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В данной работе синтезированы новые бифункциональные кобальтовые катализа-
торы для синтеза Фишера-Тропша в виде композитной смеси: металлического компо-
нента - катализатора Co-Al2O3/SiO2, кислотного компонента - цеолита HBeta и бемито-

вого связующего - AlO(OH). В цеолите HBeta (с мольным соотношением SiО2/Al2О3 40,5) в 
протонной форме пористая структура была оптимизирована щелочной обработкой (мо-
лярная концентрация NaOH: 0,1, 0,15, 0,25, 0,3 и 0,5) с целью получения максимального 

выхода разветвленных парафинов и олефинов в углеводородах топливного ряда. Катали-
заторы характеризовались методами рентгенофазового анализа (РФА), низкотемпера-
турной адсорбции-десорбции N2 и температурно-программированного восстановления во-

дородом (ТПВ H2), образца цеолита- энергодисперсионного микроанализа поверхности 
(ЭДА), термогравиметрии (ТГА), сканирующей электронной микроскопии (СЭМ) и ад-
сорбции-десорбции N2. Оценена эффективность обработки раствором NaOH на развитие 

мезопористости структуры HBeta. Исследования по синтезу Фишера-Тропша со стационар-
ным слоем катализатора проводились при давлении 2 МПа, температуре 240 – 250 °С и объ-
емной скорости газа 1000 ч-1. Балансовые опыты проводили в течение 70-80 ч, анализируя 

каждые 2 ч состав и количество газа на выходе установки. Показано, что повышение 
температуры синтеза с 240 до 250 °С интенсифицирует процесс синтеза – степень кон-
версии СО-катализаторов увеличивается на 9-12%. Проанализирован состав продуктов 

синтеза Фишера-Тропша. Установлено, что селективность по образованию углеводоро-
дов в топливных фракциях, с высокой степенью изомеризации и производительность ка-
тализаторов обеспечиваются применением HBeta, модифицированного раствором NaOH 

с концентрацией 0,25 и 0,5 М. 

Ключевые слова: синтез Фишера-Тропша, бифункциональный кобальтовый катализатор, иерар-
хический цеолит HBeta, щелочное модифицирование, мезопористость, селективность 
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In this work, new bifunctional cobalt catalysts for Fischer-Tropsch synthesis were synthe-

sized in the form of a composite mixture: a metal component - the Co-Al2O3/SiO2 catalyst, an acid 

component - HBeta zeolite and a boehmite binder - AlO(OH). In HBeta zeolite (with SiO2/Al2O3 

molar ratios of 40.5) in protic form, the porous structure has been optimized with an alkaline treat-

ment (molar NaOH concentration: 0.1, 0.15, 0.25, 0.3 and 0.5) to ensure the production of 

branched paraffins and olefins in fuel hydrocarbons. The catalysts are characterized by X-ray dif-

fraction (XRD), low-temperature N2 adsorption-desorption and temperature-programmed hydro-

gen reduction (TPR H2), zeolite-energy dispersive surface microanalysis (EDM), thermogravimetry 

(TGA), scanning microscopy (SEM) and adsorption-desorption of N2. The effectiveness of treat-

ment with NaOH solution to increase the mesoporosity of the HBeta structure was assessed. Re-

search on Fischer-Tropsch synthesis was carried out with a stationary catalyst bed at a pressure of 

2 MPa, a temperature of 240 – 250 °C and a gas velocity of 1000 h-1. Balance experiments were 

carried out for 70–80 h, analyzing the composition and amount of gas at the outlet. It has been 

shown that increasing the synthesis temperature from 240 to 250 °C intensifies the synthesis pro-

cess - the degree of conversion of CO catalysts increases by 9-12%. The composition of the Fischer-

Tropsch synthesis products was analyzed. It has been established that selectivity of the formation 

of hydrocarbons in fuel fractions, with a high degree of isomerization and catalyst productivity, deter-

mines with the use of HBeta, a modified by NaOH solution with a concentration of 0.25 and 0.5 M. 

Key words: Fischer-Tropsch synthesis, bifunctional cobalt catalyst, hierarchical HBeta zeolite, alkali 

modification, mesoporosity, selectivity 
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INTRODUCTION 

The study of GTL processes using an inte-

grated technology that combines the synthesis of hy-

drocarbons using the Fischer-Tropsch method from 

CO and H2 (FT) and the processing of the resulting 

products [1-3], has been especially relevant recently 

for the production of high-quality environmentally 

friendly (green fuel) [1, 4]. Implementation of such 

technology requires the use of a highly active catalyst 

capable of operating under the conditions of limited 

diffusion of synthesized bulk molecules to the acid 

sites of the catalyst and removal of secondary reaction 

products [5], when the external surface of the catalyst 

is involved in the process and the internal surface of 

the catalyst remains unused [6-8], and the products do 

not reach the active centers inside some of the pores 

and channels of the zeolite, which is necessary for hy-

drocracking and isomerization [9]. As a consequence, 

mass transfer, rate and efficiency of the process are 

limited, causing carbonization and accelerating cata-

lyst deactivation [5]. 

A significant part of these problems is solved 

by developing new multifunctional FT catalysts. For 

the selective production of hydrocarbons from fuel 

fractions, we proposed a composite catalytic system 

[10-12], containing a metal component - a catalyst for 

the synthesis of FT Co-Al2O3/SiO2 for the synthesis of 

long-chain hydrocarbons [13], and an acid component 

- zeolite of the pentasil group ZSM-5 in H -form. A 

tested system in the form of a granular mixture of com-

ponents, by changing the type and topology of the ze-

olite component, allows you to adjust the acidic prop-

erties and structure of the catalyst, thereby controlling 

the efficiency of the synthesis and solving problems as-

sociated with steric restrictions caused by the mi-

croporous structure of zeolites. The latter, in particular, 

can be removed with the development of mesopores (2-

50 nm) and the creation of a hierarchical zeolite struc-

ture with a bimodal micro-mesoporous pore size distri-

bution [13]. The resulting mesopores (heterogeneous 

and disordered [5, 14]) can be associated with the outer 

surface of the zeolite, be isolated in the crystal struc-

ture, be associated with micropores [15, 16], facilitat-

ing the transfer of large molecules, reducing the path 
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length inside zeolite particles and crystals, and intensi-

fying the synthesis of FT in general [6]. It is important 

that to achieve optimal selectivity for target fuel prod-

ucts, the catalytic functions of the system can be tuned 

separately [17, 18]. 

While creating the hierarchical structures, 

when the system of micropores is complemented by 

secondary mesoporosity [19], the process of rearrange-

ment of zeolite structure is usually divided into two 

categories [15, 20, 21-24]: formation during synthesis 

(bottom-up approach) and through postsynthetic pro-

cessing (top-down approach) [17, 25, 26]. In the first 

case, template methods are used (using one or more 

templates), in the second - non-template methods (by 

selective removal of atoms of the zeolite framework 

and the creation of intracrystalline mesopores) [21], 

with hydrothermal [17, 26, 27], acid (dealuminization) 

[18, 28-30] and/or alkaline treatment (desiliconization 

[24, 25, 31-34]). Modification is in demand for opti-

mizing selectivity in many acid-catalyzed processes, 

including variants of FT synthesis [1, 34, 35], espe-

cially for the direct conversion of synthesis gas into hy-

drocarbons with a certain number of carbon atoms and 

a branched structure [17, 35]. 

Post-synthesis by alkaline modification, based 

on the removal of silicon from the zeolite framework, 

has been well studied for MFI-type zeolites, especially 

for ZSM-5 [5, 26, 34] and for zeolites of different to-

pologies conforming the versatility of this process [6-8]. 

Of the MFI, BEA, FER and MOR zeolites currently 

used in practice, the BEA type is most susceptible and 

promising for the development of a hierarchical struc-

ture to the effects of alkali (usually NaOH) - the disor-

dered structure and small crystallites favor high activ-

ity [14, 33, 36], for example, HBeta zeolite for obtain-

ing middle distillates [37]. This tendency of Beta zeo-

lites to alkaline modification is mainly due to the struc-

ture of the zeolite rings and the low stability of alumi-

num in the zeolite framework [15, 38]. Note that during 

post-synthesis using NaOH solution as a modifying 

agent, among the process parameters (solution concen-

tration, temperature, time), the only significant varia-

ble for the development of mesoporosity is concentra-

tion [33].  

Most of the studies in the field of bifunctional 

cobalt catalysts with a hierarchical zeolite structure for 

Fischer-Tropsch synthesis are devoted to catalysts pre-

pared by the impregnation method [1]. Impregnating 

catalysts are made by applying a solution of a precursor 

(mainly an inorganic salt) to the surface of a porous 

carrier. The disadvantage of such catalysts is the strong 

interaction of metal cations with a negatively charged 

zeolite surface. This leads to poor recoverability of the 

active component and slightly reduces the conversion 

of CO [1, 9].  

In our work we propose composite bifunc-

tional catalysts with hierarchical structure of Beta zeo-
lite prepared by physical mixing of cobalt catalyst (Co-

Al2O3/SiO2), an acidic component (hierarchical Beta 

zeolite) and binder (boehmite). The advantage of such 
catalysts is that cobalt is not applied to zeolite, which 

causes a better recoverability of the metal component. 
The use of bemite as a binder makes it possible to ob-

tain granular catalytic systems that can be used in in-
dustrial processes, and the presence of hierarchical 

Beta zeolite will reduce the diffusion limitations and 
increase the efficiency of the catalyst [29, 30, 39]. It is 

important to note that there is practically no work in 
the field of bifunctional composite hybrid catalysts 

prepared by mechanical mixing. Therefore, there are 
no unambiguous ideas about how the use of hierar-

chical Beta zeolite in the proposed catalytic system will 
affect the catalytic activity and composition of the re-

sulting Fischer-Tropsch synthesis products.  
The aim of this work was to investigate the ef-

fect of hierarchical Beta zeolite obtained by post-syn-

thetic alkali treatment on the catalytic activity of the 
composite bifunctional catalyst and product composi-

tion in Fischer-Tropsch synthesis.  

EXPERIMENTAL 

For the studies, we used synthetic Beta zeolite 

powder (size 100 µm) of the BEA type with a molar 
ratio of SiO2/Al2O3 equal to 40.5 in proton form, ob-

tained by calcination of the ammonia form of the zeo-
lite (Zeolyst International) for 6 h at a temperature of 

550 °C (initial). To prepare modified samples, a 10 g 
sample of zeolite was transferred to a beaker, after 

which 100 ml of NaOH solution with a concentration 
of, M: 0.1, 0.15, 0.25, 0.3 and 0.5. The treatment was 

carried out on an electric oven with a magnetic stirrer 
for 1 h at a temperature of 70 °C. After this by washing 

with distilled water at room temperature and drying 
them for 8 h at a temperature of 100-120 °C after which 

they were calcined for 3 h at 300 °C. The H-form of 

the samples was obtained by treating with a solution of 
NH4NO3 with a concentration of 1 M for 1 h at a tem-

perature of 70 °C, after which they were dried for 8 h 
at a temperature of 100-120 °C and calcined for 6 h at 

550 °C. Zeolite samples were designated: original - C, 
modified - x C, where x is the concentration of the 

NaOH solution used in the treatment, 0.1, 0.15, 0.25, 
0.3 and 0.5 M. 

Bifunctional cobalt catalysts for the synthesis 

of FT were obtained in the form of a composite mixture 

of components. As a metal component of the composi-
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tion, a Co-Al2O3/SiO2 catalyst was used for the selec-

tive synthesis of long-chain hydrocarbons [40-44] with 

a silica gel carrier KSKG (Salavat Catalyst Plant LLC), 

acid - original or modified HBeta zeolite, binder - boehm-

ite (Sasol, TH 80) [12]. 

The catalysts were prepared by mixing pow-
ders (fraction <0.1 mm), wt.%: Co-Al2O3/SiO2 catalyst 

– 35, HBeta zeolite – 30, boehmite – 35 [43-45]. To 
plasticize the boehmite binder, an aqueous-alcohol so-

lution of nitric acid and triethylene glycol was used 
(HNO3 solution was prepared by adding 1-2 ml of acid 

with a concentration of 65% by weight in 90-100 ml of 
distilled water per 100 g of powder mixture, C6H14O4 

was introduced based on the volume ratio of HNO3: 
C6H14O4 in a 1:3 mixture). The catalyst granules were 

formed by extrusion and were further dried for 24 h at 
room temperature, 4-6 h at a temperature of 80-100 °C, 

2-4 h at a temperature of 100-150 °C and calcined for 

5 h at a temperature of 400 °C. The catalysts were des-
ignated: original - K, with modified zeolite - x K, 

where x is the concentration of the NaOH solution: 0.1, 
0.15, 0.25, 0.3 and 0.5 M. 

Energy dispersive microanalysis of the surface 
(EDM) was carried out on a Quanta 200 scanning elec-

tron microscope (FEI, USA) at an accelerating voltage 
of up to 30 kV. The surface morphology of zeolites was 

studied by scanning electron microscopy (SEM) using 
a JSM-6490LV microscope (JEOL, Japan). 

The cobalt content in the catalysts was deter-
mined by X-ray fluorescence analysis on an ARL 

QUANT’X X-ray energy dispersive spectrometer 
(Thermo Scientific, USA) under the following condi-

tions: medium – air, Teflon substrate, effective irradi-
ation area 48.9 mm2. 

X-ray phase analysis (XRD) of zeolites and 
catalysts was carried out using a Thermo Scientific 

ARLX'TRA Powder Diffractometer (Thermo Fisher 

Scientific, Switzerland) with CuK1,2 radiation using 
the point-by-point scanning method (step 0.02°, accu-

mulation time at a point 1 s) in the range 2θ 5°-90°. 
Identification of the phase composition was carried out 

using the ICDD PDF-2 electronic database of diffrac-
tion standards in the Crystallographica software pack-

age. The calculation of the relative degree of crystal-
linity of zeolites was carried out taking into account the 

integral intensity of characteristic reflections in the 2θ 

range of 20-24 [45]. The original sample with a de-

gree of crystallinity of 94% was used as a standard. X-
ray diffraction patterns were processed in the FullProf 

program, the average particle size of cobalt oxide for 
the characteristic line with a 2θ value of 36.8° was cal-

culated using the Scherrer equation [46], and the aver-
age particle size and dispersity of metallic cobalt were 

calculated in accordance with [47, 48]. 

The study of the parameters of the porous 
structure of zeolites and catalysts was carried out by 

the nitrogen adsorption-desorption method using a 
Nova 1200e sorbometer gas sorption analyzer 

(Quantachrome, USA) [39, 42]. The specific surface 
area was calculated using the BET (Brunauer-Emmett-

Teller) method at a relative partial gas pressure P/P0 =  
= 0.20. The pore volume was determined by the BJH 

method at a relative partial pressure P/P0 = 0.95, the 
pore size distribution was calculated from the BJH de-

sorption curve (Barrett-Joyner-Halenda), the volume 
of micropores in the presence of mesopores was meas-

ured using the t-method (de Boer and Lippens). Previ-
ously, the samples were subjected to vacuum treatment 

for 5 h at a temperature of 350 °C. The volume of 

meso- and macropores was calculated using the instru-
ment software package. 

Thermogravimetric analysis (TGA) of zeolites 
was performed using an STA 449 F5 simultaneous 

thermal analysis device combined with a QMS Aеolos 
Quadro mass spectrometer (Netzsch, Germany). The 

zeolites were first dried for 1 h at a temperature of 
150 °C. The survey was carried out under the follow-

ing conditions: inert medium (helium 70 min-1), sample 
weight 30 mg, temperature range 50-1000 °C, heating 

rate 20 °C min-1. 
The catalysts were studied by temperature-pro-

grammed reduction with hydrogen (H2 TPR) using a 
Micromeritics ChemiSorb 2750 analyzer (Micromerit-

ics, USA). with thermal conductivity detector (TCD). 
The catalysts were preliminarily kept in a helium flow 

(20 ml min-1) for 1 h at a temperature of 200 °C. Then 

it was cooled to room temperature and a mixture of 
10% hydrogen and 90% nitrogen (20 ml min-1) was 

supplied. The studies were carried out in the tempera-
ture range 20-800 °C with a heating rate of 20 °C min-1. 

The study of the catalytic properties in the syn-
thesis of FT was carried out in an isothermal reactor 

with a diameter of 16 mm with a stationary catalyst 
bed. 5-10 cm3 of catalyst (1-2 mm fraction) mixed with 

15-30 cm3 of quartz was loaded into the reactor. The 
catalyst was reduced with hydrogen for 1 h at a tem-

perature of 400 °C and a gas space velocity of 3000 h-1. 
Activation of samples with synthesis gas with a ratio 

H2/CO = 2 and catalytic tests were carried out at a 
pressure of 2.0 MPa and a gas volumetric velocity of 

1000 h-1, raising the temperature from 180 °C to 230-
250 °C at a rate of 2.5 °C h-1. Balance experiments 

were carried out for 70-80 h, analyzing the composi-
tion and amount of gas at the outlet of the installation 

every 2 h. The activity of the catalysts was judged by 

the conversion of CO, the selectivity and productivity 
of the catalysts, and the fractional and hydrocarbon 

composition of the synthesis products. 
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Analysis of the composition of the source gas 

and gaseous synthesis products was carried out using a 

Crystal 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-programma-

ble with a heating rate of 8 °C min-1. The condensed 

products were separated by distillation at atmospheric 

pressure, isolating fuel fractions with boiling points: 

gasoline - up to 180 °C, diesel - 180-330 °C, residue - 

above 330 °C. The composition of C5+ hydrocarbons 

was determined using an Agilent 7890A chromatog-

raphy-mass spectrometer (Agilent Technologies, 

USA) equipped with an MSD 5975C detector (Agilent, 

USA) and an HP-5MS capillary column. 

RESULTS AND DISCUSSION 

According to local elemental analysis (EDA), 

an increase in aluminum content and a decrease in the 

Si/Al molar ratio in the HBeta structure as a result of 

treatment with a NaOH solution is recorded at a modi-

fier concentration of 0.25-0.5 M (Table 1). The extrac-

tion of silicon atoms from the zeolite framework occurs 

predominantly from the outside of the crystals [25] 

from a three-dimensional crystal structure formed by 

the junction of neutrally charged TO4 tetrahedra (T =  

= Si, Al) bound by oxygen atoms with partial isomor-

phic replacement of Si4+ by Al3+ [13, 18, 23, 45, 46]. 

The degree of silicon extraction for the 0.3 Z sample is 

2.3%, for the 0.5 Z sample it is already 17.3%. It is 

obvious that the effect of NaOH, as a strong modifier 

[32], causes the leaching of silicon atoms, causing par-

tial destruction and then amorphization of the HBeta 

structure [25, 33]. The process may be accompanied by 

the extraction of small amounts of aluminum (the main 

part is capable of realuminization) [35, 44]. As a result, 

a decrease in the Si/Al ratio causes the appearance of a 

negative charge on AlO4 (-1) tetrahedra [14, 19] and, 

due to the repulsion of charges and ions of the OH– so-

lution, prevents the extraction of silicon atoms [22, 49] 

– hydrolysis of the Si-O- Al bond is difficult, in com-

parison with the relatively easy cleavage of the Si-O-

Si bond in the absence of AlO4 groups in the immediate 

environment [37, 50-53]. 

 
Table 1 

Elemental composition of the surface of zeolites 

Таблица 1. Элементный состав поверхности цеолитов 

Zeolite 
Content, % 

Si/Al ratio 
Degree of extraction 

Si, % Si Al 

Z 40.0 3.0 13.3 - 

0.25 Z 39.0 3.0 13.0 2.3 

0.3 Z 40.4 3.1 13.0 2.3 

0.5 Z 39.8 3.6 11.0 17.3 

 
а 

 
b 

Fig. 1. Thermogravimetric curves of mass loss (a) and water re-

lease for (b) zeolites: Z (1), 0.1 Z (2), 0.15 Z (3), 0.25 Z (4), 0.3 Z 

(5), 0.5 Z (6) 

Рис. 1. Термогравиметрические кривые потери массы (а) и 

выделения воды для цеолитов (b): Z (1), 0,1 Z (2), 0,15 Z (3), 

0,25 Z (4), 0,3 Z (5), 0,5 З (6) 

 

The Si/Al ratio determines the amount of mois-

ture bound in the crystal structure of the zeolite, since 

to compensate for the excess negative charge of the tet-

rahedra outside the frame, channels and cavities of mo-

lecular sizes are occupied by cations of hydrogen, alkali 

or alkaline earth metals and water molecules [14, 19]). 

The processes of moisture loss in the temperature range 

50-1000 °C, occurring in the volume and on the surface 

of air-dry zeolite samples, associated with the level of 

transformation of the HBeta crystal structure, are illus-

trated in Fig. 1. The nature of the dependences of 

weight loss (a) and moisture release (b), with the ex-

ception of curves for HBeta zeolite (1 in Fig. 1 a) and 

samples treated with NaOH solution with concentra-

tions of 0.1 and 0.15 M (2 and 3 in Fig. 1 b), as well as 

the number of thermal effects, are the same. The pro-

cesses occur gradually, with a loss of 2.7-4.6% of 
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mass. The smallest moisture losses correspond to sam-

ples 0.3 Z and 0.5 Z; for other samples they are close, 

but the release occurs at different rates. Thus, a high 

aluminum content in the structure of zeolites stimulates 

hydrophilicity, while a lower aluminum content stimu-

lates hydrophobicity [54, 55]. Desorption of moisture 

adsorbed from the environment and physically bound 

to the zeolite surface is observed in the temperature 

range of 100-200 ℃. For samples 0.1 Z and 0.15 Z with 

the structure least affected by treatment, the release of 

the second type of moisture is observed in the region 

of 300-600 ℃ - intra-crystallization. 

A comparison of the crystal structure of the 

original and modified HBeta samples was carried out 

by X-ray diffraction. It was determined [41] that the 

main reflections of zeolite in the region of 2θ angles of 

7.7°, 21.3° and 22.4° [56] are identical to the Beta 

phase (000-056-0467) (Fig. 2) [28, 16, 18], including 

7.7° and 22.4° – correspond to polymorphic modifica-

tions A and B of zeolite [16]. In accordance with the 

topology of the framework [57, 58], the Beta crystal 

lattice is mainly represented by 12-membered rings 

[59], formed by the intergrowth [14] of these modifi-

cations of tetragonal and monoclinic symmetry, which 

causes the appearance of a large number of surface and 

volumetric stacking faults. The noted increase in the 

intensity of the 7.7° reflection for samples 0.1 Z and 

0.15 Z may be caused by an increase in their number 

[37]. Treatment with a NaOH solution with a concen-

tration of 0.25-0.5 M leads to amorphization of the ze-

olite framework: the intensity and sharpness of the 7.7° 

and 22.4° reflections decrease [32], in addition, for 

samples of 0.3 Z and 0.5 Z, the appearance of a diffuse 

halo and the disappearance of the 21.3° reflection are 

observed [22, 26]. The assessment of crystallinity (the 

geometry of the structure associated with the ordering 

of aluminosilicate tetrahedra of zeolite [38]) confirms 

the partial amorphization of the structure of the sam-

ples [33] (Fig. 2). The degree of crystallinity gradually 

decreases (from 98 to 45%) for the 0.3 Z sample, then 

the rate of the process decreases. The significant loss 

of crystallinity, in comparison with MFI and MOR 

type structures [37], at high concentrations of NaOH 

solution according to [22, 26] may be due to the high 

defectivity and lower stability of aluminum in the 

HBeta structure [16, 60-62]. 

The dynamics of the framework restructuring 

process and the development of HBeta mesoporosity 

were observed by comparing the surface state and par-

ticle geometry of the samples using microstructural 

analysis (SEM). Based on the shape and orientation of 

the particles, the zeolite surface has a distinct granular 

structure (Fig. 3). The initial zeolite consists of clusters 

of polycrystals of spheroidal morphology, mainly up to 

900 nm in size, consisting of many primary nanosized 

particles of a similar shape with a diameter of 30 nm 

(Fig. 3a). Clusters of particles are dispersed over the 

surface and separated by interparticle voids, comple-

menting the system of micropores and forming a vol-

ume of secondary pore space [19]. As can be seen from 

the example of a 0.25 Z sample, when treated with a 

NaOH solution, the observed nanoparticles decrease to 

20-100 nm (Fig. 3 b). The leaching of silicon from the 

zeolite framework occurs most intensively due to the 

destruction of small nanoparticles followed by inter-

crystalline aggregation of structural elements (amor-

phous aluminosilicate fragments located in meso-

pores). As a consequence, the proportion of large par-

ticles with a size of 400-800 nm and the number and 

volume of interparticle voids increase. As the concen-

tration of the modifier solution increases to 0.5 M, the 

structure of the aggregates becomes more amorphous, 

particles larger than 400-1000 nm dominate, the num-

ber of visible relatively small nanoparticles is minimal 

(Fig. 3c), and the size of developing pores increases. 

 

 
Fig. 2. Diffraction patterns of zeolites: Z (1), 0.1 Z (2), 0.15 Z (3), 

0.25 Z (4), 0.3 Z (5), 0.5 Z (6) 

Рис. 2. Дифрактограммы цеолитов: Z (1), Z 0,1 (2), Z 0,15 (3), 

Z 0,25 (4), Z 0,3 (5), Z 0,5 (6) 

 

According to the assessment of changes in the 

porous structure of the original HBeta and samples 

with a high degree of transformation of the crystalline 

framework using the N2 adsorption-desorption method 

according to the type of isotherms [35], post synthesis 

by alkaline treatment is an effective method for the for-

mation of a hierarchical structure of zeolite. With a 

gradual doubling of the modifier concentration, as can 
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be seen in the examples of samples 0.25 Z and 0.5 Z, 

the development of mesoporosity leads to a decrease 

in the number and volume of micropores Vmicro from 

0.17 cm3/g by almost 2 and 4 times, the share of Vmicro 

in the total pore volume VƩ 0.37 cm3/g by 23 and 35%, 

as a result, the surface area SBET 576 m2/g by 35 

and 43% with a noticeable reduction in external SEX 

251 m2/g by 15% and VƩ by 2.5% for the 0.25 Z sam-

ple, and an increase in SEX and VƩ for sample 0.5 Z by 

3 and 11%. 

 

  
a 

  
b 

  
c 

Fig. 3. SEM – images of the surface of zeolites: Z (a), 0.25 Z (b), 

0.5 Z (c) 

Рис. 3. СЭМ – изображения поверхности цеолитов: Z (а),  

0,25 Z (b), 0,5 Z (с) 

 

The formation of bidispersity (micro-mesopo-

rous) structure of the samples is illustrated in Fig. 4. 

For polymorphic modifications a and b of Beta zeolite, 

the intersecting linear (ring) channels of the frame have 

large pores with sizes of 0.73×0.60 nm and 

0.73×0.68 nm, tortuous (elliptical cross-section) - 

0.56×0.56 nm and 0.55×0.55 nm [6, 14, 16], which is 

consistent with the data for the original HBeta sample 

with pores with a pore radius of less than 2 nm (Fig. 4 a). 

The extraction of silicon from the zeolite framework 

causes the appearance of new mesopores and a second 

maximum on the pore size distribution curve: in the 

range of 2-4 nm for a sample of 0.25 Z and a wider one 

- 2-6 nm, for a sample of 0.5 Z (Fig. 4 b, c). This type 

of change in the structure of zeolites during alkaline mod-

ification was observed, for example, in [61, 62, 16]. 

 

 
a 

 
b 

 
c 

Fig. 4. Pore size distribution for zeolites: Z (a), 0.25 Z (b),  

0.5 Z (c) 

Рис. 4. Распределение пор по размерам для цеолитов: Z (а), 

0,25 Z (b), 0,5 Z (с) 

 

When studying the phase composition of bi-

functional catalysts (XRD), it was determined that in 

terms of the zeolite component, the diffraction patterns 

of the HBeta samples and catalysts are identical, alt-

hough the reflections of the zeolite in the mixture of 

catalyst components are less intense (Fig. 5). The alu-

minum oxide phase, formed during the thermal decom-

position of the boehmite binder, is weakly crystallized 

and has reflections in the 2θ angle range of 47-70°. The 

metal component of the catalysts, the concentration of 

which, according to the results of X-ray fluorescence 

analysis, is 7.4-7.5%, in the form of Co3O4 oxide with 

a cubic spinel structure of the Fd3m type [40, 41], is 

fixed on the surface of the Co-Al2O3/SiO2 catalyst 
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(SiO2 is X-ray amorphous). As the crystallinity of the 

zeolite component framework decreases, the intensity 

of the main reflections of Co3O4 increases, and the size 

of oxide and metallic cobalt nanoparticles, calculated 

using the Scherrer equation, changes (Table 2). It can 

be assumed that as the HBeta structure becomes amor-

phous, with the appearance and increase in the concen-

tration of aluminum in the pores and on the surface of 

the zeolite, the possibility for the interaction of cobalt 

and aluminum compounds, including during the prep-

aration of the catalyst, increases. Thus, after treatment 

with NaOH solutions with a concentration of 0.1-0.25 M, 

the average size of Co3O4 nanoparticles decreases from 

17.5 to 13.0 nm, then at concentrations of 0.3 and 

0.5 M, when the particles become larger, it increases 

to 15.2 nm. 

 

 
Fig. 5. X-ray diffraction patterns of catalysts: K (1), 0.1 K (2), 

0.15 K (3), 0.25 K (4), 0.3 K (5), 0.5 K (6) 

Рис. 5. Дифрактограммы катализаторов: К (1), 0,1 К (2), 0,15 

К (3), 0,25 К (4), 0,3 К (5), 0,5 К (6) 

 
Table 2 

Catalyst parameters according to XRD data 

Таблица 2. Параметры катализаторов по данным  

Catalyst 
Particle size, nm Dispersity Co0, 

% Co3O4 Co0 

K 17.5 13.0 7.5 

0.1 K 14.1 10.5 9.3 

0.15 K 13.1 9.8 10.0 

0.25 K 13.0 9.8 10.0 

0.3 K 14.4 10.8 9.1 

0.5 K 15.2 11.3 8.7 

 

The process of formation of the porous struc-

ture of catalysts (including the secondary one) is re-

flected by the pore size distribution curves in Fig. 5, 

which make it possible to estimate the spatial position 

of metal and acid centers for observed pores of 1-15 nm 

in size and include areas in the region: 1-4 nm with 

maxima around 2 nm and undivided 3 nm, correspond-

ing to the contribution to the total pore volume of mi-

cro- and mesopores zeolite; 3-7 nm with a maximum 

of about 5 nm for Co-Al2O3/SiO2 (Fig. 5 a) and boehm-

ite (4-6 nm according to [41]). As a result, the proper-

ties of catalysts are determined by the parameters of the 

porous structure of the components and the chosen 

preparation technique (type and concentration of pep-

tizing agent, conditions of mixing, molding and heat 

treatment of catalysts [63]). Modification of the zeolite 

component does not affect the total pore volume VƩ of 

catalysts 0.55 cm3/g, but reduces: the share of mi-

cropore volume Vmicro from 0.04 cm3/g in the total VƩ 

by 7 and 2%; SBET 311 m2/g by 16 and 29% and ex-

ternal surface SEX 224 m2/g for sample 0.5 Z by 8%. 

Thus, the formed polydisperse porous structure of cat-

alysts will increase the accessibility of catalytic active 

centers for reagent molecules [16]. At the same time, 

the size of the secondary pore space and the transport 

pore system can be adjusted by controlling the distance 

between the metal and acid centers of the catalysts at 

the nano level due to the binder [63]. 

The reduction of catalyst oxide Co3O4 to the 

metallic state, according to H2 TPR data (Table 3), pro-

ceeds sequentially in two stages [64, 65] with the fol-

lowing scheme: Co3+ → Co2+ and Co2+ → Co0. The 

spectra of catalysts with maximums in the temperature 

ranges of 315-355 °C and 405-450 °C are identical. 

The decrease in the temperature of the maxima in the 

spectra of HBeta samples treated with a NaOH solution 

with a concentration of 0.15-0.3 M may be associated 

with the smaller size of Co3O4 particles. An increase in 

the temperature of the maxima to maximum values and 

peak area for the 0.5 Z sample is associated with the 

binding of cobalt oxide compounds to the aluminum of 

the zeolite framework (possibly boehmite) with the 

formation of a significant amount of surface difficult-

to-reduce compounds in the catalyst preparation cycle 

[63, 65]. 

The catalysts exhibit high activity in the pro-

cess of FT synthesis (Fig. 6). Thus, with the consistent 

development of the hierarchical structure of HBeta 

samples and changes in the complex properties of the 

catalysts, the main indicators of the process gradually 

improve. Catalysts using zeolites obtained by treat-

ment with a NaOH solution with a concentration of 

0.25-0.5 M have high levels of CO conversion and 

productivity with respect to the formation of C5+ hy-

drocarbons, the maximum with minimal gas formation 

is 0.5 M. Increasing the synthesis temperature from 

240 °C to 250 °C intensifies the process synthesis - the 

degree of CO conversion for samples increases by 9-

12%. In this case, the balance of secondary hydro pro-

cesses for the 0.25 K and 0.3 K catalysts, in contrast to 
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the K and 0.5 K samples, changes somewhat. At the 

same time, in terms of the achieved indicators, the 

catalysts, primarily 0.5 K, are not inferior to the most 

competitive of the known bifunctional FT catalysts. 

 

 
a 

 
b 

 
c 

 
d 

Fig. 6. Pore size distribution for catalysts: Co-Al2O3/SiO2 (a), K (b), 0.25 K (c), 0.5 K (d) 

Рис. 6. Распределение пор по размерам для катализаторов: Co-Al2O3/SiO2 (a), К (b), 0,25 К (c), 0,5 К (d) 

 
Table 3 

TPR data of H2 catalysts 

Таблица 3. Данные ТПВ Н2 катализаторов 

Catalyst 
Peak 1 Peak 2 

Temperature, °С Square S1, % Temperature, °С Square S2, % 

K 330 29.2 424 70.8 

0.1 K 341 28.4 437 71.6 

0.15 K 332 26.9 417 73.1 

0.25 K 326 27.5 408 72.6 

0.3 K 317 27.3 414 72.7 

0.5 K 355 25.9 448 74.1 
note: S1 and S2 – peak area on the TPR curve 

Примечание: S1 и S2 площади пиков ТПВ 

 

 
а 

 
b 

Fig. 7. Catalytic performance of FT synthesis at temperature 240 °C (a) and 250 °C (b) for catalysts: Conversion CO (1), C5+ (2), CH4 

(3), C2-C4 (4) 

Рис. 7. Каталитические показатели синтеза ФТ при температуре 240 °С (а) и 250 °C (b) для катализаторов: Конверсия CO (1), 

C5+ (2), CH4 (3), C2-C4 (4) 



 

O.P. Papeta et al. 

 

ChemChemTech. 2024. V. 67. N 9  71  

 

 

C5+ hydrocarbons synthesized in the presence 

of the metal component of catalysts (Co-Al2O3/SiO2) 

are 97.4% alkanes of normal structure, including 

46.7% long-chain C19+. Choosing the optimal method 

for processing the acid component of catalysts to ob-

tain a given composition of products involves finding 

a balance between selectivity and activity indicators of 

the catalytic system in the process of FT synthesis. The 

data for such an assessment are summarized in table. 6 

and allow one to evaluate the functional features of the 

catalysts. It is obvious that the presence of the acidic 

component HBeta in the catalyst composition ensures 

selective hydrocracking and isomerization of primary 

high-molecular products into hydrocarbons of fuel 

fractions [61, 19, 27, 66] – mainly alkanes of normal 

and iso structure, components of gasoline C5-C10 and 

diesel C11-C18 fractions (Table 4). The formation of 

naphthenic and aromatic hydrocarbons was not rec-

orded. 

 
Table 4 

Catalyst performance and composition of C5+ hydrocarbons at temperatures of 240 and 250 °C 

Таблица 4. Производительность катализаторов и показатели состава углеводородов С5+ при температурах 

240 и 250 °C 

Catalyst 
Productivity, kg/(m3

cat.h) 
iso/n** o/p*** 

alkanes alkenes isoalkanes alkenes* total 

240 °С 

K 80.3 18.3 21.8 15.2 135.6 0.4 0.3 

0.1 K 52.6 12.5 15.4 12.3 92.8 0.4 0.4 

0.15 K 62.7 13.2 21.5 12.7 110.1 0.5 0.3 

0.25 K 66.9 12.0 23.2 15.2 117.3 0.5 0.3 

0.3 K 75.1 13.9 19.1 12.1 120.2 0.4 0.3 

0.5 K 80.2 18.8 22.6 5.1 126.7 0.3 0.2 

including C11-C18 

K 39.6 1.3 12.2 2.8 55.9 0.4 0.1 

0.25 K 28.0 2.3 13.4 6.0 49.7 0.6 0.2 

0.5 K 37.5 4.6 13.9 2.2 58.2 0.4 0.1 

250 °С 

K 76.2 20.6 29.3 20.3 146.4 0.5 0.4 

0.25 K 62.1 13.4 19.0 29.4 123.9 0.6 0.5 

0.3 K 68.3 11.7 17.4 16.0 113.4 0.4 0.3 

0.5 K 83.3 17.9 22.7 13.8 137.7 0.4 0.3 

including C11-C18 

K 28.5 1.5 17.9 4.4 52.3 0.7 0.1 

0.25 K 25.6 2.2 10.5 12.3 50.6 0.8 0.4 
*Branched alkenes 

**Ratio of hydrocarbons with a branched to linear structure 

***The ratio of the content of alkenes (olefins) and alkanes (paraffins) 

*Разветвленные алкены 

 **Соотношение углеводородов с разветвленной и линейной структурой  

***Соотношение содержания алкенов (олефинов) и алканов (парафинов) 
 

The transformation of the structure of the zeo-

lite component of 0.1-0.25 K catalysts causes a de-

crease in the number of n-alkanes in the composition 

of the synthesis products. In comparison with the cata-

lyst on the original HBeta, for example, at 240 °C there 

is an increase in the number of n-alkanes in the gaso-

line fraction and a decrease in the diesel fraction. As 

changes in the properties of zeolites increase when treated 

with a modifier in high concentrations (0.25-0.5 M), the 

balance of cracking and isomerizing functions of cata-

lysts changes – the number of n-alkanes participating 

in secondary reactions decreases (close results of the 

influence of the zeolite component on the properties of 

a composite catalyst are given in the work [61]). Most 

noticeably for 0.5 K (the total amount of n-alkanes in 

the diesel fraction increases) – the zeolite promotes the 

isomerization process without too much cracking [27]. 

Thus, the formed mesoporous channels ensure the 

proximity of the reacting molecules, solve the problem 

of accessibility of active centers and increase the inten-

sity of the isomerization process. In this case, terminal 

single-branched (monomethyl-branched) alkanes can 

form inside the pores (close to the entrance to the pore), 

and double-branched ones - mainly on the outer surface 

through their isomerization. As a consequence, in the 

C11–C18 fraction of all catalysts with modified HBeta, 
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hydrocarbons of iso-structure are formed - isoalkanes 

and branched alkenes, most intensively in the presence 

of a 0.25 K sample at 240 °C and 250 °C. With a min-

imum number of normal-structure alkanes formed and 

a temperature of 240 °C, the proportion of iso-alkanes 

increases ~ 1.25 times to 27%. The proportion of 

branched alkenes at 240 °C is 2.4 times to 12%, at 250 °C 

– 2.9 times to 24%, which together with isoalkanes 

reaches 45% of the fraction volume. C5+ hydrocarbons 

and components of the diesel fraction obtained in the 

presence of a catalyst are characterized by maximum 

values of the iso/n index at all FT synthesis tempera-

tures (0.5 and 0.6, 0.6 and 0.8, respectively). 

CONCLUSIONS 

The features of the appearance of mesoporos-

ity and the development of bidisperse micro-mesopo-

rous structure of HBeta zeolite samples obtained by 

post-synthesis during alkaline treatment were studied. 

The formation of a polydisperse porous structure of 

composite bifunctional cobalt catalysts for the synthe-

sis of FT using hierarchical HBeta zeolite as an acid 

component is considered. 

It has been shown that optimization of the po-

rous structure of catalysts creates conditions for the se-

lective synthesis of hydrocarbons in fuel fractions. The 

main parameters that determine the formation of hy-

drocarbons in gasoline C5-C10 and diesel C11-C18 frac-

tions with a high degree of isomerization are the size and 

nature of the pore size distribution of HBeta zeolite. 

It has been established that it is preferable to 

use HBeta zeolite with a crystalline structure obtained 

by treatment with a NaOH solution with a concentra-

tion of 0.25-0.5 M as an acidic component of catalysts. 

The productivity of catalysts for C5+ hydrocarbons at 

a synthesis temperature of 250 °C reaches 123.9-

137.7 kg m-3cat∙h-1. 
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