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Abstract

The effect of the hierarchical pore structure of ZSM-5 zeolites obtained by
alkali modification on the composition of the synthesized products and the
catalytic properties of bifunctional cobalt catalysts for the Fischer-Tropsch
synthesis was studied. The bifunctional catalysts were prepared by mechan-
ically mixing the Co-Al,O3/SiO. catalyst, HZSM-5 zeolite and boehmite
binder. The HZSM-5 zeolite was preliminarily subjected to alkali modifica-
tion with different alkali concentrations (0.1, 0.25, 0.5, and 1.0 M) to create
a hierarchical porous structure and change the acidic properties of the zeo-
lite. The samples of ZSM-5 zeolites and the bifunctional catalysts prepared
on their basis were characterized by SEM, low-temperature nitrogen adsorp-
tion-desorption, X-ray diffraction and H, TPR. Catalytic tests were carried out
in a tubular reactor with a fixed catalyst bed at a pressure of 2.0 MPa, a tem-
perature of 250 °C and a gas space velocity of 1000 h™. The tests were per-
formed for 70-80 h of continuous operation. The fractional composition of the
Fischer-Tropsch synthesis products was studied at a temperature of 250 °C. It
was shown that preliminary treatment of zeolite ZSM-5 with a 0.5 M alkali
solution contributed to an increase in the yield and productivity of branched
hydrocarbons to 62% and 70.3 kg/(m3..-h) compared to a similar bifunctional
catalyst based on the industrial microporous zeolite HZSM-5.

Key findings

e Alkaline modification of zeolite HZSM-5 with 0.1-1 M alkali solution resulted in the
formation of additional mesopores and nonlinear change in the number of weak and
strong acid sites.

e The use of hierarchical zeolite HZSM-5 pre-treated with 0.5 M alkali solution in the

hybrid catalyst contributed to the selective formation of hydrocarbons with a
branched structure.

e The developed hybrid catalyst can be used in the chemical and petrochemical in-
dustries.
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1. Introduction

To obtain high-quality synthetic fuel with a large content of
branched hydrocarbons at the stage of Fischer-Tropsch syn-
thesis (FTS), bifunctional catalysts are used, containing a
metal component - cobalt and an acidic component - zeolite
[1, 2]. The presence of zeolite in the composition of the bi-
functional catalyst promotes the formation of branched hy-
drocarbons, which, in turn, increases the octane number of
the gasoline fraction and improves the low-temperature
characteristics of the diesel [3]. MFI type zeolites, such as

ZSM-5, have become widely used as catalysts for hydrocar-
bon isomerization, since they have a developed surface
area, a sufficient number of Brgnsted acid sites, and high
hydrothermal and chemical stability [4-6]. However, the
structural features of zeolite systems impose some re-
strictions on their use in FTS. In the processes of hydrocar-
bons hydrofining, access of reagents to acidic centers of ze-
olite is of great importance. It is known that the mi-
croporous structure of aluminosilicates (pore size 0.5-
2.0 nm) prevents the mass transfer of large hydrocarbon
molecules to acidic centers inside the zeolite volume. As a
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result, the catalytic reaction occurs only on the outer sur-
face, which leads to the formation of unwanted by-prod-
ucts, blocking of micropores and rapid deactivation of alu-
minosilicate [7-9]. This issue can be resolved by forming a
hierarchical (micro-mesoporous) structure in the zeolite,
which will improve mass transfer and open access to the
acidic centers located inside the zeolite volume [10-12].
Synthesis methods for hierarchical zeolites can be divided
into two main groups: the bottom-up approach and the top-
down approach. The bottom-up approach (or primary syn-
thesis) is carried out directly during the synthesis of zeo-
lites and includes hard templating, soft templating, and ze-
olitization [13-15]. The top-down approach (or post-synthe-
sis modification) is applied to the finished microporous ma-
terial, which is then subjected to post-synthetic modifica-
tion to obtain a hierarchical zeolite and includes dealumi-
nation, desilylation, recrystallization, and irradiation [16-
19]. Desilylation is one of the cheap and universal methods
for creating secondary porosity in zeolites. It is based on
the selective removal of Si atoms in the zeolite structure in
an alkaline medium. Alkaline modification of zeolites takes
into account the ratio of various Bregnsted and Lewis acid
sites and can also take into account their localization and
ratio. In addition, the removal of silicon improves molecu-
lar diffusion by creating additional pores. The desiliconiza-
tion method has been well studied and has long been used
in industrial conditions for the processing of zeolites. Most
fundamental studies on the creation of a hierarchical struc-
ture were carried out for ZSM-5 zeolites with a silicate mod-
ule of 25-50 as a commercially in-demand product [20]. At
the same time, when using zeolites with a hierarchical po-
rous structure as bifunctional catalysts, there are no unam-
biguous ideas, since the structure and topological charac-
teristics of zeolites are based on the Fischer-Tropsch syn-
thesis. It should be taken into account that the optimal con-
ditions for alkaline treatment largely depend on the prop-
erties of a specific zeolite manufacturer. Based on the
above, this work was recognized as a universal hierarchical
structure of ZSM-5 zeolite obtained by alkaline modification
with different concentrations of NaOH on the selectivity and
productivity of hydrocarbons of a branched element. This
work generalizes scientific knowledge about the influence of
the physicochemical properties of acid components of hybrid
catalysts on their catalytic characteristics in the Fischer-
Tropsch synthesis [21, 22].

2. Experimental

For the studies, synthetic zeolite ZSM-5 of the MFI type with
a silicate modulus of 40.5 in the proton form was used. It
was obtained by calcining the ammonia form of zeolite (Ze-
olyst International) for 6 h at a temperature of 550 °C. The
modification of the zeolite was carried out according to the
method given in work [23]. When preparing modified sam-
ples, a weighed portion of zeolite (m = 10 g) was treated
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with a NaOH (V = 100 cm3) solution having a molar concen-
tration of 0.1, 0.25, 0.5 and 1.0 M for 1 h at a temperature
of 70 °C. Then the zeolite samples were washed with dis-
tilled water at room temperature, dried for 8 h at a temper-
ature of 100-120 °C and calcined for 3 h at 300 °C. The H-
form of zeolites was obtained by treating the samples with a
1 M solution of NH4NO;3 (V = 100 cm3) for 1 hour at a temper-
ature of 70 °C, after which they were dried for 8 h at a tem-
perature of 100-120 °C and calcined for 6 h at 550 °C. The
samples of zeolite HZSM-5 were designated as follows: initial
- Z, modified - x Z, where x is the molar concentration of
the NaOH solution used in the processing, x: 0.1, 0.25, 0.5
and 1.0 M.

Bifunctional cobalt catalysts for SFT were obtained in
the form of a mixture of components [24]. The metal com-
ponent was the Co-Al.03/SiO- catalyst for the selective syn-
thesis of long-chain hydrocarbons [25] with a silica gel car-
rier KSKG (LLC «Salavat Catalyst Plant»), the acid compo-
nent was the initial or modified samples of zeolite HZSM-5,
and the binder was boehmite (Sasol, TH 80).

The catalysts were prepared by mixing powders
(fraction < 0.1 mm), % by weight: catalyst Co-Al.03/SiO2 -
35, zeolite HZSM-5 - 30, boehmite - 35 [2]. To plasticize the
boehmite binder, a water-alcohol 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% by weight to 90-100 ml of distilled water per 100 g
of the powder mixture; triethylene glycol was added based
on the volume ratio of nitric acid triethylene glycol in the
mixture of 1:3). The catalyst granules were formed by extru-
sion. They were dried for 24 h at room temperature, 4-6 h at
80-100 °C, 2-4 h at 100-150 °C and calcined for 5 h at
400 °C. The catalysts were designated as follows: initial -
Cat, with modified zeolite - x Cat, where x is the concentra-
tion of the NaOH solution, x: 0.1, 0.25, 0.5 and 1.0 M.

The microstructure of the zeolites was studied by scan-
ning electron microscopy with field emission (FE-SEM) on
a Hitachi Regulus SU8220 scanning electron microscope.
The images were taken in the secondary electron recording
mode at an accelerating voltage of 4 kV.

The parameters of the porous structure of zeolites and
catalysts were studied by the nitrogen adsorption-desorp-
tion method using a Nova 1200e device (Quantachrome,
USA). The specific surface area was calculated by the BET
(Brunauer-Emmett-Teller) method at a relative partial gas
pressure of P/Po = 0.20. The pore volume was determined
by the BJH (Barrett-Joyner-Halenda) method at a relative
partial pressure P/Po = 0.95; the pore size distribution was
calculated using the BJH desorption curve, and the mi-
cropore volume in the presence of mesopores was meas-
ured using the t-method (de Boer and Lippens). The sam-
ples were preliminarily subjected to vacuum treatment for
5 h at a temperature of 350 °C.

The acidic properties of the zeolites were assessed using
the temperature-programmed desorption of ammonia
(NH3-TPD) method on a ChemiSorb 2750 device. The zeolite
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samples were pre-degassed in a helium stream at 550 °C for
1 h. Ammonia adsorption was carried out for 1 h at room
temperature in a flow of ammonia-helium mixtures. (5%
ammonia by volume). The removal of physically adsorbed
ammonia was carried out in a helium stream at 100 °C for
1 h. Ammonia desorption was carried out in a helium stream
in the temperature range of 100-550 °C, with a heating rate
of 20 °C min™. The gas flow at all stages was equal to 20 ml
min™.

X-ray phase analysis of the zeolites and the catalysts
was carried out using a Thermo Scientific ARLX'TRA Pow-
der Diffractometer (Thermo Fisher Scientific, Switzerland)
with Cu Ka radiation using the point scanning method (step
0.02°, accumulation time 1 s) in the 260 range of 5°-90°. The
phase composition was identified using the electronic data-
base of diffraction standards ICDD PDF-2 in the Crystallo-
graphica software package. The X-ray diffraction patterns
were processed using the FullProf program; the average
particle size of cobalt oxide for the characteristic line with
a 20 value of 36.8° was calculated using the Scherrer equa-
tion [26]:

K-A

d(Co30,) = B coso’

(1)
where d(Cos04) is the average particle size, nm; K is the
dimensionless particle shape factor (K = 0.89); A is the X-
ray wavelength, nm; 0 is the Bragg angle, rad; B is the half-
height width of the reflection, rad.

The average particle size and dispersion of metallic co-
balt were calculated in accordance with [27]:

d(Co®) = d(Co30,) - 0.75, (2)

where d(Co°) is the size of cobalt particles, nm; d(Co30,) is
the size of cobalt oxide particles, nm.

The calculation of the relative degree of crystallinity of
zeolites was performed taking into account the integral de-
gree of characteristic reflections of zeolite ZSM-5 in the an-
gular range from 22.5° to 25.0° [28, 29]. Untreated zeolite
ZSM-5 was used as a sample with a degree of standard crys-
tallinity equal to 95%.

The studies of catalysts by the temperature-pro-
grammed reduction method with hydrogen (TPR H-:)
were carried out on a Micromeritics ChemiSorb 2750 an-
alyzer (Micromeritics, USA) with a thermal conductivity
detector (TCD). The catalysts were preliminarily kept in
a helium flow (20 ml min™) for 1 h at a temperature of
200 °C. Then they were cooled to room temperature and
10% hydrogen and 90%
(20 ml min™') was supplied. The studies were carried out

a mixture of nitrogen
in the temperature range of 20-800 °C with a heating
rate of 20 °C min™.

The study of catalytic properties in FTS was conducted
in an isothermal reactor with a diameter of 16 mm and a
fixed catalyst bed. The reactor was loaded with 5-10 cm3 of
the catalyst (fraction 1-2 mm) mixed with 15-30 cm3 of
quartz. The catalyst was reduced with hydrogen for 1 h ata

3 of 10

ARTICLE

temperature of 400 °C and a gas hourly space velocity of
3000 h™. Activation of samples with synthesis gas with a
ratio of H./CO = 2 and the catalytic tests were carried out
at a pressure of 2.0 MPa and a gas volumetric velocity of
1000 h™, raising the temperature from 180 °C to 250 °C at
a rate of 2.5 °C h™’. Balance experiments were carried out
for 70-80 hours, analyzing the composition and quantity of
gas at the outlet of the installation every 2 h. The activity
of the catalysts was judged by the conversion of CO, selec-
tivity and productivity of the catalysts, and the fractional
and hydrocarbon composition of the synthesis products.
The total error in calculating the results of catalytic tests
did not exceed 2.5%.

The following equations were used to calculate CO con-
version values Xco and selectivities:

moles of CO at inlet)—(moles of CO at outlet
. ) (mole ). 100%.  (3)
(moles of CO at inlet)

Xco =

CO: selectivity:

SCOZ = (moles of C(Omionlfest)c—o(rantol;ieé)o at outlet) - 100%. (4)
Gaseous hydrocarbons Cn (n = 1-4) selectivity:
Scn = (moles of CO at inl:t‘)(r—n(ziisleosff:cﬁZ::lf:l)et)—(moles 0f CO,) ~100%.  (5)
Cs+ selectivity:
4
Se,, = 100% — Z Se, (6)

n=1

The productivity of Cs+ hydrocarbons was calculated as:

(7

mc,
Ge,, = 5=+ 100%.

where mcs+ is the mass of Cs+ hydrocarbons, kg; Vcat is the
volume of the catalyst, m3; t is the time, h.

The composition of the initial gas and gaseous synthesis
products was analyzed using a Crystal 5000 gas chromato-
graph (Chromatec, Russia) equipped with a thermal con-
ductivity detector and two columns (active phase Haysep R
and molecular sieves NaX). The analysis mode was temper-
ature-programmed with a heating rate of 8 °C min™.

The condensed synthesis products were separated by
distillation at atmospheric pressure, isolating fuel fractions
with boiling points: gasoline - up to 180 °C, diesel - 180-
330 °C, bottoms - above 330 °C. The composition of Cs+ hy-
drocarbons was determined using an Agilent 7890A chro-
matograph mass spectrometer (Agilent Technologies, USA)
equipped with an MSD 5975C detector (Agilent, USA) and
an HP-5MS capillary column.

3. Results and Discussion

3.1. Physicochemical properties of zeolites

Table 1 presents the designations of alkali-modified HZSM-
5 zeolites and bifunctional catalysts prepared on their basis.
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According to the electron microscopy data (Figure 1),
changes in the surface morphology of alkali-modified zeo-
lites are observed compared to the original zeolite. Zeolite
Z has intergrowths of elongated prismatic crystals from 100
to 700 nm. After post-synthetic treatment of zeolite Z with
alkali, small particles measuring 100-200 nm dissolve. As
a result, voids are formed in their place (Figure 1 b, c¢). It
should be noted that when treated with a 0.25 M NaOH so-
lution in zeolite 0.25 Z, small particles of 100-200 nm in
size are still observed. However, a further increase in the
NaOH concentration to 0.5 M leads to their almost complete
dissolution.

A study of the textural characteristics of alkali-modified
HZSM-5 zeolites showed a change in the porous structure
after treatment with alkali solutions of different concentra-
tions. It is noteworthy that with an increase in the alkali
concentration from 0.1 to 0.5 M there is no significant
change in the specific surface area of the modified zeolites
(345-307 m?/g), whereas the external specific surface area
(106-155 m?/g), the total pore volume and mesopore vol-

ARTICLE

solution used to modify the zeolite. The pore size of the al-
kali-modified zeolites 0.1 Z and 0.25 Z does not exceed 2
nm. For the 0.5 Z sample, the pore size is from 2 to 8 nm,
with maxima of 4 and 6 nm.

Analysis of the acidic properties of alkali-modified zeo-
lites showed that the original zeolite Z has two clear peaks
(Figure 3). The first of them is located in the low-tempera-
ture region (Peak 1) at 150-300 °C and refers to weak acidic
centers. The second peak (Peak 2) is found in the high-tem-
perature region at 370-440 °C [30]. It is usually associated
with the desorption of ammonia from Brgnsted acid sites
and is classified as a strong acid site. It was determined that
the acidity of zeolites has a complex dependence on the con-
centration of the NaOH solution with which the zeolite Z
was treated (Table 2). For zeolite 0.1 Z, a decrease in the
concentration of weak and strong acidic centers is ob-
served. Zeolite 0.25 Z has comparable values of acidic prop-
erties with zeolite Z.

Table 1 Designations of the obtained zeolites and catalysts.

ume increase (Table 2). Treatment with a higher concentra- Concentration of NaOH, * M Zeolite Catalyst
tion of alkali resulted in the of zeolite 1.0 Z being 2 times - Z Cat
less than that of the original Z. 01 0.1Z 0.1 Cat
For the initial zeolite Z, a weakly expressed hysteresis 0.25 0.257Z 0.25 Cat
loop is observed (Figure 2). The isotherms of the modified o5 05% 0.5 Cat
zeolites have a more noticeable hysteresis loop in the pres-
1.0 1.0Z 1.0 Cat

sure range of 0.5 < P/P, < 0.95, the area of which increases
significantly with increasing concentration of the alkali

2 Concentration of NaOH solution used to obtain hierarchical zeolite xHZ.

Figure 1 Micrographs of the surface of zeolites: Z (a), 0.25 Z (b), 0.5 Z (c).

Table 2 Parameters of the porous structure and acid characteristics of zeolites.

3 Sger Seu Vineso Viotal . Acidity, pmol/g Relative degree of
Zeolite Pore size, nm .. @
m?/g cm3/g Peak 1 Peak 2 Total crystallinity (%)
Z 345 106 0.13 0.25 >2 454 316 770 95
0.1Z 307 115 0.14 0.24 2 413 287 700 93
0.25Z 347 145 0.21 0.31 2 448 324 772 88
0.5Z 327 155 0.32 0.41 2-8 552 383 935 79
1.0Z 178 n/a n/a n/a n/a 685 249 934 67
Sger - specific surface area according to BET;
Sgu — external specific surface area;
Vmeso — specific volume of mesopores;
Viotal — total specific pore volume.
4 of 10 DOI: 10.15826/chimtech.2025.12.1.14
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Figure 3 TPD spectra of NH; zeolites: Z (a), 0.5 Z (b), 1.0 Z (c).
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However, the treatment of zeolite Z with a higher con-
centration of alkali 0.5-1.0 M led to the opposite effect.
Thus, zeolite 0.5 Z has the maximum concentration of
strong acidic centers (383 pmol/g), and zeolite 1.0 Z has the
highest content of weak acidic centers (685 pmol/g). More-
over, the concentration of total acidic centers in zeolites 0.5
and 1.0 Z is comparable.

3.2. Physicochemical properties of catalysts

Bifunctional catalysts are a complex multiphase system. In
this regard, the total acidity and specific surface area of the
components of bifunctional catalysts were investigated (Ta-
ble 3). It is important to note that during the preparation of
the catalyst, during calcination, boehmite (A1(OH)O) is con-
verted into aluminum oxide y-Al.Os. Therefore, in order to
measure the acidity and specific surface area of the result-
ing y-Al.O3, the initial boehmite was molded, dried and cal-
cined, as was the bifunctional catalyst. From the data ob-
tained, it was found that the specific surface area of the Co-
Al>03/Si0O- and y-Al.O; components is 205 and 204 m?/g. In
the presence of the Co-Al.03/SiO- catalyst, linear alkanes
are obtained with high selectivity, while branched hydro-
carbons are very few in number [31]. The value of its acidity
of 349 pmol g™ is explained by the adsorption of ammonia
on the surface of silica gel (SiO-). Obviously, in addition to
the zeolite, the secondary transformations of linear hydro-
carbons are also affected by the contribution of y-ALOs. It
was found [24] that the presence of y-Al.O3 in the catalyst
in which inert quartz chips were used instead of zeolite pro-
motes the initiation of the hydrocracking/isomerization re-
action of the primary products of the Fischer-Tropsch syn-
thesis.

The diffraction patterns of the bifunctional catalysts are
shown in Figure 4. The zeolites retained their peak inten-
sity in the range of angles 26 = 7-30°. At the same time, for
catalysts 0.5 Cat and 1.0 Cat in the range of angles 26 = 22—
27°, a broadening and decrease in the intensity of zeolite
reflections are observed, which is associated with partial
destruction of its crystalline structure under the action of
alkali. The relative degree of crystallinity was calculated for
the original and modified zeolites (Table 2). The reflections
of aluminum oxide Al.O; are in the range of angles 260 = 47-
70°. It is formed during the heat treatment of the binding
component boehmite. The weak intensity of the Al.O; re-
flections is due to its low crystallinity. SiO- is X-ray amor-
phous. The cobalt oxide phase C0304 is in the range of an-
gles 26 = 18-65°.

Table 3 Parameters of the porous structure and acid characteris-
tics of catalyst components.

Component Acidity, pmol/g Sger, M?/g
Co-Al,0,/Si0, 349 205
Y-ALO;" 639 204

* precursor - boehmite (AIOOH);
Sger — specific surface area according to BET.
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Analysis of the porous structure of the granules of the
obtained hybrid catalysts (Table 4) showed that the total
specific surface area and the specific surface area of the
micropores of catalyst Cat and catalysts 0.25 Cat, 0.5 Cat
differ insignificantly. At the same time, the total specific
surface area of the catalyst 1.0 Cat has the smallest
value, which is due to a decrease in this parameter for
1.0 Z. Catalysts 0.25 Cat, 0.5 Cat show an increase in the
mesopore volume from 0.55 to 0.59 cm3/g and the total
pore volume (V) from 0.59 to 0.62 cm3/g with an in-
crease in the concentration of the alkali solution used to
modify the zeolite, which correlates well with the change
in the porosity of the zeolites included in the obtained
catalysts.

The particle size of Co30,4 calculated using the Scherrer
equation is 13-16 nm, which corresponds to the size of the
metallic cobalt crystallites that should form after reduction,
10-12 nm (Table 4).

For all the studied hybrid catalysts, the reduction of
Co3* to Co?* (Peak 1) occurs in the range from 250 to
400 °C (Figure 5). In turn, Co?* is converted to Co° in the
temperature range of 400-600 °C (Peak 2) [32]. The ratio
of the corresponding peak areas (Peak 2/Peak 1) varies
within the range of 2.7-2.8 and tends to the stoichiometric

value of 3.
| 4 - zeolite ZSM-5; ® - Co,0,; O-ALO, |
’ L ]
* e * 0 LI =
5
. L ]
" ‘|’ - [ m| . o]
5 W 4
ﬁ * .
E‘ Y H’ (] | ! - *0
I (¢ wm%,m“* lM'H'MWMM*‘“PMNHM it
] - i ’
P
.0 n) . 0 . *0
WWWW 2
¢ .
* * . bom e >0
1
5 15 25 35 45 55 65 75 85
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Figure 4 Diffraction patterns of catalysts: 1 - Cat; 2 - 0.1 Cat; 3-
0.25 Cat, 4 - 0.5 Cat, 5 - 1.0 Cat.

Table 4 Parameters of the porous structure and particle size of
cobalt bifunctional catalysts.

Sger Sgu Vineso Viotal CSR, nm
Catalyst
m?/g cm3/g Co;0, Co®
Cat 245 187 0.56 0.59 13+1.0 10
0.25 Cat 251 196 0.54 0.57 15+1.3 11
0.5 Cat 253 204 0.59 0.62 13%1.5 10
1.0 Cat 208 n/a n/a n/a 16+1.5 12

Sger - specific surface area according to BET;
Spu - external specific surface area;

Vmeso — specific volume of mesopores;

Viotal — total specific pore volume.
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3.3. Results of catalytic tests

The results of catalytic tests of the obtained bifunctional
catalysts in the synthesis of hydrocarbons at 250 °C, a pres-
sure of 2.0 MPa and a gas space velocity of 1000 h™ are pre-
sented in Table 5. From the obtained data it is evident that
modification of zeolite with an alkali solution of 0.1 and
0.25 M for catalysts 0.1 Cat and 0.25 Cat does not affect the
degree of CO conversion, selectivity and productivity for Cs+
hydrocarbons. However, when treated with a higher con-
centration of alkali, a decrease in these parameters is ob-
served for 0.5 Cat and 1.0 Cat catalysts. Moreover, for all
bifunctional catalysts, with an increase in the concentration
of alkali, there is an increase in methane selectivity. The
influence of zeolite on catalytic activity is not typical for
FTS catalysts, since the main catalytic indicators are af-
fected by the cobalt component of the bifunctional catalyst
[33]. It should be noted that the hierarchical structure of
the zeolite for our catalysts was obtained by the alkaline
modification method. Even though the alkaline zeolites
were treated in our industrial ion exchange of sodium for
ammonia cations, the modified zeolites could retain resid-
ual sodium [23]. It is known from the literature that sodium
reduces the catalytic activity of cobalt catalysts [34, 35]. We
see that the decrease in the catalytic parameters for the
0.5 Cat and 1.0 Cat catalysts is probably due to the presence
of sodium in the zeolite crystal lattice. In general, a slight
influence of the structure and composition of zeolite in some
bifunctional catalysts on the catalytic parameters was noted
in other studies [36, 37].

The component composition of Cs+ hydrocarbons ob-
tained in the presence of bifunctional catalysts (Table 6) is
represented mainly by liquid hydrocarbons, 88-94% of
which are: 48-62% is the gasoline fraction (Cs-Cio) and 32-
40% is the diesel fraction (C11-Cis). The content of Cig+ hy-
drocarbons does not exceed 11 %. A correlation is observed
between the selectivity of the formation of branched hydro-
carbons and the acidity of the zeolites included in the hy-
brid catalysts. Catalysts based on modified zeolites 0.1 Cat
-0.25 Cat and 1.0 Cat showed reduced selectivity for
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branched alkanes, linear and branched alkenes, in compar-
ison with catalyst Cat. The iso/n parameter (the ratio of
branched hydrocarbons to linear ones) was used to evaluate
the isomerizing ability of the catalyst [38]. It was found
that treatment with 0.1, 0.25, and 1 M alkali solution re-
duced the iso/n ratio compared to catalyst Cat., which is
associated with a decrease in the number of strong acid
sites in zeolites 0.1 Z, 0.25 Z, and 1.0 Z. On the contrary,
modification with 0.5 M alkali solution for 0.5 Cat catalyst
contributes to an increase in selectivity of 62%, productiv-
ity of 70.3 kg/(m3cat-h) for branched hydrocarbons and a
maximum value of the iso/n parameter of 1.6.

4. Limitation

In this study, zeolites with a hierarchical porous structure
were used to create bifunctional catalysts for Fischer-Trop-
sch synthesis. Hierarchical zeolites were obtained by alka-
line treatment of microporous zeolite ZSM-5 with an aque-
ous NaOH solution. This approach allowed reducing diffu-
sion limitations in the porous system of zeolite and increas-
ing the number of strong acidic centers. As a result, the num-
ber of branched olefins in the composition of the synthesis
products increased. However, isoalkanes are of great value
as components of motor fuels. It is possible to increase the
amount of isoalkanes by introducing a noble metal (Pt, Pd,
Ru) promoting additive into the bifunctional catalyst. It is
planned to conduct such studies in the future. It should be
noted that after alkaline treatment of zeolite with NaOH,
subsequent washing and ion exchange, a small amount of so-
dium may remain in its cationic positions. It is known that
sodium can have a negative impact on the activity of cobalt
catalysts for hydrocarbon synthesis. In the future, it is
planned to conduct experiments in which sodium of different
concentrations will be introduced into the zeolite, and its
effect on the catalytic activity of the catalysts, as well as on
the composition of the resulting products, will be studied.

5. Conclusions

Alkaline modification of zeolite HZSM-5 with 0.1-1.0 M
NaOH solution leads to the formation of additional pores
and a nonlinear change in the acidic properties of hierar-
chical zeolites HZSM-5. It was shown that the isomerizing
capacity of the bifunctional catalyst is influenced not only
by an increase in the number of pores, but also by the con-
centration of strong acidic centers. It was determined that
modification of zeolite HZSM-5 0.5 M with an alkali solu-
tion promotes the formation of a regular mesoporous struc-
ture (2-8 nm) and increases the number of strong acidic
centers by 383 pmol/g. The use of such a zeolite in the com-
position of a bifunctional catalyst for Fischer-Tropsch syn-
thesis at a temperature of 250 °C increases the yield and
productivity of branched hydrocarbons to 62%
70.3 kg/(m3cat-h) compared to a similar catalyst based on

and

industrial microporous zeolite HZSM-5.
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Table 5 Catalytic activity of the catalysts.
Catalyst Xeo?, % Selectivity, % Ges+S, kg/(m3cqe -h)
CH, C,-C, (o co, general br.?
Cat 85.9 15.8 8.2 72.8 3.3 132.0 67.8
0.1 Cat 86.3 16.9 8.8 70.5 3.9 130.8 51.1
0.25 Cat 85.2 17.3 8.4 71.6 2.7 131.4 63.3
0.5 Cat 81.9 20.2 11.8 65.3 2.7 113.4 70.3
1.0 Cat 76.0 28.7 15.2 52.5 3.7 85.4 19.2
2br. - for branched hydrocarbons;
P X(CO) - CO conversion rate in %;
¢Gcs+ - productivity of hydrocarbons Cs. in kg/(m3cat. -h).
Table 6 Composition of the synthesis products of Cs, hydrocarbons.
Group composition of hydrocarbons Cs., % wt.
Catalyst Hydrocarbons Total iso/n?
Cs—Cyo Cu—Cis Cio+
alkanes 9.4 13.1 3.7 26.2
branched alkanes 11.5 10.5 2.1 24.1
Cat alkenes 20.3 2.1 - 22.4 1.1
branched alkenes 20.9 6.4 - 27.3
Total 62.1 32.1 5.8 100.0
alkanes 22.9 19.9 6.7 49.5
branched alkanes 8.3 14.0 4.4 26.7
0.1 Cat alkenes 8.9 2.5 - 11.4 0.6
branched alkenes 8.3 4.1 - 12.4
Total 48.4 40.5 11.1 100.0
alkanes 22.7 12.4 3.9 39.0
branched alkanes 11.8 14.9 3.3 30.0
0.25 Cat alkenes 11.4 1.4 - 12.8 0.9
branched alkenes 13.7 4.5 - 18.2
Total 59.6 33.2 7.2 100.0
alkanes 15.6 9.6 3.1 28.3
branched alkanes 7.8 9.4 2.7 19.9
0.5 Cat alkenes 9.6 0.1 - 9.7 1.6
branched alkenes 27.2 14.3 0.6 42.1
Total 60.2 33.4 6.4 100.0
alkanes 33.6 28.0 7.2 68.8
branched alkanes 4.6 6.9 0.9 12.4
1.0 Cat alkenes 7.4 1.3 - 8.7 0.3
branched alkenes 7.1 3.0 - 10.1
Total 52.7 39.2 8.1 100.0

2 ratio of branched hydrocarbons to linear hydrocarbons.

Supplementary materials

No supplementary materials are available.

Acknowledgments

None.

Author contributions
Conceptualization: R.Y., O.P.
Data curation: R.Y., I.Z.
Formal Analysis: Y.K., D.P.
Funding acquisition: R.Y.
Investigation: R.Y.
Methodology: O.P., A.N.
Project administration: R.Y., .N.
Resources: Y.K., D.P.
Software: A.N., O.P.

8 of 10

Supervision: I.N., A.N.

Validation: R.Y., A.N.

Visualization: I.N., O.P.

Writing - original draft: O.P., A.N.
Writing - review & editing: R.Y., I.N.

Conflict of interest
The authors declare no conflict of interest.

Additional information
Author IDs:

Olga Papeta, Scopus ID 57216389274;
Ivan Zubkov, Scopus ID 57200515605;

Alexey Saliev, Scopus ID 57189366412;
Roman Yakovenko, Scopus ID 49061667800;
Yash Kataria, Scopus ID 58105034000;

DOI: 10.15826/chimtech.2025.12.1.14


https://doi.org/10.15826/chimtech.2025.12.1.14
https://www.scopus.com/authid/detail.uri?authorId=57216389274
https://www.scopus.com/authid/detail.uri?authorId=57200515605
https://www.scopus.com/authid/detail.uri?authorId=57189366412
https://www.scopus.com/authid/detail.uri?authorId=49061667800
https://www.scopus.com/authid/detail.uri?authorId=58105034000

Chimica Techno Acta 2025, vol. 12(1), No. 12114

Website:
M.I. Platov South-Russian State Polytechnic University (NPI),
https://www.npi-tu.ru/.

References

10.

11.

12.

13.

14.

15.

Sadek R, Chalupka KA, Mierczynski P, Rynkowski J, Gurgul J,
Dzwigaj S. Cobalt Based Catalysts Supported on Two Kinds
of Beta Zeolite for Application in Fischer-Tropsch synthesis.
Catalysts. 2019;9(6):497. doi:10.3390/catalg060497
Yakovenko RE, Zubkov IN, Savost’Yanov, AP., Soromotin VN,
Krasnyakova TV, Papeta OP, Mitchenko SA. Hybrid Catalyst
for the Selective Synthesis of Fuel Range Hydrocarbons by
the Fischer-Tropsch Method. Kinet. Catal. 2021;62:172-
180.d0i:10.1134/S0023158421010122

Sineva LV, Asalieva EY, Mordkovich VZ. The role of zeolite
in the Fischer-Tropsch synthesis over cobalt-zeolite cata-
lysts. Russ Chem Rev. 2015;84(11):1176-1189.
do0i:10.1070/RCR4464.

Glotov A, Vutolkina A, Pimerzin, A, Vinokurov V, Lvov Y.
Clay nanotube-metal core/shell catalysts for hydropro-
cesses. Chem Soc Rev. 2021;50(16):9240-9277.
d0i:10.1039/D1CS00502B

Demikhova NR, Rubtsova MI, Vinokurov VA, Glotov AP.
Isomerization of xylenes (a review). Pet Chem.
2021;61(6):737-759. doi:10.1039/D1CS00502B

Wang H, Wang Z, Wang S, Yang C, Li S, Gao P, Sun Y. The
Effect of the Particle Size on Fischer-Tropsch Synthesis for
ZSM-5 Zeolite Supported Cobalt-Based Catalysts. Chem-
Comm. 2021;57(99):13522-13525. d0i:10.1039/D1CC04844A
Vosmerikov AA, Vosmerikova LN, Vosmerikov AV. Studying
the influence of alkaline treatment and modification of zeo-
lite on its physical-chemical and catalytic properties in the
process of propane conversion to olefin hydrocarbons.
ChemChemTech [Izv Vyssh Uchebn Zaved Khim Khim
Tekhnol]. 2024;67(8):50-58.
doi:10.6060/ivkkt.20246708.11t

Velichkina LM, Gerasimov EY, Vosmerikov AV. Study of the
combined effect of post-synthetic alkaline treatment and
nickel modification of MFI zeolite on the dynamics of its de-
activation in the process of refining straight-run gasoline.
ChemChemTech [Izv Vyssh Uchebn Zaved Khim Khim
Tekhnol]. 2024;67(8):103-112.
doi:10.6060/ivkkt.20246708.10t

Fernandez S, Ostraat ML, Zhang K. Toward rational design
of hierarchical beta zeolites: An overview and beyond.
AIChE J. 2020;66(9):e16943. doi:10.1002/aic.16943

Singh BK, Kim Y, Kwon S., Na K. Synthesis of mesoporous
zeolites and their opportunities in heterogeneous catalysis.
Catalysts. 2021;11(12):1541. doi:10.3390/catal11121541
Hartmann M, Thommes M, Schwieger W. Hierarchically-or-
dered zeolites: a critical assessment. Adv Mater Interfaces.
2021;8(4):2001841. d0i:10.1002/admi.202001841

Wang Y, Tong C, Liu Q, Han R, Liu C. Intergrowth zeolites,
synthesis, characterization, and catalysis. Chemical Re-
views. 2023;123(19):11664-11721.
doi:10.1021/acs.chemrev.3c00373

Groen JC, Moulijn JA, Pérez-Ramirez J. Desilication: on the
controlled generation of mesoporosity in MFI zeolites. ] Ma-
ter Chem. 2006;16(22):2121-2131. doi:10.10

Bakun VG, Zubkov IN, Saliev AN, Savost’yanov AP, Yako-
venko RE. Regulation of properties of a bifunctional cobalt
catalyst for Fischer-Tropsch synthesis using hierarchical
HBeta zeolite. ChemChemTech [Izv Vyssh Uchebn Zaved
Khim Khim Tekhnol]. 2024;67(9):62-75.
doi:10.6060/ivkkt.20246709.7049

Kerstens D, Smeyers B, Van Waeyenberg J, Zhang Q, Yu]J,
Sels BF. State of the art and perspectives of hierarchical zeo-
lites: practical overview of synthesis methods and use in ca-
talysis. Adv Mater. 2020;32(44):2004690.
doi:10.1002/adma.202004690

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

33.

9 of 10

ARTICLE

Sadowska K, Géra-Marek K, Drozdek M, Kustrowski P, Datka
J, Triguero JM, Rey F. Desilication of highly siliceous zeolite
ZSM-5 with NaOH and NaOH/tetrabutylamine hydroxide.
Microporous Mesoporous Mater. 2013;168:195-205.
doi:10.1016/j.micromeso.2012.09.033

Bai R, Song Y, Li Y, Yu]J. Creating hierarchical pores in zeo-
lite catalysts. Trends Chem. 2019;1(6):601-611.
doi:10.1016/j.trechm.2019.05.010

Oliveira DS, Lima RB, Pergher SB, Caldeira VP. Hierarchical
zeolite synthesis by alkaline treatment: Advantages and ap-
plications. Catalysts. 2023;13(2):316.
doi:10.3390/catal13020316

Kordala N, Wyszkowski M. Zeolite Properties, Methods of
Synthesis, and Selected Applications. Molecules.
2024;29(5):1069. doi:10.3390/molecules29051069

Min JE, Kim S, Kwak G, Kim YT, Han SJ, Lee Y, Jun KW, Kim
SK. Role of mesopores in Co/ZSM-5 for the direct synthesis
of liquid fuel by Fischer-Tropsch synthesis. Catal Sci Tech-
nol. 2018;8(24):6346-6359. doi:10.1039/C8CY01931B
Sartipi S, Parashar K, Valero-Romero MJ, Santos VP, Van Der
Linden B, Makkee M, Kapteijn F, Gascon J. Hierarchical H-
ZSM-5-supported cobalt for the direct synthesis of gasoline-
range hydrocarbons from syngas: Advantages, limitations,
and mechanistic insight. J Catalysis. 2013;305:179-190.
doi:10.1016/j.jcat.2013.05.012

Sartipi S, Alberts M, Santos VP, Nasalevich M, Gascon J,
Kapteij F. ChemCatChem. Insights into the Catalytic Perfor-
mance of Mesoporous H-ZSM-5-Supported Cobalt in
Fischer-Tropsch Synthesis. 2014;6:142.
doi:10.1002/cctc.201300635

Cheng K, Kang J, Huang S, You Z, Zhang Q, Ding J, Hua W,
Lou Y, Deng W, Wang Y. Mesoporous beta zeolite-supported
ruthenium nanoparticles for selective conversion of synthe-
sis gas to C5-C11 isoparaffins. ACS Catalysis. 2012;2(3):441-
449. doi:10.1021/cs200670j

Yakovenko RE, Savost'yanov AP., Narochniy GB, Soromotin
VN, Zubkov IN, Papeta OP, Mitchenko SA. Preliminary evalu-
ation of a commercially viable Co-based hybrid catalyst sys-
tem in Fischer-Tropsch synthesis combined with hydropro-
cessing. Catal Sci Technol. 2020;10(22):7613-7629.
doi:10.1039/D0CY00975]

Savost'yanov AP, Narochnyi GB, Yakovenko RE, Bakun VG,
Zemlyakov ND. Synthesis of high-molecular-weight hydro-
carbons from CO and H, over a cobalt catalyst. Catal Ind.
2014;6(4):292-297. d0i:10.1134/S2070050414040151
Young RA. The Rietveld Method. Oxford University Press,
1995. 298 p.

Schanke D, Vada S, Blekkan EA, Hilmen AM, Hoff A., Holmen
A.J Catal. 1995;156(1):85.

Zhang C, Kwak G, Park HG, Jun KW, Lee YJ, Kang SC, Kim S.
Light hydrocarbons to BTEX aromatics over hierarchical
HZSM-5: Effects of alkali treatment on catalytic perfor-
mance. Microporous and Mesoporous Mater. 2019;276:292-
301. doi:10.1016/j.micromeso0.2018.10.005

Beheshti MS, Ahmadpour J, Behzad M, Arabi H. Preparation
of hierarchical H-[B]-ZSM-5 zeolites by a desilication
method as a highly selective catalyst for conversion of meth-
anol to propylene. Braz ] Chem Eng. 2021;38:101-121.
Mochizuki H, Yokoi T, Imai H, Namba S, Kondo JN, Tatsumi
T. Effect of desilication of H-ZSM-5 by alkali treatment on
catalytic performance in hexane cracking. Appl Catal A-Gen.
2012;449:188-197. doi:10.1016/j.apcata.2012.10.003
Savost’yanov AP, Yakovenko RE, Narochnyi GB, Bakun VG,
Sulima SI, Yakuba ES, Mitchenko SA. Industrial catalyst for
the selective Fischer-Tropsch synthesis of long-chain hydro-
carbons. Kinet Catal. 2017;58:81-91.
d0i:10.1134/S0023158417010062

Potoczna-Petru D, Kepinski L. Reduction study of Co;0,
model catalyst by electron microscopy. Catal Lett.
2001;73:41-46. doi:10.1023/A:1009022202448

Sartipi S., Makkee M., Kapteijn F., Gascon ]J. Catalysis engi-
neering of bifunctional solids for the one-step synthesis of

DOI: 10.15826/chimtech.2025.12.1.14


https://doi.org/10.15826/chimtech.2025.12.1.14
https://www.npi-tu.ru/
https://doi.org/10.3390/catal9060497
https://doi.org/10.1134/S0023158421010122
https://doi.org/10.1070/RCR4464.
https://doi.org/10.1039/D1CS00502B
https://doi.org/10.1039/D1CS00502B
https://doi.org/10.1039/D1CC04844A
https://doi.org/10.6060/ivkkt.20246708.11t
https://doi.org/10.6060/ivkkt.20246708.10t
https://doi.org/10.1002/aic.16943
https://doi.org/10.3390/catal11121541
https://doi.org/10.1002/admi.202001841
https://doi.org/10.1021/acs.chemrev.3c00373
https://doi.org/10.1039/B517510K
https://doi.org/10.6060/ivkkt.20246709.7049
https://doi.org/10.1002/adma.202004690
https://doi.org/10.1016/j.micromeso.2012.09.033
https://doi.org/10.1016/j.trechm.2019.05.010
https://doi.org/10.3390/catal13020316
https://doi.org/10.3390/molecules29051069
https://doi.org/10.1039/C8CY01931B
https://doi.org/10.1016/j.jcat.2013.05.012
https://doi.org/10.1002/cctc.201300635
https://doi.org/10.1021/cs200670j
https://doi.org/10.1039/D0CY00975J
https://doi.org/10.1134/S2070050414040151
https://doi.org/10.1016/j.micromeso.2018.10.005
https://doi.org/10.1016/j.apcata.2012.10.003
https://doi.org/10.1134/S0023158417010062
https://doi.org/10.1023/A:1009022202448

Chimica Techno Acta 2025, vol. 12(1), No. 12114

34.

35.

36.

liquid fuels from syngas: a review. Catal Sci Technol.
2014;4(4):893-907. doi:10.1039/C3CY01021]

Li Z, Si M, Xin L, Liu R, Liu R, Lii J. Cobalt catalysts for 37.

Fischer-Tropsch synthesis: The effect of support, precipi-
tant and pH value. Chin J Chem Eng. 2018;26(4):747-752.
doi:10.1016/j.cjche.2017.11.001

Lillebp AH, Patanou E, Yang J, Blekkan EA, Holmen A. The

effect of alkali and alkaline earth elements on cobalt based 38.

Fischer-Tropsch catalysts. Catalysis Today. 2013;215:60-66.
doi:10.1016/j.cattod.2013.03.030

Subramanian V, Zholobenko VL, Cheng K, Lancelot C, Heyte
S, Thuriot J, Khodakov AY. The Role of Steric Effects and
Acidity in the Direct Synthesis of iso-Paraffins from Syngas

10 of 10

ARTICLE

on Cobalt Zeolite Catalysts. ChemCatChem. 2016;8(2):380-
389. doi:10.1002/cctc.201500777

Yakovenko RE, Bakun VG, Zubkov IN, Papeta OP, Saliev AN,
Agliullin, MR, Savost’yanov AP. Fischer-Tropsch Synthesis
on Bifunctional Cobalt Catalysts with the Use of Hierarchical
Zeolite HBeta. Kinet Catal. 2022;63(4):399-411.
d0i:10.1134/S0023158422040139

Papeta OP, Bakun VG, Zubkov IN, Saliev AN, Savost’yanov
AP, Yakovenko RE. Regulation of properties of a bifunctional
cobalt catalyst for Fischer-Tropsch synthesis using hierar-
chical HBeta zeolite. ChemChemTech [Izv Vyssh Uchebn
Zaved Khim Khim Tekhnol]. 2024;67(9):62-75.
doi:10.6060/ivkkt.20246709.7049

DOI: 10.15826/chimtech.2025.12.1.14


https://doi.org/10.15826/chimtech.2025.12.1.14
https://doi.org/10.1039/C3CY01021J
https://doi.org/10.1016/j.cjche.2017.11.001
https://doi.org/10.1016/j.cattod.2013.03.030
https://doi.org/10.1002/cctc.201500777
https://doi.org/10.1134/S0023158422040139
https://doi.org/10.6060/ivkkt.20246709.7049

