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In this work, cobalt catalysts based on zeolite ZSM-5 were prepared by the triple impregnation method and
chemically analyzed. Zirconium dioxide was used as a promoter (3 wt. %). Chemical analysis of the elemental
composition and structure of the obtained catalysts was carried out using scanning electron microscopy. It is shown
that the elemental composition of the catalysts with satisfactory accuracy corresponds to their given composition.
Experiments for catalytic tests of the prepared catalysts were carried out on a laboratory Fischer-Tropsch synthesis
unit and synthetic hydrocarbons were obtained. Comparative characterization of activity of the obtained catalysts
with cobalt content of 10 % and 20 % has been carried out, dependence of carbon monoxide conversion and
selectivity with respect to formation of gas hydrocarbons and yield of liquid products on temperature has been
studied.
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ZSM-5 HEOJINT HEI'T3IHAEI'T KOBAJIBT KATAJIN3ATOPJIAPBIH KOJITAHY
APKbBLJIBI CHHTETUKAJIBIK KOMIPCYTEKTEPAI AJTY
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JKymeicta ymr ece ciHmipy opmiciMeH ZSMS5 1ieonuTiHe HeTi3fieNreH KOOAIbT KaTaau3aTopiaphl JaibIHIAIIB
JKOHE ONIapIblH XUMILUIBIK, TaJIAAysl Ky prisuiai. IIpoMoTop peTiHae IMpKOHUN AMOKCHII KOIJaHbUIAH (3 Mac.
%). PacTpibIK 37€KTPOHIBI MUKPOCKOIMSIHBI KOJIJAHA OTBIPBII, aIbIHFAH KaTaIu3aTopIapabiH MeMEHTTIK Kypa-
MBI MEH KYpPbUIBIMBIHA XUMHUSUTBIK, TAIAy Kacaiibl. Katamus3aTopnapapH 3JeMEHTTIK Kypambl OJapiblH Oepili-
reH KypaMblHa KaHAFaTTaHAPJIBIK JAJIAIKIIEH COMKec KeleTiHi kepceeTiireH. Puinep-Tpomniil CMHTE3iHiH 3epTXaHa-
JIBIK, KOH/IBIPFBICHIH/IA JaRbIHIAFAH KaTaTH3aTOpIapIbl KATATUTUKAIBIK, CBIHAY YIIH SKCIIEPUMEHTTep XY Pri3iiai
KOHE CHHTETHKAIBIK KeMipcyTekTep anbiHabl. Kodamst memepi 10% xone 20 601aThiH aBIHFAH KaTaan3aTop-
JIap/IbIH OeJICeH/UTITIHE CaJIBICTBIPMAJIbl CHIIATTAMa XKacaabl %, ra3 KeMipCyTeKTepiHiH Ty3UIyiHe KoHe CYHBIK
©OHIMJIEp/IiH IILIFBIMbIHA KATHICTB KOMipTeTi TOTHIFBIHBIH KOHBEPCUSICHI MEH CEIEKTUBTLUIITIHIH TeMIlepaTypara Toy-
€JIIUTIr 3epTTen/i.

TyiiiH ce3aep: CHHTE3-Ta3, KOOAIBT KaTaJu3aTopiapkl, mpomMorop, Puiep-Tporin cuHTe3i, KOHBEPCHS], Ce-
JIEKTUBTLIIK, KOMipCyTEKTep.

INOJYYEHUE CUHTETUYECKHUX YIVIEBOAOPOA0B C IPUMEHEHUEM
KOBAJIBTOBBIX KATAJIN3ATOPOB HA OCHOBE IIEOJIUTA ZSM-5
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B pabore npuroroBieHs KOOAIBTOBBIE KaTaJIM3aTOPhl HA OCHOBE LieosnTa ZSM-5 MeTosoM TpOIHOM MponuT-
KM ¥ MIPOBEJIEH UX XUMHUUYECKHl aHau3. B KauecTBe IpoMOTOpa UCMOIb30BAIM AUOKCUA LIMpKOHUsA (3 Mac. %).
C npuMeHeHNeM pacTpOBOH MEKTPOHHON MUKPOCKOITUH TIPOBEEH XUMHUUYECKHI aHATN3 3JIEMEHTHOTO COCTaBa
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CTPYKTYPBI OJyYEHHbIX KaTamu3aTopoB. [TokazaHO, UTO 3JIeMEHTHBIN COCTAB KaTaIU3aTOPOB C YAOBJIETBOPUTEb-
HOM TOYHOCTBIO COOTBETCTBYET MX 3aJaHHOMY COCTaBY. [IpOBeeHBI SKCIIEPUMEHTHI /15 KATAJIMTUYECKIX UCIIbITA-
HU IPUTOTOBJIEHHBIX KaTaIM3aTOPOB Ha JJA0OPAaTOPHOI ycTaHOBKe cuHTe3a Pumepa-Tpomniua v MoxyyeHs! CHHTe-
THYECKHe yIIeBogopoasl. [IpoBeieHa cpaBHUTEIbHAS XapaKTEPUCTHKA aKTUBHOCTU MOJyUYEHHbBIX KaTaju3aTopoB
¢ coaepxanreM kobaista 10 % 1 20 %, n3ydeHa 3aBUCIMOCTh KOHBEPCHHM OKCHJIa YIVIEPOAa U CEJIEKTUBHOCTH B
OTHOILIEHUH 00Pa30BaAHMSI FA30BbIX YIJIEBONOPOINOB M BBHIXOIA KHUAKUX MPOLYKTOB OT TEMIIEPATYPBI.

KuroueBble ciioBa: crHTe3-ra3, KOOAIBTOBBIE KaTaJu3aTophl, IPOMOTOp, cuHTe3 Puiiepa-Tpomia, KOHBEp-

CUs, CEJICKTUBHOCTD, YIJIIEBOAOPObI.

Introduction. One of the typical heterogeneous
catalytic processes is the Fischer-Tropsch synthesis,
which serves as the basis for technologies for the
production of hydrocarbons from various organic raw
materials and is of great importance for the use of
alternative types of motor fuels and environmental
protection [1, 2].

Fischer-Tropsch synthesis is a key stage in the
technology for producing synthetic oil and high-
quality fuel components from carbon-containing raw
materials. In recent years, the technology has received
increasing attention as an alternative to tapping
dwindling oil reserves. The solution of environmental
problems, for example, such as the utilization of
associated gas, adds relevance [3-5].

In recent decades, a large number of studies have
been carried out in the field of developing new catalysts
for FT synthesis [6-9]. At the same time, individual
oxides and mixed oxide systems that are prone to
the formation of solid solutions or spinel structures
are usually used as supports for Fischer-Tropsch
synthesis catalysts (especially cobalt ones) [10]. Typical
carriers of Co-catalysts are: silica gel, kieselguhr,
oxides of aluminum, silicon, titanium, magnesium
and zirconium, amorphous aluminosilicates, zeolites.
The nature of the carrier and its physicochemical
characteristics can have a strong impact on the activity
and selectivity of contacts. The carrier can also enter
into a chemical interaction with the metal; the carrier
participates in the formation of new compounds or new
phases. Strong interaction between a metal and a carrier
can occur through the charge transfer mechanism with
the appearance of a partial positive charge on the metal
[11]. Basically, with increasing carrier acidity, the yield
of liquid and solid hydrocarbons increases [12].

Promising catalysts for the Fischer-Tropsch
synthesis are cobalt catalysts, in the presence of
which oxygen-containing and aromatic hydrocarbons
are practically not formed [13,14]. Cobalt catalysts
have become widespread due to their high activity,
durability, and high selectivity to saturated linear
paraffins. In addition, Co-catalysts are considered

the optimal choice for the production of long-chain
hydrocarbons (Cs,), at moderate temperatures and
pressures [15,16].

The objectives of this work are: obtaining synthetic
hydrocarbons from carbon monoxide and hydrogen
on cobalt catalysts based on ZSM-5 zeolite (promoted
with zirconium dioxide); study of the temperature
dependence of carbon monoxide conversion and the
yield of hydrocarbon products; study of the influence
of cobalt content on the main parameters of Fischer-
Tropsch synthesis.

Materials and methods. Granular zeolite ZSM-5
was used as a cobalt catalyst carrier, and zirconium
dioxide ZrO, served as a promoter, which was used to
increase the activity of the catalyst and selectivity in the
formation of synthetic hydrocarbons. To prepare cobalt
catalysts, the following reagents were used: cobalt
nitrate hexahydrate (Co(NO;),-6H,0) and zirconium
nitrate hexahydrate (ZrO(NO;),-2H,0).

Cobalt catalysts were prepared by the triple
impregnation method. Previously, the carrier was
pierced in a muffle furnace at a temperature of 450
OC for 5 hours to remove foreign substances (including
especially carbon).

Cobalt catalysts of the following compositions were
prepared: 10% Co/3% ZrO,/87%zeolite ZSM-5 and
20% Co/3% ZrO,/T7%zeolite ZSM-5. Previously, the
cobalt catalysts were pre-activated (reduced) in a
stream of hydrogen at atmospheric pressure and a
temperature of 350 °C with a volumetric flow rate of
synthesis gas of 1000 h™! for 1 hour.

Catalytic tests on these catalysts were carried out
in a laboratory Fischer-Tropsch synthesis unit at a
pressure of 15 atm. in the temperature range 180-220
OC. Synthesis gas with a molar ratio of H,/CO = 2/1
was supplied at a successively increased temperature
in increments of 10 °C. The duration of the Fischer-
Tropsch synthesis under isothermal conditions at a
volumetric flow rate of synthesis gas of 500 h'! was
about 12 hours.

The study of the elemental composition and
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structural features of the catalysts was carried out using
a Hitachi TM3030 scanning electron microscope with
a Bruker XFlash MIN SVE microanalysis system at an
accelerating voltage of 15 kV.

Results and Discussion. Figure 1, using the
scanning electron microscopy (SEM) method, shows
the results of an analysis of the composition and
structural features of the prepared cobalt catalyst
20%Co/3%Zr0,/77%zeolite ZSM-5, which shows
the atomic and weight fraction of the element
in the cobalt catalyst based on zeolite This EDS

= U

spectrum contains information about the characteristic
peaks of the sample and the chemical elemental
composition of the cobalt catalyst with the composition
20%Co/3%Zr0,/77%zeolite ZSM-5.

Analysis of SEM images showed that the
resulting catalyst with the composition 20%
Co/3%ZrO2/77%zeolite ZSM-5 had pore sizes from
0.3 to 0.7 um (Figure 2, A). As can be seen from
Figure 2 (B), the particle size of the cobalt catalyst
is approximately ~13-16 um.
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Figure 1 — EDS spectrum of a cobalt catalyst based on zeolite (20%Co0/3%Zr0O2/77%zeolite ZSM-5)

Spectrum: Point

Element AN Series Net unn. C norm. C Atom. C Error

[wt.%] [wt.%] [at.%] [%]

Oxygen 8 K-series 4029 64.34 48.88 49.39 8.5
Carbon 6 K—series 2380 45.13 34.29 46.15 6.4
Cobalt 27 K—series 1002 19.21 14.59 4.00 0.6
Zirconium 40 L—series 448 2.73 2.07 0.37 0.1
Silicon 14 K-series 36 0.13 0.10 0.06 0.0
Aluminium 19 K—series 17 0.08 0.06 0.03 0.0

Total: 131.62 100.00 100.00
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Figure 2 — SEM images of a cobalt catalyst based on zeolite
20% Co/3% ZrO2/77%zeolite ZSM-5

A more detailed study revealed that large fractions of
particles of the catalyst under study were coated with a
layer of cobalt and zirconium in a percentage ratio of
7:1.

Analysis of the data obtained showed that the
elemental composition of the prepared catalysts,
determined using scanning electron microscopy,

corresponds with their specified composition with
satisfactory accuracy.

Figures 3 and 4 show chromatograms, respectively,
of gaseous (at a temperature of
210° C) and liquid products (at a temperature of 200
9C) of synthesis on the catalyst 20% Co/3% Zr0,/77%
zeolite ZSM-5 (at their highest concentrations).
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Figure 3 — Chromatogram of gaseous synthesis products on the catalyst 20%Co/3%ZrO,/77%zeolite ZSM-5 at
a temperature of 210 °C
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Figure 4 — Chromatogram of liquid synthesis products on the catalyst 20%Co/3%ZrO,/77%zeolite ZSM-5 at a
temperature of 200 °C

The results of the studies on the production of
synthetic hydrocarbons are presented in Tables 1-3,
which show the corresponding dependences of the
conversion of carbon monoxide and the concentration
of C,-C, products on the synthesis temperature
on catalysts 10% Co/3% ZrO,/87%zeolite ZSM-5

and 20% Co/3%Zr0,/77%zeolite ZSM-5 with cobalt
content of 10 and 20 wt.%.

In Table 3, the yield of liquid Cs, products (g/m?) of
the FT synthesis process on the catalysts under study
was obtained throughout the entire duration of the
synthesis.

Table 1 - Main parameters of the Fischer-Tropsch synthesis on the catalyst 10%Co/3% ZrO,/87%zeolite ZSM-5

Temmneparypa, °C | Kousepcus CO, % | C; — C,%
180 21,5 3,7

185 27,4 7,3

190 31,6 9,4

195 355 15,2

200 42,1 19,3

205 48,2 22,1

210 58,8 19,8

220 62,7 17,3

Table 2 - Main parameters of the Fischer-Tropsch synthesis on the catalyst 20%Co/3% ZrO,/77%zeolite ZSM-5

Temneparypa, 0C | Konsepcus CO, % | Cl1 —C4%
180 28,7 4,9

185 31,6 81

190 37,4 11,8

195 45,9 18,7

200 54,8 20,6

205 67,1 26,9

210 70,2 284

220 79,2 25,3
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Table 3 - Yield of liquid products of the Fischer-Tropsch synthesis process on the catalysts under study

Catalysts Temperature, °C | Yield Cs,, g/m®
10%Co/3%Zr02/87% zeolite ZSM-5 | 210 75
20%Co0/3%Zr02/77% zeolite ZSM-5 | 200 89

Analysis of the data obtained showed that during the
synthesis on the catalyst
10% Co/3% ZrO,/87%zeolite ZSM-5 with an increase
in temperature from 180 °C to 220 °C, the main
indicators of the process significantly increase:
conversion of carbon monoxide (21.5-62.7 %),
selectivity for the formation of C,-C, hydrocarbons
(3.7-22.1%) and the yield of Cs, liquid products. At
the same time, the optimal temperatures at which the
largest amount of hydrocarbons are formed are 205 °C
and 210 °C for gas and liquid products, respectively.

Using the catalyst 20%Co/3%ZrO,/77%zeolite
ZSM-5, with increasing temperature (180-220°C), the
conversion of carbon monoxide (28.7-79.2%) and the
selectivity of C,;-C, hydrocarbons (4.9-28.4) and the
yield of liquid Cs, products. At temperatures of 210
OC and
200°C, the largest amounts of gas and liquid
hydrocarbons are formed, respectively.

The obtained experimental results showed that the
addition of cobalt from 10% to 20% (wt.) to the
promoted catalyst leads to an increase in the highest
values of carbon monoxide conversion from 62.7% to
79.2%, an increase in the highest selectivity for the
formation of gas hydrocarbons C;-C, with 22.1% to
28.4% and the yield of liquid products from 75 g/m?
to 89 g/m3. Also, when cobalt is added, a decrease in

temperature is observed from 210 to 200 °C.

It should also be noted that by-products such as H,O
and CO, were formed in the gas leaving the reactor
during the FT synthesis process. The formation of
the latter can occur as a result of disproportionation
reactions of CO (Bella-Boudoir) and water gas:

2C0 & CO, + C; CO + H,0 & CO, + H,

As the synthesis temperature increased, in virtually
all experiments an increase in the proportion of CO,
in the gas was observed. At the same time, the carbon
released during the reaction (simultaneously with CO,)
leads to “carbonization” of the catalyst (as well as the
reactor), which significantly reduces the activity and
selectivity of the catalyst. Therefore, an increase in
the carbon dioxide content in the resulting gas has a
negative effect.

Conclusions. When carrying out the Fischer-
Tropsch synthesis with different cobalt additions, the
catalyst 20%Co/3%ZrO,/77%zeolite ZSM-5 showed
the greatest activity and selectivity with respect to the
formation of gaseous and liquid products compared
to the catalyst 10%Co/3%ZrO,/87%zeolite ZSM-5.
Cobalt catalysts based on ZSM-5 zeolite with a
cobalt content of 20% showed sufficient activity and
selectivity in the Fischer-Tropsch synthesis in the
formation of synthetic hydrocarbons.
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