 h−1

4 425 ◦C; 2.5 atm.; 2 h−1

5 375 ◦C; 3.5 atm.; 2 h−1

6 375 ◦C; 4.5 atm.; 2 h−1

7 375 ◦C; 2.5 atm.; 3 h−1

8 375 ◦C; 2.5 atm.; 4 h−1

In the product labeling, the first digit indicates the NGL from which the product was
obtained, and the second is the technological parameters under which the product was
obtained. For example: ZP 1-5 means that the product was obtained from NGL No. 1 under
process conditions No. 5; ZP 4-2 means that the product was obtained from NGL No. 4
under process conditions No. 2.

4. Results and Discussion
4.1. Composition and Characteristics of NGL Samples

The results of determining the composition and characteristics of NGL samples are
presented in Tables A1–A4 of Appendix A. The average values of the characteristics and
composition of the NGL samples are presented in Table 6. The characteristics and composi-
tion were determined according to modern standards [26–31].

Analysis of the characteristics and composition of NGL samples was carried out in
comparison with traditional straight-run blending components of motor gasoline—straight-
run gasoline fractions, as well as feedstock of catalytic processes, aimed at obtaining
blending components of motor gasolines.

It can be concluded that the NGL samples are characterized by relatively low sulfur
content. The processing of NGLs on a zeolite catalyst will make it possible to obtain
blending components of motor gasolines that meet the requirements for motor gasolines of
the highest environmental classes [32]. The resulting products will not require additional
hydrotreatment; the minimum sulfur content will save the resource of catalysts at all stages
of processing. The obtained density values of the NGL samples are close to the density
values of such common blending components of gasoline as gas gasoline (650–660 kg/m3),
alkylates (680–700 kg/m3) and isomerate (640–680 kg/m3). It should be noted that the
NGL samples are characterized by a relatively high evaporation temperature, which makes
it possible to use the products of their processing on a zeolite catalyst to increase the SVP
of motor gasolines in winter periods. The fractional composition of the NGL samples is
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extremely close to the fractional composition of straight-run gasoline fractions. As can be
seen, the NGL samples do not have high RON values. However, the knock resistance of
this hydrocarbon feedstock is on average 10 points higher than the knock resistance of
straight-run gasoline fractions.

Table 6. Average values of the characteristics and composition of the NGL samples.

Characteristic Average Values
for NGL Samples

Total sulfur content, mg/kg 14.6
Density at 15 ◦C, kg/m3 681.7

SVP, kPa 78.6
RON, point 68.2
MON, point 65.2

IBP, ◦C 27
50% vol., ◦C 61
90% vol., ◦C 117

EBP, ◦C 142

Content, % vol.

n-paraffins 39.81
isoparaffins 40.48
naphthenes 17.53

olefins 1.11
Aromatic hydrocarbons 1.07

benzene 0.10

From the results of determining the hydrocarbon composition, it can be concluded
that, by analogy with the total sulfur content, the NGL samples are characterized by a
relatively low content of benzene and aromatic and olefinic hydrocarbons. The processing
of NGLs on a zeolite catalyst will make it possible to obtain blending components of motor
gasolines that meet the requirements for motor gasolines of the highest environmental
classes [32]. The low content of hydrocarbons, the content of which is strictly limited, will
make it possible to involve NGL processing products on a zeolite catalyst in the blending
of motor gasolines in a significant amount.

Thus, the results obtained in this section indicate that the use of NGLs as blending
components without processing is inappropriate (comparatively low detonation resistance,
high evaporation, low density). However, the characteristics and composition of NGLs
and their outstanding environmental properties make them a promising feedstock for
processing on a zeolite catalyst in order to obtain blending components of motor gasoline.

4.2. NGL Processing on Zeolite under Conditions of Variable Catalyst Particle Size

The task of the first study stage was to reveal the regularities of the influence of catalyst
particle size on the composition and characteristics of the products of NGL processing on
zeolite, as well as to determine the most preferable catalyst particle size from the viewpoint
of involving the resulting products in the blending of motor gasoline.

NGL 4 was used for this stage of study. The variation in the zeolite catalyst particle
size was carried out according to Table 4, with a set of technological parameters of the
process 2 (Table 5).

Table 7, Figure 2 and Table A4 of the Appendix A show the results of determining the
composition and characteristics of NGL processing products on zeolite under conditions of
varying catalyst particle size [26–30].

From the results presented in Table 7, it follows that the use of any considered fractions
of the zeolite catalyst allows an increase in the octane number of the obtained products
relative to the feedstock by more than 15 points. It can be seen from the data that an
extremum (maximum) of RON (86.1 points) is observed at a zeolite catalyst particle size of
0.50–1.00 mm. It is also worth noting that with an increase in the particle size of the zeolite
catalyst, the SVP value decreases (by 37.2 kPa) with a simultaneous increase in density
(by 19.6 kg/m3).
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Table 7. Characteristics of NGL processing products on zeolite under conditions of varying catalyst
particle size.

Catalyst Particle
Size, mm

Density
at 15 ◦C, kg/m3

SVP,
kPa

RON,
Point

MON,
Point

0.25–0.50 674.4 188.6 85.9 81.6
0.50–1.00 690.6 168.5 86.1 81.3
1.00–1.60 694.0 151.4 84.4 79.9

ChemEngineering 2023, 7, x FOR PEER REVIEW 7 of 22 
 

NGL 4 was used for this stage of study. The variation in the zeolite catalyst particle 
size was carried out according to Table 4, with a set of technological parameters of the 
process 2 (Table 5). 

Table 7, Figure 2 and Table A4 of the Appendix A show the results of determining the 
composition and characteristics of NGL processing products on zeolite under conditions 
of varying catalyst particle size [26–30]. 

Table 7. Characteristics of NGL processing products on zeolite under conditions of varying catalyst 
particle size. 

Catalyst Particle 
Size, mm 

Density 
at 15 °С, kg/m3 

SVP, 
kPa 

RON, 
Point 

MON, 
Point 

0.25–0.50 674.4 188.6 85.9 81.6 
0.50–1.00 690.6 168.5 86.1 81.3 
1.00–1.60 694.0 151.4 84.4 79.9 

 
Figure 2. Group hydrocarbon composition of NGL processing products on zeolite under conditions 
of varying catalyst particle size. 

From the results presented in Table 7, it follows that the use of any considered frac-
tions of the zeolite catalyst allows an increase in the octane number of the obtained prod-
ucts relative to the feedstock by more than 15 points. It can be seen from the data that an 
extremum (maximum) of RON (86.1 points) is observed at a zeolite catalyst particle size 
of 0.50–1.00 mm. It is also worth noting that with an increase in the particle size of the 
zeolite catalyst, the SVP value decreases (by 37.2 kPa) with a simultaneous increase in 
density (by 19.6 kg/m3). 

From the data presented in Figure 2, it can be seen that the extremum (maximum) 
content of paraffins of normal and iso-structure is observed when the zeolite catalyst par-
ticle size is 0.50–1.00 mm. Also, with an increase in the zeolite catalyst particle size, an 
increase in the content of naphthenic (by 2.34% vol.), olefinic (by 0.94% vol.) and aromatic 
hydrocarbons (by 1.53% vol.) is observed. 

Analyzing the data presented in Table A4 of the Appendix A, it can be seen that the 
predominant hydrocarbon in the composition of the obtained products is isopentane. The 
content of propane and butanes of normal and iso-structure decreases with increasing ze-
olite catalyst particle size, which explains the decrease in SVP value. The content of ben-
zene varies in the range of 0.92–1.05% vol., and practically does not depend on the use of 
catalyst particle size. 

Thus, analyzing the obtained data about the composition and characteristics of NGL 
processing products on zeolite under conditions of varying the size of the catalyst parti-
cles, it can be concluded that the most preferred size of the catalyst particles is 0.50–1.00 

Figure 2. Group hydrocarbon composition of NGL processing products on zeolite under conditions
of varying catalyst particle size.

From the data presented in Figure 2, it can be seen that the extremum (maximum)
content of paraffins of normal and iso-structure is observed when the zeolite catalyst
particle size is 0.50–1.00 mm. Also, with an increase in the zeolite catalyst particle size, an
increase in the content of naphthenic (by 2.34% vol.), olefinic (by 0.94% vol.) and aromatic
hydrocarbons (by 1.53% vol.) is observed.

Analyzing the data presented in Table A4 of the Appendix A, it can be seen that the
predominant hydrocarbon in the composition of the obtained products is isopentane. The
content of propane and butanes of normal and iso-structure decreases with increasing
zeolite catalyst particle size, which explains the decrease in SVP value. The content of
benzene varies in the range of 0.92–1.05% vol., and practically does not depend on the use
of catalyst particle size.

Thus, analyzing the obtained data about the composition and characteristics of NGL
processing products on zeolite under conditions of varying the size of the catalyst particles,
it can be concluded that the most preferred size of the catalyst particles is 0.50–1.00 mm. The
resulting product is characterized by the highest octane numbers and has a composition
optimal for involvement in the blending of motor gasolines.

Products obtained using a smaller and larger particle size of the catalyst are inferior
in their characteristics to the obtained product using a zeolite catalyst particle size of
0.50–1.00 mm, due to a decrease in the active surface area. In the case of a particle
size of 1.00–1.60 mm, this is due to insufficient grinding; in the case of a particle size of
0.25–0.50 mm it is due to caking of too-crushed particles of the zeolite catalyst.

Further studies in the work were carried out using the zeolite catalyst particle size,
determined as the most preferred (0.50–1.00 mm).

4.3. NGL Processing on a Zeolite Catalyst under Conditions of Varying Process Parameters

The task of the next study stage was to identify regularities of the influence of the
technological parameters of processing on the composition and characteristics of NGL
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processing products on a zeolite catalyst, as well as to determine the most preferable
process parameters from the viewpoint of involving the resulting products in the blending
of motor gasoline.

NGL 4 was used for the study. The variation in the technological parameters of the
process was carried out according to Table 5. The variation in the technological parameters
was carried out using sample NGL No. 4 as a feedstock, since the product of processing this
sample NGL (ZP 4-2) of all the obtained products is characterized by an average content of
aromatic hydrocarbons and the highest value of SVP.

The results of determining the composition and characteristics of NGL processing
products on a zeolite catalyst under conditions of varying the technological parameters of
the process are presented in Table 8, Figure 3 and Table A5 of the Appendix A [26–30].

Table 8. Characteristics of NGL processing products on a zeolite catalyst under conditions of varying
the technological parameters of the process.

Sample Density
at 15 ◦C, kg/m3

SVP,
kPa

RON,
Point

MON,
Point

ZP 4-1 678.9 145.7 81.3 77.1
ZP 4-2 690.6 168.5 86.1 81.3
ZP 4-3 714.6 157.6 87.2 81.8
ZP 4-4 739.6 115.5 88.0 82.1
ZP 4-5 713.3 97.7 86.3 81.2
ZP 4-6 713.6 101.5 83.6 78.6
ZP 4-7 696.2 132.8 84.8 80.2
ZP 4-8 700.5 98.0 83.0 78.3
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From the data presented in Figure 2, it can be seen that an increase in the temperature of
NGL processing on a zeolite catalyst from 350 to 425 ◦C leads to an increase in the RON of the
obtained products by 6.7 points, MON by 5.0 points and density by 60.7 kg/m3. The SVP of
the obtained products has an extremum (maximum) at a process temperature of 375 ◦C.
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An increase in the density of products with a simultaneous increase in SVP at a
temperature of 375 ◦C indicates the occurrence of cracking reactions and condensation of
aromatic hydrocarbons, which simultaneously give compounds with a higher molecular
weight and light hydrocarbon gases.

It can also be seen that an increase in the pressure of NGL processing on a zeolite
catalyst from 2.5 atm. to 4.5 atm. leads to a decrease in the RON of the obtained products by
2.5 points, MON by 2.7 points, a decrease in SVP by 67.0 kPa and an increase in density by
23.0 kg/m3. When the processing pressure is varied, an extremum (maximum) of RON is
observed at a pressure of 3.5 atm., which is associated with a simultaneously relatively high
content of isoparaffins and aromatic hydrocarbons in the product (Figure 3). However, it is
worth noting the low SVP value of the processing product on a zeolite catalyst, obtained at
a processing pressure of 3.5 atm., which makes it a promising component for involvement
in the blending of motor gasolines.

In addition, analyzing the data presented in Table 8, with an increase in the feedstock
space velocity from 2 h−1 to 4 h−1 SVP by 70.5 kPa, a density increase of 9.9 kg/m3 can
be seen. There is a downward trend in RON as the feedstock space velocity increases by
an average of 1.5 points every 1 h−1, which is explained by a decrease in the content of
aromatic hydrocarbons in the composition of the obtained products (Figure 3).

As can be seen from the results presented in Figure 3, with an increase in the processing
temperature on a zeolite catalyst from 350 to 425 ◦C, a decrease in the content of n-paraffins
(by 8.40% vol.) and isoparaffins (by 11.59% vol.) in the obtained products is observed,
in contrast to aromatic hydrocarbons, the content of which in the resulting products
increases with increasing the processing temperature (by 21.48% vol.). The content of
olefins increases with the increasing temperature, but has an extremum (minimum) at a
processing temperature of 375 ◦C. The content of naphthenes decreases with the increasing
temperature and has an extremum (minimum) at a processing temperature of 400 ◦C. The
predominant group of hydrocarbons in all obtained products of NGL 4 processing on a
zeolite catalyst is isoparaffins.

The regularity of the decrease in the content of n-paraffins and naphthenes in the
obtained products, with a simultaneous increase in the content of aromatic and olefinic hy-
drocarbons with an increase in the processing temperature, finds the following explanation:
an increase in the processing temperature leads to an intensification of cracking reactions
with the formation of olefins, the hydrogen transfer in which then leads to more intensive
formation of aromatic hydrocarbons. An increase in the role of cracking reactions with
increasing temperature leads to a decrease in the role of isomerization reactions, which
leads to a decrease in the content of isoparaffins in the obtained products. The increase in
the octane number of obtained products with an increase in the processing temperature is
explained by the increase in the content of high-octane aromatic hydrocarbons in them.

It can also be seen that an increase in pressure of NGL processing on a zeolite catalyst
from 2.5 atm. to 4.5 atm. leads to a decrease in the content of n-paraffins (by 4.70% vol.)
and isoparaffins (by 1.88% vol.) in the obtained products, as well as an increase in the
content of naphthenes (by 1.69% vol.), olefins (by 0.29% vol.) and aromatic hydrocarbons
(by 4.64% vol.). The content of normal structure paraffins has an extremum (minimum) at a
processing pressure of 3.5 atm. The predominant group of hydrocarbons is isoparaffins; the
group of hydrocarbons with the lowest content is olefins.

The identified regularities of the influence of the pressure increase on the composition
of the obtained products from processing on a zeolite catalyst can be explained as follows.
In conformity with the Le Chatelier principle, a change in the processing pressure in a
big way leads to a change in the equilibrium of chemical reactions towards a smaller
volume (number of moles). The cracking reactions proceed with a raise in volume and
pressure (increased number of moles) which is why a raise in processing pressure inhibits
the course of these reactions. On the inhibition of cracking reactions with a raise in the
processing pressure from 2.5 atm. up to 4.5 atm. also indicates an increase in the content
of naphthenes in the obtained products. Meanwhile, some reactions of the formation of
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aromatic hydrocarbons by hydrogen transfer in olefins proceed with a reduction in volume
and pressure (reduction in number of moles). So, for the reactions of aromatic hydrocarbon
formation by the hydrogen transfer in olefins, proceeding with a reduction in volume and
pressure (a reduction in the number of moles), raising the pressure according to the Le
Chatelier principle will shift the equilibrium towards the formation of reaction products
and, accordingly, an increase in the content of aromatic hydrocarbons in the products.

A decrease in the products’ SVP with an increase in the processing pressure on a zeolite
catalyst indicates the suppression of cracking reactions, which proceed with the formation
of light hydrocarbons. The increase in product density is explained by the formation of
heavier aromatic hydrocarbons.

Also, from the data presented in Figure 3, it can be concluded that an increase in the
feedstock space velocity from 2 h−1 to 4 h−1 leads to a decrease in the content of n-paraffins
in the resulting products (by 4.94% vol.) and aromatic hydrocarbons (by 3.08% vol.), as
well as an increase in the content of isoparaffins (by 1.55% vol.), naphthenes (by 3.23% vol.)
and olefins (by 3.29% vol.). The predominant group in the composition of the obtained
products is isoparaffins; the group of hydrocarbons with the lowest content is olefins.

The identified regularities of the effect of an increase in the feedstock space velocity
on the composition of the products obtained by processing on a zeolite catalyst can be
explained as follows. An increase in the feedstock space velocity leads to a decrease in the
time of contact of the feedstock with the zeolite catalyst; the contact time is sufficient only
for the reactions of n-paraffins cracking (the observed decrease in content of n-paraffins)
and the reactions of n-paraffins’ isomerization (an observed increase in the content of
isoparaffins), as well as reactions of hydrogen transfer in olefins with the formation of
naphthenes from long-chain olefins which do not have time to crack again (an observed
increase in the content of naphthenes). In addition, it can be seen that the reduced feedstock–
catalyst contact time is not enough for the reactions of hydrogen transfer in olefins with
the formation of aromatic hydrocarbons, in particular benzene (Table 5 of the Appendix A)
(observed decrease in the content of aromatic hydrocarbons and benzene, as well as an
increase in the content of olefins).

Thus, it can be concluded that the most preferred technological parameters for pro-
cessing NGLs on a zeolite catalyst are the following: temperature 375 ◦C, pressure 2.5 atm.
and feedstock space velocity 2 h−1. These technological parameters are optimal, because
they make it possible to obtain a product most suitable for use as a blending component of
motor gasolines.

The following changes in processing parameters lead to products that are less suitable
for use in blending motor gasolines:

1. Increasing the process temperature to more than 375 ◦C will lead to an increase in the
content of aromatic hydrocarbons in the obtained products, the content of which is
strictly regulated. However, when the temperature drops below 375 ◦C, the RON of
the product decreases significantly (to 81.3 points).

2. Increasing the pressure of the process leads to an increase in the content of benzene in
the obtained products. At a pressure of 2.5 atm. the content of benzene is minimal
(1.05% vol.).

3. An increase in the feedstock space velocity leads to a significant decrease in the RON
of the product (by 3.1 points). RON has a maximum value at a feedstock space velocity
of 2 h−1.

Further studies in the work were carried out using the technological parameters of
the process determined as the most preferable (temperature 375 ◦C; pressure 2.5 atm. and
feedstock space velocity 2 h−1).

4.4. Processing of NGLs with Various Composition on a Zeolite Catalyst

The task of the next stage of the study was to evaluate the possibility of obtaining
blending components of motor gasoline by processing NGLs of various compositions, as
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well as to identify regularities of the influence of NGL composition on the composition and
characteristics of the products of processing on a zeolite catalyst.

The results of determining the composition and characteristics of products obtained
by processing various NGL compositions on a zeolite catalyst are presented in Table 9,
Figure 4 and Table A6 of the Appendix A [26–30].

Table 9. Characteristics of products obtained by processing various NGL compositions on a zeolite
catalyst.

Sample Density
at 15 ◦C, kg/m3

SVP,
kPa

RON,
Point

MON,
Point

ZP 1-2 708.0 130.1 85.2 80.3
ZP 2-2 690.4 123.6 82.5 77.3
ZP 3-2 681.8 153.6 88.4 84.1
ZP 4-2 690.6 168.5 86.1 81.3
ZP 5-2 713.5 117.2 85.1 79.9
ZP 6-2 695.1 126.7 83.9 79.2
ZP 7-2 703.2 127.3 82.6 77.8
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Analyzing the data presented in Table 9, it can be noted that the RON of the NGL-
processing product on a zeolite catalyst is on average 84.8 points, which meets the required
RON values of RON-80 gasoline. The value of the density and SVP of the obtained products
do not meet the requirements of standard [32], which indicates that it is not possible to use
the products of NGL processing on a zeolite catalyst as a finished motor fuel; however, the
obtained products can be used as the main blended component of motor gasoline.

Comparing the characteristics of products obtained from processing NGLs of various
compositions on a zeolite catalyst (Table 9) with the characteristics of feed NGL samples
(Table A1 of the Appendix A), the following can be noted:

1. Increase in the RON of products relative to feedstock by an average of 16.6 points;
2. Growth of SVP of products by an average of 56.7 kPa;
3. A slight increase in the density of products by an average of 15.8 kg/m3.

From the data presented in Figure 4, it can be seen that the predominant group of
hydrocarbons in the composition of products obtained from processing NGLs of various
compositions on a zeolite catalyst are paraffins (normal and iso-structure), but it should



ChemEngineering 2023, 7, 93 12 of 21

be noted that there are many more isoparaffins in the composition products than normal
paraffins. There is a group of hydrocarbons whose volume content in the products of NGL
processing on a zeolite catalyst is minimal—olefins.

Analyzing the group composition of the feedstock and obtained products, it is worth
noting the decrease in the volume share of n-paraffins in the products of NGL processing
on a zeolite catalyst (on average by 10.81% vol.) and a slight increase in the share of
isoparaffins (on average by 4.40% vol.).

Compared with the feedstock, in the corresponding products of NGL processing on a
zeolite catalyst, the content of naphthenes on average decreased by more than 2 times, and
the content of olefins increased on average by more than 3 times.

The largest increase in the volume share in the products of NGL processing on a zeolite
catalyst compared to the feedstock is observed in aromatic hydrocarbons—the content
increased by more than 13 times.

At the same time, it can be seen that all the obtained products of NGL processing on
a zeolite catalyst in terms of the content of olefinic and aromatic hydrocarbons meet the
requirements of standard [32].

Analyzing the data presented in Table A6 of the Appendix A, it should be noted
that isopentane is the predominant compound in all products of NGL processing on a
zeolite catalyst. Also, there is a significant component content in the NGL-processing
products of butanes of normal and iso-structure, n-pentane, toluene, dimethylbenzene,
2-methylpentane and 3-methylpentane.

The volume fraction of benzene in the obtained products increased by a factor of 10 on
average compared to its content in the feed NGLs. The content of benzene in the obtained
products only slightly exceeds the requirements of standard [32], which again allows us to
conclude that the obtained products are promising for use as the main blended component
of motor gasoline.

The change in the composition of NGL samples during processing on a zeolite catalyst
can be explained as follows. The decrease in the content of n-paraffins and naphthenes
in the products is due to the occurrence of cracking reactions; the occurrence of the same
reactions explains the increase in the content of olefins in the obtained products. The
increase in the content of isoparaffins finds an explanation in the proceeds of n-paraffin
isomerization reactions. The increase in the content of aromatic hydrocarbons and benzene
in the obtained products is explained by the reactions of hydrogen transfer in olefins, which
also lead to the formation of paraffins. The occurrence of hydrogen transfer reactions in
olefins with the formation of aromatic hydrocarbons and paraffins also explains the fact
that, despite the occurrence of cracking reactions, the content of n-paraffins did not decrease
to a minimum, and the content of olefins in the products did not increase so significantly.

The increase in the octane number of NGL processing products on a zeolite catalyst
compared to the feedstock is due to a significant increase in the content of high-octane
aromatic hydrocarbons and isoparaffins. The increase in SVP with a simultaneous increase
in the density of the obtained products is explained by the occurrence of cracking reactions,
which simultaneously lead to the formation of the lightest and heaviest products.

Analyzing the influence of the composition of the feed NGLs on the composition and
characteristics of products obtained on a zeolite catalyst, we can conclude the following:

• The more aromatic hydrocarbons are present in the feedstock, the more aromatic
hydrocarbons will be present in the products of processing on the zeolite catalyst;

• An increased content of normal paraffins in the feedstock will give an increased content
of olefinic and naphthenic hydrocarbons in the obtained products on a zeolite catalyst.

4.5. Development of Blending Recipes for Motor Gasoline Production

To demonstrate the possibility of using the products obtained by processing NGLs
of various compositions on a zeolite catalyst as blending components of motor gasoline,
blending recipes were developed. Recipes were developed by using the “Compounding”
software [31].
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In the developed recipes, the products of NGL processing of various compositions on
a zeolite catalyst, obtained at optimal technological parameters of the process, are used as
the main blending components.

As additional blending components, products of downstream processing, available
only at refineries, include: catalytic cracking gasoline (FCC gasoline), reformate, isomerate,
alkylate, and components that can be available at the fields; feed NGL, straight-run gasoline
fraction (SRGF) and also oil products available on the market; toluene, methyl tertiary
butyl ether (MTBE). Characteristics of additional blending components, calculated using
“Compounding” software, are presented in Table A7 of the Appendix A.

Figures 5 and 6 shows the blending recipes of RON92 motor gasolines, the most
common brand for use worldwide.
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Figure 6. Blending recipes for motor gasoline production, % wt. (for refinery). (A) Recipes with FCC
gasoline, (B) Recipes with reformate, isomerate and MTBE, (C) Recipes with reformate, isomerate
and alkylate.

The recipes presented in Figure 5 demonstrate the use of NGL processing products on
a zeolite catalyst to produce motor gasolines in the field.

As can be seen, the production of motor gasoline is possible on the basis of all the
obtained processed products, regardless of the composition of the feed NGL, while in all
blending recipes, the involvement of the obtained processed products is 40% wt. Feed NGL
and SRGF were used as a low-octane component and toluene was used to increase the
octane number. In the case of a recipe based on NGL 5/ZP 5, there was an additional 1% vol.
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MTBE, due to the high content of aromatic hydrocarbons in ZP 5 and the impossibility of
further increasing the octane number of the blend by the involvement of toluene.

Table A8 of the Appendix A shows the characteristics of the obtained gasolines. By all
characteristics, the obtained gasolines meet the requirements of standard [32]. It can be seen
that motor gasolines blending with the feed NGLs compared to gasolines blending with
SRGF are characterized by higher evaporation and lower density, aromatics and benzene
content. That makes these recipes the most preferable for the production of motor gasoline
operating in the winter. In addition, these motor gasolines are more environmentally
friendly.

The recipes presented in Figure 6 demonstrate the use of NGL products processed on
a zeolite catalyst to produce motor gasolines at refineries.

As you can see, it is possible to obtain motor gasoline on the basis of all obtained
products, regardless of the composition of the feed NGL. In the blending recipes, the
involvement of the obtained products is: for recipes involving FCC gasoline—35–50% wt.;
for recipes involving reformate, isomerate and MTBE—36–42% wt.; for recipes involving
reformate, isomerate and alkylate—33–40% wt. Alkylate and MTBE were used as octane
boosters. The use of blending recipes involving FCC gasoline allows the fullest use of NGL
processing products on a zeolite catalyst, but at the same time requires the involvement of
high-octane and expensive MTBE.

Table A9 of the Appendix A shows the characteristics of the obtained gasolines. By all
characteristics, the obtained gasolines meet the requirements of standard [32]. It can be seen
that motor gasolines obtained by blending recipes with the involvement of reformate are
characterized by practically the maximum allowable benzene content. In addition, it can
be noted that the involvement of products of NGL 3 and NGL 4 processing on the zeolite,
which are characterized by the highest octane numbers, in blending allows for minimizing
the involvement of high-octane and expensive components—alkylate and MTBE.

5. Conclusions

1. The composition (sulfur content, fractional, group and component hydrocarbon com-
positions) and properties (RON, MON, SVP, and density) of NGL samples obtained
from various gas fields in Western Siberia were determined and analyzed. It is shown
that the use of NGLs as blending components without processing is inappropriate
(comparatively low detonation resistance, high evaporation, low density). However,
the characteristics and composition of NGLs and their outstanding environmental
properties make them a promising feedstock for processing on a zeolite catalyst in
order to obtain blending components of motor gasoline.

2. Processing of NGLs on zeolite, under conditions of varying the particle size of the
catalyst, has been implemented. Regularities of the influence of the particle size of
the zeolite catalyst on the composition and characteristics of the obtained products
are revealed. It has been established that the use of any of the considered fractions of
the zeolite catalyst makes it possible to increase the RON of the obtained products
relative to the feedstock by more than 15 points. It has been established that the
most preferred fraction of the catalyst is 0.50–1.00 mm, since the resulting product is
characterized by the highest octane numbers and has a composition that is optimal
for involving motor gasoline in blending.

3. Processing of NGLs on a zeolite catalyst under conditions of varying technological
parameters of the process (temperature, pressure and feedstock space velocity) has
been implemented. Regularities of the influence of the technological parameters
of the process on the composition and characteristics of the obtained products are
identified. It has been shown that the most preferred technological parameters of
NGL processing on a zeolite catalyst are the following: temperature 375 ◦C; pressure
2.5 atm. and feedstock space velocity 2 h−1. These technological parameters are
optimal, because they make it possible to obtain a product most suitable for use as a
blending component of motor gasolines.
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4. The processing of NGL samples of various compositions on zeolite was implemented
with technological parameters and using the particle size of the catalyst determined as
the most preferable. It is shown that the processing of NGLs of various compositions
on a zeolite catalyst made it possible to increase the RON of the product by an average
of 16.6 points. Regularities of the influence of NGL composition on the composition
and characteristics of the obtained products are identified. It has been established that
with an increase in the content of aromatic hydrocarbons in the composition of feed
NGL, their content in the products of processing increases many times over, and an
increase in the content of n-paraffins in the feedstock will give an increased content of
olefinic and naphthenic hydrocarbons in the obtained products.

5. The possibility is shown of using the products obtained from processing NGLs of
various compositions on a zeolite catalyst as blending components of motor gasolines.
RON 92 gasoline blending recipes have been developed for fields (two options) and
refineries (three options). In the developed recipes, products obtained from processing
NGLs with various compositions on a zeolite catalyst are used as the main blended
components: the share of involvement in the recipes for fields is 40% wt., and for
refineries 33–50% wt. It has been shown that motor gasolines obtained according to
the developed blending recipes fully meet the requirements of standard [32].

In future works it is planned to conduct deactivation tests to identify regularities of
the influence of the processed feedstock composition and technological parameters of the
process on the mechanism and degree of zeolite catalyst deactivation. This will make it
possible to choose the technology of catalyst regeneration. The results obtained in the work
will allow for moving on to the development of a mathematical model for the process, for
the selection and calculation of the necessary technological equipment. In the future, the
proposed process will find applications in fields and processing enterprises, and will be
especially relevant for enterprises located in remote areas for the autonomous provision of
motor gasoline for their own needs.
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Appendix A

Appendix A.1. Composition and Characteristics of NGL Samples

Table A1. NGL sample characteristics.

Sample Total Sulfur
Content, mg/kg

Density
at 15 ◦C, kg/m3

SVP,
kPa

RON,
Point

MON,
Point

NGL 1 28.0 719.1 104.3 69.7 66.9
NGL 2 30.0 651.6 97.4 70.6 67.8
NGL 3 17.0 674.0 71.4 66.4 63.2
NGL 4 20.0 685.4 67.2 69.0 65.7
NGL 5 7.0 692.5 65.5 67.2 64.0
NGL 6 0.0 667.0 86.0 67.8 65.1
NGL 7 0.0 682.4 58.7 66.5 63.4

https://rscf.ru/en/project/21-73-00095/
https://rscf.ru/en/project/21-73-00095/


ChemEngineering 2023, 7, 93 16 of 21

Table A2. NGL sample fractional composition.

Sample

Volume,% NGL 1 NGL 2 NGL 3 NGL 4 NGL 5 NGL 6 NGL 7

Temperature, ◦C

IBP 28 7 29 31 37 28 29
50 57 49 61 69 72 55 61
90 103 98 95 168 144 100 112

EBP 140 145 117 168 185 114 123
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Table A3. Components whose content in NGL samples is significant.

Component
Content, % vol.

NGL 1 NGL 2 NGL 3 NGL 4 NGL 5 NGL 6 NGL 7

n-pentane 19.38 21.01 18.21 18.75 18.37 19.92 18.04
isopentane 15.53 17.14 13.33 18.94 24.93 15.61 17.06
n-bytane 12.57 10.27 5.71 2.84 3.11 7.86 0.66

2-methylpentane 7.56 7.76 8.53 7.10 4.43 8.22 8.08
n-heptane 3.38 3.41 4.94 4.38 7.26 4.07 5.28
benzene 0.11 0.11 0.14 0.10 0.00 0.13 0.14

From the results presented in Table A1, it can be seen that the total sulfur content
in NGL samples averages 14.6 mg/kg, and in some cases (NGL 6, 7) it is 0 mg/kg (trace
amount, less than the device sensitivity limits). NGL 2 is characterized by the highest total
sulfur content. The density of NGL samples averages 681.7 kg/m3. NGL 1 is characterized
as having the highest density, NGL 2 is characterized by the lowest. The SVP of the NGL
samples averages 78.6 kPa. NGL 1 is characterized by the highest SVP, and NGL 7 has the
lowest. The RON of the NGL samples averages 68.2 points, and the MON is 65.2 points.
NGL 2 is characterized by the highest RON and MON, NGL 3 is characterized by the
lowest ones.

According to Table A2, NGL 5 is characterized by the heaviest and widest fractional
composition, and NGL 6 has the narrowest.

According to the results of chromatographic analysis of the NGL samples, shown in
Table A3, it can be noted that the predominant group of hydrocarbons in all samples is paraffinic
hydrocarbons (the average content of n-paraffins is 39.81% vol., isoparaffins—40.48% vol.).
Considering paraffinic hydrocarbons, it is worth noting that in the predominant number of
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samples, the content of normal paraffins prevails over isostructural paraffins (NGL 1-3 and
NGL 6). In NGL 4, 5, 7, an inversion is observed. NGL 1 is characterized by the highest
content of n-paraffins, NGL 5 has the lowest. NGL 5 is characterized by the highest content
of isoparaffins, NGL 1 has the lowest.

The hydrocarbon groups characterized by the lowest content in the NGL samples
are olefinic (average content 1.11% vol.) and aromatic (average content 1.07% vol.) hy-
drocarbons. An intermediate position is occupied by naphthenic hydrocarbons (average
content 17.53% vol.). NGL 7 is characterized by the highest content of naphthenes, NGL 2
is characterized by the lowest content. NGL 2 is characterized by the highest content of
olefins, NGL 1 is the lowest. NGL 5 is characterized by the highest content of aromatic
hydrocarbons, NGL 6 is the lowest.

Based on the data presented in Figure A1, it can be said that the predominant com-
ponents in all NGL samples are normal and isopentanes. The content of benzene in NGL
samples averages 0.10% vol. NGLs 3 and 7 are characterized by the highest content of
benzene, NGL 5 (absence of benzene) is characterized by the lowest content.

Appendix A.2. NGL Processing on Zeolite under Conditions of Variable Catalyst Particle Size

Table A4. Components whose content in NGL processing products on zeolite under conditions of
varying catalyst particle size is significant.

Component

Content, % vol.

Catalyst Particle Size, mm

0.25–0.50 0.50–1.00 1.00–1.60

isopentane 18.56 19.60 16.09
n-butane 15.16 12.09 11.55

n-pentane 8.82 8.58 9.26
isobutane 8.84 7.97 6.55

2-methylpentane 5.27 4.62 5.82
3-methylpentane 4.60 3.75 4.76

toluene 4.66 1.67 4.84
dimethylbenzene 5.31 5.34 5.86

propane 5.32 5.80 4.13
benzene 0.97 1.05 0.92

Appendix A.3. NGL Processing on a Zeolite Catalyst under Conditions of Varying Process
Parameters

Table A5. Components whose content in NGL processing products on zeolite under conditions of
varying the technological parameters of the process is significant.

Component
Content, % vol.

ZP 4–1 ZP 4-2 ZP 4-3 ZP 4-4 ZP 4-5 ZP 4-6 ZP 4-7 ZP 4-8

isopentane 19.79 19.60 16.19 13.85 19.00 18.63 19.10 18.12
n-pentane 13.58 8.58 5.58 4.69 8.21 7.74 10.50 10.63
n-butane 9.73 12.09 11.27 8.39 10.48 10.04 10.09 9.55

2-methylpentane 6.38 4.62 3.37 3.25 4.72 4.47 5.43 5.30
isobutane 5.72 7.97 7.80 5.58 5.86 5.19 5.88 5.70

3-methylpentane 4.15 3.75 2.98 2.71 3.94 3.85 3.94 3.58
propane 3.28 5.80 8.88 11.81 7.77 7.98 5.75 3.92

dimethylbenzene 2.51 5.34 8.20 11.37 6.64 7.00 4.62 3.61
2-methylhexane 2.39 1.61 1.23 1.41 1.83 1.69 1.98 1.93

dimethylcyclopentane 2.38 1.12 0.78 0.96 1.24 1.15 1.51 1.60
toluene 2.27 1.67 1.37 1.40 1.94 1.83 2.05 1.95
benzene 0.38 1.05 1.82 2.63 1.30 1.31 0.87 0.65
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From Table A5 it can be seen that the predominant compound in the composition of
the NGL 4 processing products on a zeolite catalyst at various temperatures is isopentane.
Its content, as well as the total proportion of isoparaffins in the products of processing
on a zeolite catalyst, decreases with increasing process temperatures. It is also worth
noting that, compared with the feedstock, the proportions of normal and isopentane and
2-methylpentane decreased in the obtained products, while the content of normal and isobu-
tane, 3-methylpentane, propane, dimethylbenzene, 2-methylhexane, dimethylcyclopentane,
toluene and benzene increased. The content of benzene increased with an increase in the
process temperature, similarly to an increase in the total content of aromatic hydrocarbons,
which is undesirable from the viewpoint of the involvement of the obtained products in
the blending of motor gasoline.

It can also be seen that the predominant compound in the composition of NGL 4
processing products obtained at various process pressures is also isopentane, the share of
which, similarly to the total content of isoparaffins, decreases with increasing pressure. The
reverse trend is observed for the content of benzene, the proportion of which increases
with increasing the processing pressure. The content of normal and isobutane increased
on average by five and six times relative to feedstock, respectively; the share of propane
increased by six times, which causes an increased value of SVP for NGL 4 processing
products on a zeolite catalyst.

In addition, analyzing the data presented in Table A5, it can be noted that isopentane
is also the predominant compound in the composition of NGL 4 processing products on
a zeolite catalyst obtained at various feedstock space velocity. Despite the fact that the
content of n-butane, isobutane, and propane increases compared to the feed NGL 4, with
an increase in the feedstock space velocity, the share of these components decreases, which
leads to a decrease in the SVP of NGL 4 processing products on a zeolite catalyst.

Appendix A.4. Processing of NGLs with Various Composition on a Zeolite Catalyst

Table A6. Components whose content in products obtained by processing of various compositions of
NGL on a zeolite catalyst is significant.

Component
Content, % vol.

ZP 1-2 ZP 2-2 ZP 3-2 ZP 4-2 ZP 5-2 ZP 6-2 ZP 7-2

isopentane 12.81 19.12 19.70 19.60 18.26 17.16 16.43
n-butane 9.12 15.95 14.65 12.09 9.79 11.31 7.88

n-pentane 7.46 10.19 9.88 8.58 6.98 8.50 9.42
toluene 5.04 7.44 5.10 5.34 7.53 5.78 5.27

isobutane 4.98 0.08 7.90 7.97 5.81 5.82 5.51
dimethylbenzene 4.50 1.88 4.63 5.80 6.58 7.23 6.63
2-methylpentane 3.95 6.40 6.12 4.62 4.62 5.56 6.14
3-methylpentane 3.25 5.60 5.47 3.75 3.72 4.95 4.64

benzene 1.25 0.07 1.14 1.05 1.42 1.06 0.93

Appendix A.5. Development of Blending Recipes for Motor Gasoline Production

Table A7. Characteristics of additional blending components.

Component Density at
15 ◦C, kg/m3

SVP,
kPa

RON MON Content, % vol.

Point Olefins Aromatic
Hydrocarbons Benzene

FCC gasoline 760.5 53.6 93.0 85.9 22.04 28.81 0.62
Reformate 829.1 24.3 104.7 93.7 0.00 72.24 2.48
Isomerate 661.2 62.8 89.8 87.9 0.00 0.04 0.02
Alkylate 701.6 27.8 97.9 95.5 0.00 0.68 0.00

SRGF 733.7 24.3 69.3 63.7 0.00 1.24 1.11
Toluene 870.4 7.2 121.0 104.0 0.00 100.00 0.00
MTBE 737.3 40.3 125.0 110.0 0.00 0.00 0.00
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Table A8. Characteristics of gasoline (blending recipes for fields).

Component Density at
15 ◦C, kg/m3

SVP,
kPa

RON MON Content, % vol.

Point Olefins Aromatic
Hydrocarbons Benzene

(A) Recipes with NGL

ZP1 740.0 87.4 92.4 84.3 2.64 29.01 0.56
ZP2 735.1 81.7 92.3 84.4 2.63 28.43 0.06
ZP3 733.3 86.3 92.4 84.5 1.82 28.53 0.55
ZP4 739.3 90.9 92.0 83.8 1.39 29.64 0.48
ZP5 754.5 68.4 92.3 83.4 1.50 34.41 0.65
ZP6 742.5 77.8 92.2 83.7 1.42 33.08 0.49
ZP7 751.7 69.6 92.2 83.4 1.45 33.47 0.44

(B) Recipes with SRGF

ZP1 763.1 61.6 92.5 83.5 2.65 31.14 0.89
ZP2 758.8 58.7 92.5 83.6 2.11 31.37 0.36
ZP3 749.9 71.4 92.4 83.8 1.44 28.54 0.87
ZP4 756.1 77.0 92.3 83.3 0.99 31.12 0.81
ZP5 766.6 56.3 92.2 82.7 0.94 34.51 0.96
ZP6 760.7 60.0 92.3 83.0 1.27 34.27 0.80
ZP7 765.3 60.0 92.5 83.1 1.16 34.33 0.72

Table A9. Characteristics of gasoline (blending recipes for refinery).

Component Density at
15 ◦C, kg/m3

SVP,
kPa

RON MON Content, % vol.

Point Olefins Aromatic
Hydrocarbons Benzene

(A) Recipes with FCC gasoline

ZP1 731.9 90.5 92.3 84.9 11.71 17.99 0.89
ZP2 722.2 86.7 92.0 84.8 10.07 15.21 0.25
ZP3 728.3 93.2 92.2 85.5 13.41 20.91 0.83
ZP4 734.9 93.1 92.3 85.2 13.57 21.83 0.75
ZP5 734.9 84.2 92.0 84.4 9.85 21.26 0.98
ZP6 725.2 88.7 92.1 84.6 9.76 19.29 0.79
ZP7 728.8 88.7 92.1 84.4 9.24 17.83 0.70

(B) Recipes with reformate, isomerate and MTBE

ZP1 720.3 81.0 92.0 86.0 2.57 19.35 1.00
ZP2 745.8 70.3 92.1 84.8 2.06 32.14 0.99
ZP3 720.2 88.6 92.5 86.9 1.34 20.39 1.00
ZP4 721.8 90.1 92.3 86.3 0.84 22.65 1.00
ZP5 722.4 74.5 92.3 86.1 0.84 20.47 1.00
ZP6 720.1 78.5 92.2 85.8 1.22 22.63 0.99
ZP7 728.0 78.4 92.1 85.3 1.18 23.45 0.99

(C) Recipes with reformate, isomerate and alkylate

ZP1 723.1 72.6 92.1 86.6 2.20 19.98 0.97
ZP2 747.1 68.8 92.0 84.9 2.06 32.27 0.99
ZP3 720.2 88.6 92.5 86.9 1.34 20.39 1.00
ZP4 721.4 91.2 92.3 86.5 0.86 22.25 0.99
ZP5 724.0 67.0 92.4 86.7 0.74 21.62 1.00
ZP6 724.9 70.2 92.4 86.4 1.03 23.74 1.00
ZP7 732.3 68.6 92.3 86.1 0.99 24.57 1.00

For all characteristics, the obtained gasolines meet the requirements of standard [32]: RON
not less than 92.0 points, MON not less than 83.0 points, SVP in the range of 45.0–100.0 kPa,
density at 15 ◦C within 720.0–780.0 kg/m3; the content of olefins is not more than 18.00% vol.,
aromatic hydrocarbons is not more than 35.00% vol., benzene is not more than 1.00% vol.
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