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Abstract: This article reports on a simple method for producing high-octane gasoline from CO and
H2 on a Co-Al2O3/SiO2/HZSM-5/Al2O3 hybrid catalyst. In the selected pressure range (0.5, 1.0,
and 2.0 MPa), it was found that a decrease in pressure and an increase in temperature contribute
to an increase in the content of branched hydrocarbons. The optimal technological parameters of
the process were determined to ensure high selectivity and productivity for C5–C10 hydrocarbons:
pressure—1.0 MPa, ratio H2/CO = 2, gas space velocity—1000 h−1, temperature—250 ◦C. The
selectivity for the gasoline fraction is 65.2%, and the ratio of branched to linear hydrocarbons
(iso/n index) is 2.3. Under the specified technological conditions, an experimental batch of gasoline
fraction (1000 cm3) was produced at the pilot plant during 400 h of continuous operation. The main
physicochemical and operational parameters of the experimental gasoline fraction of hydrocarbons
have been determined. The octane number determined by the research method according to GOST R
52947-2019 is 78.5 units.

Keywords: Fischer–Tropsch synthesis; bifunctional cobalt catalyst; HZSM-5 zeolite; synthetic
gasoline fuel

1. Introduction

Recently, there has been a growing interest in technologies for the industrial production
of liquid hydrocarbons, in particular, synthetic gasoline, from non-oil raw materials (natural
gases, coal, biomass) [1–3]. The first industrial-scale production of synthetic gasoline using
the Fischer–Tropsch (FT) method was mastered at Ruhrchemie in Germany during the
Second World War [4]. The gasoline fraction of hydrocarbons synthesized at the plants was
mainly represented by linear paraffins and olefins and had a low octane number, about
40–50 units. The technology was multi-stage and very costly and, in the future, could not
compete with motor fuels produced from natural oil [5].

Currently, large-scale production of synthetic hydrocarbons based on the synthesis of
FT makes it possible to obtain a low-octane gasoline fraction (naphtha), which is sent for
further processing or used as a feedstock for petrochemicals, solvents, etc. It is possible to
obtain high-octane gasoline from CO and H2 using MTG technology (methanol to gasoline),
involving the synthesis of methanol, on which dimethyl ether is based, followed by the
conversion of the latter into hydrocarbons. MTG technology is a three–Mobil process [6],
two–TIGAS process [7], or one-stage technological process [8]. The main products of this
technology are hydrocarbons of the gasoline fraction, which consist mainly of aromatic,
branched paraffin and cycloparaffin hydrocarbons [9,10]. The octane number of the gasoline
fraction obtained by these processes can reach 90 units.
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In the synthesis of hydrocarbons using the FT method on zeolite-containing catalysts,
the selectivity for the gasoline fraction, depending on the synthesis conditions, varies from
60 to 90% [11–18]. At the same time, it is important that the synthesis products contain a
significant proportion of iso-alkanes, which have high antiknock properties. For example,
in a commercial catalyst developed by Chevron, the selectivity for the fraction C5–C20 is
71.8%, but the content of iso-alkanes in the synthesis products is not indicated [19].

Previously, we developed a bifunctional cobalt catalyst for the synthesis of FT for
the direct production of liquid hydrocarbons from synthesis gas [20,21]. On this catalyst
at a pressure of 1.0–2.0 MPa, light synthetic oil is obtained, consisting of gasoline and
diesel fractions. The purpose of this work is to search for synthesis conditions under which
the gasoline fraction obtained on this catalyst is enriched in iso-alkanes, which have high
antiknock properties.

2. Results and Discussion

An XRD study of the catalyst (Figure 1) showed that the catalyst contains phases of
Co3O4 oxides (reflexes in the range 2θ ≈ 10◦–55◦), ZSM-5 zeolite (reflexes in the range of
angles 2θ ≈ 2◦–12◦), Al2O3 (reflexes at 2θ ≈ 20.3◦, 29.5◦, and 52.0◦) formed during the heat
treatment of boehmite, and SiO2, which is X-ray amorphous. The particle size of Co3O4
was determined using the Debye–Scherrer equation, which was then used to determine the
size of metallic cobalt d(Co0), the size of which was 8 nm.
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Figure 1. X-ray diffraction pattern of the catalyst in the oxide form.

It was determined using TEM that cobalt particles 3–13 nm in size were present on the
catalyst surface (Figure 2); the average size was 8 ± 2 nm (Table 1).

The study of morphology using SEM (Figure 3) confirmed the heterogeneity of the
state of the catalyst surface. It was found that silicon, aluminum, and oxygen atoms
were more uniformly distributed over the catalyst surface, while cobalt atoms were
localized fragmentarily.

According to the BJH data (Figure 4), the maximum pore-size distribution in the region
of 1.5–2.5 nm corresponds to the H-ZSM-5 zeolite, and the maximum at 5 nm corresponds
to the Co-Al2O3/SiO2 catalyst. In the region of 6–15 nm, the catalyst has a maximum
because of the presence of a binder in its composition.
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Table 1. Physicochemical properties of the catalyst.

Characteristics of the Porous Structure Co0 Particle Size, nm

SBET, m2/g SEXT, m2/g Vmicro, cm3/g VΣ, cm3/g XRD TEM

245 187 0.03 0.59 8.0 8 ± 2
Note: SBET—BET specific surface area; SEXT—external specific surface; Vmicro—specific volume of micropores;
VΣ—total pore volume.
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The specific surface area of the catalyst according to BET was 245 m2/g and was
mainly determined by the presence of a zeolite and a cobalt-containing component (Co-
Al2O3/SiO2) in the catalyst. The share of micropores was 5% of the total pore volume.

According to the results of the TPR H2 (Figure 5), the reduction of the cobalt-containing
component of the bifunctional catalyst proceeds sequentially according to the schemes
Co3O4→ CoO and CoO→ Co0, which confirms the presence of two stages of reduction [22].
The ratio of peak areas of hydrogen absorption required for the reduction of Co3+ oxides
to Co0 differs from the theoretically expected calculated value and is 2.70. The absence of
a large H2 absorption peak in the high-temperature region indicates that cobalt does not
form difficult-to-reduce compounds with zeolite or boehmite.
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When studying the acidity of the catalyst according to the NH3 TPD data, it was found
that the amount of ammonia desorbed in the temperature range of 100–250 ◦C (“weak”
centers), 250–400 ◦C (“medium” centers), and 400–550 ◦C (“strong” centers) is 70 µmol
NH3/g, 31 µmol NH3/g, and 5 µmol NH3/g, respectively. Like the HZSM-5 zeolite, the
catalyst based on it has a relatively high Bronsted acidity.

In order to select the optimal process mode and optimize the consumption coefficients
of reagents for the pilot plant, the process conditions (temperature, pressure) were previ-
ously determined at the laboratory plant, under which the performance of the bifunctional
cobalt FT synthesis catalyst and the selectivity for the gasoline fraction would be maximum.
The criterion for the search for optimal process conditions was the presence in the synthesis
products of a large number of isomeric hydrocarbon structures (high iso/n) in the synthesis
products, which provide high antiknock characteristics of the gasoline fraction.

Zeolite-containing FT synthesis catalysts mainly operate in the temperature range
of 230–250 ◦C [23–26] since, under these conditions, secondary processes of transforma-
tions of synthesized hydrocarbons on the zeolite-containing component begin to actively
proceed [27]. In this study, we varied the temperature in the range of 240–250 ◦C. The effect
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of pressure was studied in the range of 0.5–2.0 MPa under the conditions: GHSV = 1000 h−1,
H2/CO ratio = 2, temperatures of 240 ◦C and 250 ◦C, and the volume of catalyst loading
into the reactor of 10 cm3. The results of these studies are given in Table 2.

Table 2. Dependence of the activity and selectivity of the bifunctional cobalt catalyst for FT synthesis
on pressure and temperature (GHSV = 1000 h−1, H2/CO ratio = 2).

Pressure,
MPa

CO
Conversion, %

Selectivity for
Hydrocarbons, % iso/n Ratio The Ratio of o/p

in the Fraction
C5–C10

Productivity for
Hydrocarbons, kg/(m3

cat h)

C5+ C5–C10 C5+ C5–C10 C5+ C5–C10

Temperature 240 ◦C

0.5 55.1 63.7 69.6 4.35 4.75 3.19 80.7 56.2

1.0 62.7 70.8 67.0 2.08 3.19 2.72 97.0 65.0

2.0 75.6 67.1 54.3 0.76 0.76 1.46 106.0 57.5

Temperature 250 ◦C

1.0 74.1 70.1 73.3 2.70 3.64 2.15 113.5 83.2

2.0 85.9 72.8 62.2 1.06 1.09 1.98 130.3 81.0

Note: iso/n is the ratio of hydrocarbons of isostructure to hydrocarbons of normal structure; o/p is the ratio of
alkenes to alkanes (olefins to paraffins).

A comparative analysis of the catalytic characteristics showed that with decreasing
pressure, the selectivity of the catalyst for hydrocarbons in the gasoline fraction, as well as
the iso/n and o/n indicators, increases. It has been established that with the technological
parameters of synthesis P = 1.0 MPa, T = 250 ◦C, GHSV = 1000 h−1, and the ratio H2/CO = 2,
selectivity and productivity for C5–C10 are 73.3% and 83.2 kg/(m3

cat h), respectively. Under
these conditions, a significant proportion (iso/n = 3.64) of isomeric hydrocarbon structures
is formed (see Table 2), which helps increase the octane number of gasoline and improve
its quality characteristics. Therefore, it is advisable to produce synthetic gasoline at a pilot
plant with the specified technological parameters.

Table 3 presents the average results of the hydrocarbon synthesis process at the
pilot plant, obtained over 400 h of operation. During this time period, five samples of
hydrocarbons were taken, which, upon completion of the synthesis, were combined into
one and used to determine the average characteristics of the fuel.

Table 3. Averaged catalytic characteristics of a bifunctional cobalt catalyst for FT synthesis in a pilot
plant at GHSV = 1000 h−1, P = 1.0 MPa, T = 247–250 ◦C, H2/CO ratio = 2.

Sample
No.

Working
Time, h

Average CO Conversion,
% During Operation

Selectivity, % Average Productivity
According to C5+, kg/(m3

cat h)CH4 C2–C4 C5+ CO2

1 0–95 78.3 19.9 12.9 65.6 1.6 113.8

2 96–161 71.2 28.9 16.3 52.7 2.1 76.9

3 162–241 76.1 27.1 15.5 55.3 2.1 87.5

4 242–340 73.6 27.8 17.1 53.1 2.0 81.2

5 341–396 71.6 33.1 16.1 46.4 4.4 69.6

1–5 0–396 75.2 26.7 15.6 55.5 2.2 86.0

With an increase in the time interval of catalyst operation, the degree of CO conversion
decreased, and by the end of the experiment, it decreased by ~12% from the initial values
(78.3%). The dynamics of changes in CO conversion over a time interval of 400 h is clearly
shown in Figure 6.
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The productivity of the process over the entire period of catalyst operation decreased
from 113.8 to 69.6 kg/(m3

cat h), and, as a result, the production of gaseous products (CH4,
C2–C4, CO2) increased. The calculated average productivity of the process for the combined
sample of hydrocarbons was 86.0 kg/(m3

cat h); that is, it decreased by 24% from the initial
value. The largest decrease in productivity (by 32%) was recorded in the initial period
(~100 h) of catalyst operation.

One of the factors reducing the activity can be local temperature overheating in the
catalytic layer. However, temperature measurements along the height of the catalytic
layer (see Figure 7) for the entire period of operation of the bifunctional cobalt catalyst
for FT synthesis showed that the largest temperature gradient of 3–4 ◦C was observed
in the initial 10 h of catalyst operation. Subsequently, it stabilized and did not exceed
2–3 ◦C, which indicates a sufficiently high stability of the catalyst. The main reasons for
catalyst deactivation can be the agglomeration of active metal nanoparticles, as well as
carburization (hydrocarbons, amorphous, and graphitized carbon) of the active catalyst
surface during operation [20].
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Group analysis of C5+ products synthesized on a pilot catalytic plant showed that the
average sample of hydrocarbons contains a high number of isomeric compounds; the iso/n
index corresponds to a value of 2.3. The o/p index indicating the presence of unsaturated
hydrocarbons in the fuel composition was 1.14 (Table 4). The molecular weight distribution
diagram shows that these are predominantly branched alkenes contained in the C5–C10
gasoline fraction (Figure 8). Fuel characteristics can be significantly improved, in particular,
to increase the octane properties of the fuel and reduce the content of alkenes. One of
the ways to improve the performance of motor fuel is its hydro-treatment. This can be
achieved by introducing promoters—hydrogenating components—into the composition of
a polyfunctional catalyst [28].

Table 4. Group composition of the synthesis products of the average sample of C5+ hydrocarbons
synthesized at the pilot plant.

Products
Group Composition of Hydrocarbons, % wt.

iso/n o/p
C5–C10 C11–C18 C19+

n-alkanes 12.3 7.2 1.1

2.3 1.14

Iso-alkanes 14.2 10.6 1.3

Alkenes 9.0 0.5 0.1

Branched alkenes 29.7 13.7 0.3

Total 65.2 32.0 2.8
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The results of a study of a number of basic physicochemical and operational indicators
of a synthesized experimental batch of gasoline fraction of hydrocarbons are presented
in Table 5.
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Table 5. Physicochemical and operational parameters of the experimental gasoline fraction of hydrocarbons.

Indicator Actual Value Requirement GOST P
51105-2020

Method of
Determination

Octane number (research method) not less than 78.5 92 GOST P 52947-2019
Volume fraction of benzene, %, max absent 5.0 (1.0) Chromatographically

Volume fraction of aromatic hydrocarbons, %,
not more than absent 42.0 (35.0) Chromatographically

Density at 15 ◦C, kg/m3 710.2 725–780 GOST P 51069-97
Net calorific value, kJ/kg 43,780 - GOST 21261-2021

Iodine number, g of iodine per 100 g of fuel 11.8 - GOST 2070-82
Volume fraction of hydrocarbon olefins, %, not

more than 53 18 Chromatographically

Saturated vapor pressure, kPa 41.2 min. 45.0 GOST 33157-2014
Fractional composition, % vol. at temperature

GOST 2177-99

70 ◦C 10.2 15–50 (48)
100 ◦C 39.4 40–70
150 ◦C 84.7 not less than 75

End of boiling, ◦C. 185.5 not higher than 215
Volume fraction of the residue in the flask, % vol. 1.0 not more than 2.0

Note: “-” means that the corresponding parameters are not regulated.

The octane number of the experimental gasoline fraction of hydrocarbons, determined
by the research method (GOST P 52947-2019), is 78.5, which is 13.5 units lower than the
minimum requirement in force by GOST. However, the obtained synthetic gasoline fraction
has an octane number higher compared to the octane number of straight-run gasoline (59),
hydrocracked gasoline (68), and coking gasoline (63) [29].

The density of the experimental gasoline fraction of hydrocarbons is also somewhat
lower. However, the lower density of synthetic fuel, in comparison with gasoline obtained
from petroleum feedstock, is due to the complete absence of aromatic hydrocarbons, which
significantly improves its environmental performance.

As a rule, the calorific value of commercial gasoline is almost the same for different
grades and varies within 43–44 MJ/kg [30]. The net calorific value of the obtained syn-
thetic gasoline fuel is 43.78 MJ/kg, which is not inferior in terms of the calorific value of
commercial petroleum gasoline.

An important indicator characterizing its chemical stability is the iodine number,
which is determined based on the content of unsaturated compounds. The iodine number
of gasoline fuel is 11.8, which corresponds to the calculated mass fraction of unsaturated
hydrocarbons of 53.03 wt.%. Note that a certain proportion of unsaturated hydrocarbons,
based on capillary gas–liquid chromato-mass spectrometry in the gasoline fraction of
hydrocarbons, is 53.3 wt.%. However, the content of olefins significantly exceeds the
requirements of the regulation. It is possible to reduce the number of olefins via light
hydrogenation or, for example, the process of methoxylation to obtain esters with high
antiknock resistance [31].

Fischer–Tropsch synthesis over a commercial zeolite-containing catalyst from Chevron
was reported by C. Kibby et al. [19]. The developed catalyst produced C5–C20 hydrocarbons
with a selectivity of 75.6%. Chuang Xing et al. [11] reported on the synthesis of zeolite-
containing catalysts based on Co/SiO2 + ZSM-5; the content of the gasoline fraction was
41.5%. In our catalyst, which was tested in a pilot reactor for almost 400 h, a larger gasoline
fraction of 63.5% formed. The octane number was determined as 87 units in [11]; in our
work, the octane number was determined on a single-piston unit and was 78.5 (Table 6).
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Table 6. Comparison of commercial vs. synthesized catalysts.

Catalyst P, MPa τ, h t, ◦C XCO, %
Selectivity, % Octane

NumberCO2 CH4 C2–C4 C5–C11 C12+ Cn Co Ciso

Co-Al2O3/SiO2/
HZSM-5/Al2O3

1.0 396 250 75.2 2.2 26.7 15.6 41.5 14.0 20.5 9.5 69.9 78.5

Co/SiO2 +
ZSM-5 [1] 1.0 6 260 67.9 2.3 13.5 20.5 63.5 2.5 43.4 19.5 37.1 87

Chevron [2] 2.0 n.d. 220 50 0.9 12.2 11. 75.6 n.d. n.d. n.d. n.d.

Cn—normal paraffins; Co—olefins (linear); Ciso—iso-paraffins and branched olefins.

Deactivation during the Fischer–Tropsch synthesis can be due to the phenomena of
active site poisoning, formation of surface carbon and carbidization, formation of mixed
compounds and re-oxidation of the metal, sintering of particles, etc.

To understand the causes of deactivation, after the reaction, we took samples of the
catalyst at different heights: the top, middle, and bottom of the reactor. The selected
samples were characterized with XRD using synchrotron radiation. The XRD results are
shown in Figure 9.
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The diffraction pattern for all samples, regardless of the height of the catalyst layer, is
of the same type: there are diffraction reflections of metallic cobalt and its oxide, aluminum
oxide, and ZSM-5 zeolite. Based on XRD data, it was established that in the course
of synthesis, there is no formation of hard-to-recover metal-carrier compounds and no
significant oxidation of metallic cobalt. In turn, the estimated average size of crystallites of
metallic cobalt is 12 nm, while the particle size of the catalyst before synthesis is 8 nm. Thus,
one of the reasons for reducing the activity of the catalyst is the coarsening of particles of
metallic cobalt (sintering).
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3. Materials and Methods
3.1. Catalyst Preparation

A bifunctional cobalt catalyst for the synthesis of FT was obtained by mixing and
molding powders of a cobalt-containing component, ZSM-5 zeolite in the H-form, and a
binder, boehmite. The cobalt catalyst Co-Al2O3/SiO2 was used for the selective synthesis
of long-chain hydrocarbons (20.0 Co and 1.0 Al2O3 wt.%) with a silica gel carrier KSKG
(OOO Salavat Catalyst Plant, Salavat, Russia) [22], and zeolite HZSM-5 was used as the acid
component. with a SiO2/Al2O3 molar ratio of 40.5 (OOO Ishimbay Specialized Chemical
Plant of Catalysts, Ishimbay, Russia) [21,32] and binder boehmite Al(OH)O (Sasol, TH 80).

The catalyst was prepared by mixing the following powders (fraction <0.1 mm) in
wt.%: catalyst Co-Al2O3/SiO2—35, HZSM-5—30, boehmite—35 [20,21,23,32]. To plasticize
the boehmite binder, an aqueous-alcoholic solution of triethylene glycol and nitric acid
was used (the nitric acid solution was prepared by adding 1–2 mL of nitric acid with a
concentration of 65 wt.% in 90–100 mL of distilled water per 100 g of a mixture of powders;
triethylene glycol was introduced based on the volume ratio nitric acid:triethylene glycol
in a mixture of 1:3). The catalyst granules were molded by extrusion. The mold was dried
for 24 h at room temperature, 4–6 h at 80–100 ◦C, and 2–4 h at 100–150 ◦C and calcined
for 5 h at 500 ◦C. To obtain an experimental batch of synthetic gasoline in a pilot plant, an
enlarged laboratory batch of a bifunctional cobalt catalyst for the synthesis of FT with a
volume of 500 cm3 was produced.

3.2. Catalyst Characterization

The phase composition of the reduced catalyst was determined with X-ray diffraction
using the equipment of the European Synchrotron Radiation Center (ESRF, Grenoble,
France) in the 2θ angle range from 5◦ to 55◦ with a radiation wavelength λ = 0.7121 Å. The
determination of the qualitative phase composition was performed using PDF-2 [33] in the
Crystallographica software package (Version 3,1,0,2 with RDB support). The diffraction
patterns of the catalysts were processed using the FullProf program.

XRD was performed with precision X-ray diffraction using synchrotron radiation at
the X-ray diffraction analysis station of the Kurchatov Research Center. The diffraction
pattern was taken at a radiation wavelength of 0.074 nm using the “transmission” geometry
and registration of scattered radiation with a Rayonix SX165 two-coordinate detector, LaB6
standard (NIST SRM 660a) [20]. The beam size on the sample was 400 µm. The catalyst
sample was placed in a 300 µm cryostat and rotated around a horizontal axis during
the measurement, which allowed the diffraction patterns to be averaged according to
sample orientations.

Based on the XRD data of the catalyst in the oxide form, the average particle size of
Co3O4 (d(Co3O4), nm) was determined using the Debye–Scherrer equation [34]:

d(Co3O4) =
K · λ

β · cos θ
(1)

where d(Co3O4) is the average particle size (nm); K is the dimensionless particle shape
factor (K = 0.89); λ is the wavelength of X-ray radiation (nm); θ is the Bragg angle (rad); β
is the reflection width at half height (rad).

There is a formula that calculates, based on the average particle size of Co3O4 (d(Co3O4),
nm), using the Debye–Scherrer equation to determine the size of Co0 particles [35]:

d(Co0) = d(Co3O4) × 0.75 (2)

where d(Co3O4) is the average particle size of Co3O4 calculated using the Debye–Scherrer
equation.

The particle size of the cobalt catalysts was determined through transmission electron
microscopy (TEM) using a Tecnai G2 Spirit BioTWIN (FEI, Boston, MA, USA) with an
accelerating voltage of 120 kV. The catalyst sample was preliminarily reduced with a
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nitrogen–hydrogen mixture (5% H2 + 95% N2) during linear heating from room temperature
to 500 ◦C for 1 h.

The average size of cobalt crystallites (dav(Co0), nm) was calculated using the following
formula [36]:

dcp(Co0) =
∑ ni·d3

i

∑ ni·d2
i

(3)

where ni is the number of particles with diameter di.
The standard deviation was determined by the following formula [36]:

σ =

√
∑i ni × (di − d(Co0))2

∑ ni
(4)

The size distribution of metal particles was obtained from measurements of
~200 particles from several micrographs taken at different locations on the grid.

The microstructure of the catalyst surface was studied through scanning electron
microscopy (SEM) on a JSM-6490LV microscope (JEOL, Osaka, Japan) at an accelerating
voltage of 30 kV, which was equipped with an INCA Penta FET 3 energy dispersive detector
(Oxford Instruments, Wycombe, UK).

The study of the parameters of the porous structure of zeolite samples was carried
out via nitrogen adsorption–desorption using a Nova 1200e instrument (Quantachrome,
Boynton Beach, FL, USA). The value of the specific surface obtained with the BET method
(Brunauer–Emmett–Teller) was calculated at a relative partial gas pressure P/P0 = 0.20.
The pore volume was determined using the BJH method at a relative partial pressure
P/P0 = 0.95; the pore-size distribution was calculated from the BJH desorption curve
(Barrett–Joyner–Halenda)’ the volume of micropores in the presence of mesopores was
measured using the t-method (de Boer and Lippens). The samples were preliminarily
subjected to vacuum treatment for 5 h at a temperature of 350 ◦C.

The process of reduction of surface phases and structures on the catalyst surface
was studied via temperature-programmed reduction with hydrogen (TPR H2) using a
Micromeritics ChemiSorb 2750 analyzer (Micromeritics, Norcross, GA, USA) equipped with
a thermal conductivity detector. TPR H2 was carried out under the following conditions:
catalyst weighed 0.10 g; gas mixture containing 10% hydrogen and 90% nitrogen; flow rate
of 20 mL/min; temperature range of 20–800 ◦C; and heating rate of 20 ◦C/min. Before TPR
H2, the catalyst was kept in a helium flow (20 mL/min) for 1 h at a temperature of 200 ◦C
to remove moisture and adsorbed gases.

The catalysts were studied via temperature-programmed ammonia desorption (NH3
TPD) on a Quantachrome Autosorb analyzer (Quantachrome, USA). Before adsorption, the
samples were degassed in a helium flow at 600 ◦C for 5 h and purged to remove physically
adsorbed ammonia. Ammonia was adsorbed at a temperature of 100 ◦C in a stream of an
ammonia-helium mixture (10% NH3 by volume) for 2 h. Desorption was carried out in the
temperature range of 100–600 ◦C with linear heating at a rate of 10 ◦C/min; the carrier gas
was helium.

Ex situ magnetic measurements of samples were carried out on a LakeShore VSM 7404
(LakeShore Cryotronics, Westerville, OH, USA) magnetometer. Metallic cobalt is ferro-
magnetic at room temperature, whereas CoO is paramagnetic, so its magnetic moment
can be neglected compared to the magnetic moment of the metal. Cobalt carbide is also
ferromagnetic, but its magnetic susceptibility [37] is an order of magnitude lower compared
to metallic cobalt [38], so it could be neglected as well. Thus, neglecting the magnetization
of non-metallic cobalt phases, the fraction of metallic cobalt in total loaded cobalt in the
sample Co0/Cotot, i.e., the cobalt extent of reduction (EOR), can be estimated from the
following relation:

EOR = Co0/Cotot = Ms/σ·m (5)
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where Ms is the measured saturation magnetization of a catalyst sample (emu), σ is the
specific magnetic susceptibility for bulk cobalt (164 emu/g)2, and m is the cobalt mass
contained in the sample (g).

3.3. Catalyst Characterization

The study of the influence of technological parameters in order to select the optimal
technological mode for determining the maximum selectivity and productivity for the
gasoline fraction was carried out on a laboratory installation in a flow mode in a tubular
reactor (inner diameter 16 mm) with a stationary bed of a pre-reduced catalyst using
synthesis gas with a ratio of H2/CO = 2 at pressures of 0.5, 1.0, and 2.0 MPa, gas hourly
space velocity (GHSV) = 1000 h−1, and temperature of 240–250 ◦C in a continuous mode
for 50–100 h. The catalyst was preliminarily reduced with hydrogen for 3 h at 400 ◦C and
GHSV 3000 h−1; the degree of reduction of cobalt was 60%.

The production of a batch of gasoline fraction in a volume of at least 1 L was carried out
on a pilot plant with a tubular reactor 1500 mm high. The pilot plant and its technological
scheme are shown in Figure 10.
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15, 22, 36, 37—shut-off valves; 4, 16, 26, 34—pressure regulators; 5, 8, 10, 12, 17, 23, 32, 35—straight tees;
6, 9, 18, 24—manometers; 7, 19—component flow regulators; 11, 33—pressure sensors; 20—synthesis
reactor; 21—steam collector; 27, 30—separators; 25, 29—cooler; 28, 31—valves; 38—temperature
controller “Termodat”; 39—gas meter; (b) photo of the pilot plant.

The unit consists of a reagent preparation unit, a hydrocarbon synthesis reactor unit,
and a reaction product cooling unit. H2 and CO gases are supplied from cylinders 1 and
13 installed outdoors. Control over the level of gas consumption is carried out using the
Bronkhorst gas flow regulators of the EL-FLOW series in automatic mode. The reactor
block for hydrocarbon synthesis includes a reactor 20 1500 mm high and 16 mm in diameter,
equipped with a cooling jacket and a coaxial pocket for a thermocouple, and a steam
collector 21. The volume of catalyst loaded into the reactor is 100 cm3 (fraction 1–2 mm
mixed with 100 cm3 1–2 mm quartz).

The temperature in the catalytic zone is controlled by removing excess reaction heat
due to the phase transition of water to steam in the cooling jacket or, in case of a lack of heat,
by heating the water in the jacket using a heating furnace and a Thermodat 38 temperature
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controller. The parameters (T, P) of boiling water in the jacket are set by the pressure
regulator 26. The pressure in the plant and the reactor is controlled by pressure gauge 9
and electronic pressure sensors 11 and 33. The reaction product cooling unit is a set of
air-cooled separators 27 and 30 and a water cooler 29.

Before starting the catalytic tests, the catalyst was reduced in a hydrogen flow for
3 h at a temperature of 400 ◦C and a GHSV of 3000 h−1. Activation of the samples with
synthesis gas with a ratio of H2/CO = 2 and catalytic tests were carried out at a pressure of
1.0 MPa and GHSV of 1000 h−1, raising the temperature from 180 ◦C to the specified test
temperature at a rate of 2.5 ◦C h−1.

The production of an experimental batch of hydrocarbons of the gasoline fraction
was carried out in a continuous mode of operation for 400 h. As collectors 27 and 30
were filled, the synthesis products (liquid C5+ hydrocarbons and water) were drained
and subjected to separation, fractionation, and analysis. Since in the course of long-term
testing, there is a partial loss of the hydrotreating function of the catalyst, accompanied
by a decrease in the content of isomeric structures (iso-alkanes, iso-alkenes) that affect the
quality and performance characteristics of the fuel, all hydrocarbon samples taken over
400 h of operation were combined and used to determine the average characteristics of
the fuel.

In parallel with the production of synthetic hydrocarbons, the temperature was con-
trolled along the height of the catalytic layer and, if necessary, corrected. The average
temperature in the catalytic bed was maintained in the range of 247–250 ◦C, which ensured
a CO conversion of at least 70%.

The composition of the initial gas and gaseous synthesis products was analyzed
using a Kristall 5000 gas chromatograph (Khromatek, Russia) equipped with a thermal
conductivity detector and two columns (Haysep R active phase and NaX molecular sieves).
The analysis mode is temperature-programmable with a heating rate of 8 ◦C/min.

The condensed synthesis products were separated via distillation at atmospheric pressure,
separating fuel fractions with a boiling point: gasoline—up to 180 ◦C, diesel—180–330 ◦C,
distillation residue—above 330 ◦C. The composition of C5+ hydrocarbons was determined using
an Agilent 7890A chromato-mass spectrometer (Agilent Technologies, Santa Clara, CA, USA)
equipped with an MSD 5975C detector and an HP-5MS capillary column.

4. Conclusions

The conducted studies on the variation of technological parameters in the synthesis of FT
on a bifunctional catalyst made it possible to identify the conditions under which the largest
amount of gasoline fraction with the content of isomeric hydrocarbons is formed (pressure
1.0 MPa, temperature 250 ◦C, GHSV = 1000 h−1). Under these conditions, an experimental batch
of gasoline fraction was produced at the pilot plant; its main properties were analyzed according
to GOST. The resulting synthetic fraction of gasoline fuel in some parameters differs significantly
from the requirements of GOST 51105-2020 for petroleum gasoline. There are no aromatic
hydrocarbons and benzene in the synthetic fraction, which improves its environmental charac-
teristics but reduces its operational characteristics—octane number and density. According to
the content of olefins, the synthetic gasoline fraction is close to catalytically cracked gasoline.

Thus, gasoline fuel obtained through the fractionation of synthetic oil certainly has
good environmental characteristics, but in terms of performance, it does not meet the
requirements of the current standards for petroleum gasoline. The use of synthetic gasoline
may become possible by compounding it, for example, with distillates from secondary oil
refining processes at refineries. At the same time, C1–C4 hydrocarbon gases, which are
available in excess at refineries, can become raw materials for producing synthetic gasoline.

Another possible option for bringing synthetic gasoline to the requirements of GOST
is its secondary processing, for example, light hydrogenation, catalytic reforming, and
methoxylation processes. However, this requires additional research on the selection of
catalysts and process modes.
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