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Abstract—of Supported bifunctional cobalt catalysts for the direct conversion of synthesis gas to liquid fuel-
fraction hydrocarbons (HCs) have been studied. The effect of ZSM-5 zeolite in the structure of the support
preformed using a boehmite binder on the catalytic and physicochemical properties of the catalysts has been
examined. The synthesized catalysts exhibit high mechanical strength; therefore, they can be used in tubular
Fischer—Tropsch (FT) synthesis reactors. The efficiency of the supported bifunctional Co/(Al,0;—ZSM-5)
catalysts is determined by the number of active metal cobalt sites, the degree of dispersion of the cobalt crys-
tallites, and the total surface acidity. An increase in the catalyst acidity leads to an increase in the fuel fraction
selectivity owing to long-chain HCs. At the same time, the activity of the catalysts decreases; therefore, a
decrease in their efficiency is observed. It is assumed that this finding is attributed to the diffusion limitations
between the HC synthesis and hydrotreating sites.
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Keen demand for liquid motor fuels is attributed to
the global increase in the consumption of this product
and the depletion of reserves of oil, which is the main
feedstock for the production of this fuel [1]. In this
context, alternative carbon-containing sources for the
production of high-quality motor fuels (biomass;
coalmine methane; natural, associated petroleum,
and shale gases; and coal) are attracting ever-increas-
ing interest of researchers [2—5]. Advantages of these
types of carbon-containing feedstocks are their signif-
icant reserves, relative cheapness, and—in the case of
biomass—renewability. In the foreseeable future,
motor fuel technologies using these resources can
become competitive with the production of these fuels
from natural oil.

The well-known technology of production of syn-
thetic hydrocarbons (HCs) by the Fischer—Tropsch
(FT) method [6] is the most attractive for producing
motor fuels using the above feedstock sources. The
process includes several stages: the production of syn-
thesis gas, the synthesis of HCs by the FT method, and
the hydrotreating of the synthesis products (cracking
of macromolecular HCs, isomerization) [7]. In gen-
eral, the efficiency of the technology is determined by
the intensity of the processes that occur at each of the

stages and their technological and instrumental
design.

One of the main tasks in the development of a tech-
nology for the production of synthetic fuels is the con-
trol of selectivity for products at the HC synthesis
stage. In the presence of “classical” commercial FT
catalysts based on cobalt and iron, the molecular
weight distribution of the synthesized products is typ-
ically described by the Anderson—Schulz—Flory
(ASF) equation [8], according to which the selectivity
for gasoline (Cs—C,;) and diesel (C,,—Cs) fractions is
limited to values of 45 and 30%, respectively. To
increase the efficiency of the condensed HC produc-
tion stage, synthesis is conducted under conditions
providing a high probability of the HC chain propaga-
tion of o0 > 0.9, which characterizes the HC distribu-
tion in the ASF equation. In this case, a significant
amount of macromolecular paraffins (Cs,) is pro-
duced and an additional step of HC hydrotreating is
required to increase the yield of liquid HCs.

A strategy in the development of a less energy-
intensive and more efficient technology is to adjust the
process selectivity to the desired products by selecting
catalyst systems and conditions providing a single-step
production of fuel fractions. In the case of direct syn-
thesis of fuel fractions from synthesis gas over bifunc-
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tional catalysts, a separate stage of hydrotreating is not
required because these catalysts combine the func-
tions of synthesis and hydrotreating of HCs [9—12].
The use of cheap feedstocks, in combination with the
reduction of technological stages, makes it reasonable
to expect competitive advantages of XTL technologies
(conversion of any carbon-containing feedstock to liq-
uid HCs) in the production of liquid HCs from a feed-
stock that is alternative to crude oil.

Extensive studies aimed at designing and optimiz-
ing bifunctional catalysts are being conducted [13—
16]; a number of reviews have been published [17, 18].
A key parameter that determines the efficiency of
these catalyst systems is the degree of contact of the
HC synthesis sites (FT component) with the isomeri-
zation and cracking sites (acid component). The
authors of [19] believe that the maximum process
intensity in the presence of bifunctional catalysts is
achieved if the chemical conversion rate is not limited
to the rate of transfer of products between these active
sites. The quantitative ratio of the sites and their activ-
ity can be controlled by introducing components with
pronounced acid properties, such as HZSM-5, HY,
and Hf zeolites, which are used in commercial
HC isomerization and cracking processes, into the
catalyst [20].

With respect to the type of contact between the
active sites, catalysts can be classified as mixed, core—
shell, and impregnated [18]. The tightest contact
between the active sites is provided by impregnated
catalysts owing to the direct dispersion of the active
component onto the zeolite. Bifunctional impreg-
nated cobalt catalysts, in which the active component
is deposited directly on an acid support, have been the
focus of many studies (see [21—27]). However, it
should be noted that, in most of the studies, zeolites
are used in the form of a powder without any binder;
these catalyst systems exhibit low mechanical proper-
ties (strength, abrasion, etc.); therefore, they are of lit-
tle use for practical applications.

The aim of this study is to determine the effect of
addition of the ZSM-5 zeolite into the structure of a
support preformed using a boehmite binder on the
catalytic and physicochemical properties of a bifunc-
tional impregnated cobalt catalyst for the single-stage
FT synthesis of motor fuel fractions of HCs.

EXPERIMENTAL
Catalyst Synthesis Procedure

Catalyst samples were synthesized on preformed
supports. The supports were prepared by mixing pow-
ders of the ZSM-5 zeolite in the proton form (Ishim-
bay Specialized Chemical Catalyst Plant, SiO,/Al,O; =
40) and boehmite AI(OH)O (Sasol, TH 80). To pro-
vide plasticization, a water—alcohol solution of trieth-
ylene glycol with nitric acid (0.1 mol/mol Al,O;) was
added to the mixture; the resulting mass was stirred to
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obtain a paste. The paste was extruded to form cylin-
drical pellets of the support with a diameter of 2 mm
and a length of 3 mm; the pellets were air-dried at a
temperature of 25°C for 24 h and subjected to a heat
treatment in the following mode: at 80°C for 4 h and
then at 100, 120, and 140°C for 1 h at each of the tem-
peratures; after that, the pellets were calcined at 500°C
in an air atmosphere for 4 h to provide the transition of
boehmite to Al,O;.

The supports were impregnated with an aqueous
solution of cobalt nitrate with a concentration of 55%
at a temperature of 70°C for 0.5 h. The catalysts were
dried at 80°C for 4 h and then at 100, 120, and 140°C
for 1 h at each of the temperatures; after that, the cat-
alysts were calcined at 400°C for 4 h.

Catalyst Testing Procedures

HCs were synthesized in a flow isothermal reactor
with a fixed-bed catalyst (10 cm?) diluted with 30 cm?
of quartz crumb at a pressure of 2.0 MPa. Before the
catalytic tests, the test samples were reduced in a
hydrogen flow at a temperature of 400°C and a gas
hourly space velocity (GHSV) of 3000 h~! for 1 h.
After that, the catalysts were activated with synthesis
gas at a ratio of H,/CO = 2 at a pressure of 2.0 MPa

and a GHSV of 1000 h~! with a stepwise rise in tem-
perature from 180 to 240°C (2.5 °C/h). After catalyst
activation, the synthesis products were poured off
from the collectors and subjected to comparative bal-
ance tests at a constant temperature (240°C), GHSP =
1000 h~!, P = 2.0 MPa, and a continuous on-stream
time of 100 h.

Analysis of the composition of the gaseous synthe-
sis products was conducted by gas adsorption chroma-
tography on a Kristall 5000 chromatograph (Chro-
matec, Russia) equipped with a thermal conductivity
detector and two columns; one of the columns (Hay-
sep R) was used for determining C,—C; HCs and CO,
(carrier gas, helium; flow rate, 15 mL/min); the other
column (molecular sieves NaX) was intended for the
determination of CO, H,, and N, (carrier gas, argon;
flow rate, 15 mL/min). Temperature programming at
a heating rate of 8°C/min was used.

The condensed synthesis products were distilled at
atmospheric pressure to separate three fractions,
namely, IBP of 180°C, 180—330°C, and bottoms
(>330°C). The composition of the derived Cs, HC
fractions was determined by capillary gas—liquid chro-
matography—mass spectrometry using an Agilent GC
7890 gas chromatograph equipped with an MSD
5975C mass-selective detector and an HP-5MS capil -
lary column.

Cobalt content in the catalyst samples was deter-
mined by X-ray fluorescence analysis (XFA) on a
Thermo Scientific ARLQUANT’ X spectrometer in an



436

SAVOST’YANOV et al.

Table 1. Composition and physicochemical characteristics of the catalysts

Catalyst composition, wt % Compression strength, MPa
No. Sample S, m%/g compression
Co* AlLO5** ZSM-5%* P edge . along
compression .
generatrix

1 Co/Al, 04 17.5 76.2 0 128.2 4.2 2.2
2 Co/(Al,05—10ZSM-5) 17.9 68.0 7.6 130.3 6.2 -
3 Co/(Al,05—30ZSM-5) 17.3 53.5 22.9 182.0 8.1 4.3
4 Co/(Al,05—60ZSM-5) 18.9 29.7 44.6 245.5 7.4 5.0

* According to XFA.
** Calculated data.

air medium using a Teflon substrate with an effective
irradiation area of 48.9 mm?.

The phase composition of the catalyst samples was
determined by X-ray powder diffraction (XRD) anal-
ysis on a Thermo Scientific ARL X’TRA powder dif-
fractometer using monochromatized CukK|, radiation
in the 20 range of 5°—80° using PDF-2 [28] in the
Crystallographica software system.

The morphology and microelement composition
of the catalyst surface was studied by scanning electron
microscopy (SEM) on a Quanta 200 SEM instrument
(FEI, United States) equipped with an EDAX Genesis
energy-dispersive analysis system at an accelerating
voltage of 30 kV.

Transmission electron microscopy (TEM) studies
of the catalysts were conducted on a Tecnai G? Spirit
Biol'WIN microscope (FEI, United States) at an
accelerating voltage of 120 kV. The samples were pre-
liminarily reduced with a nitrogen—hydrogen mixture
(5 vol % H,) under linear heating from room tempera-
ture to 500°C for 1 h. The degree of reduction of the
catalysts was determined by pulsed oxidation of the
reduced catalysts with a gas mixture composed of 30%
0O, and 70% He.

The textural characteristics of the catalyst surfaces
were determined on a Micromeritics ChemiSorb 2750
instrument. The sample was preliminarily degassed in
a helium stream at 200°C for 1 h to remove moisture
and other adsorbed gases. Specific surface area was
determined by the BET method using argon as an
adsorbate (at a temperature of —196°C).

Analysis of the catalysts by temperature-pro-
grammed reduction (TPR) was conducted on a
Micromeritics ChemiSorb 2750 instrument. The cata-
lyst samples were degassed in a helium atmosphere at
a temperature of 200°C for 1 h. Reduction was run in
a stream of a gas mixture composed of 5% H, and 95%
N, (20 mL/min) under linear heating from room tem-
perature to 800°C at a rate of 20°C/min.

Ammonia adsorption was run at room temperature
in a stream of an ammonia—helium mixture

(20 vol % NH;) at room temperature for 1 h. Before
adsorption, the catalyst samples were degassed in a
helium stream at 200°C for 1 h. Physically adsorbed
ammonia was removed in a helium stream at 100°C for
0.5 h. Ammonia desorption was run in a temperature
range of 100—700°C under linear heating at a rate of
20°C/min using helium as a carrier gas.

Compression tests were conducted using an IPG-1
extensometer. The average strength of the pellets
(in MPa) was calculated for 20 separate measurement
results.

RESULTS AND DISCUSSION

For the studies, supported catalyst samples with a
ZSM-5 zeolite content in the support of 0, 10, 30, and
60 wt % were prepared. Characteristics of the bifunc-
tional catalyst samples are shown in Table 1.

The cobalt loading in the catalyst samples varies in
arange of 17.3—18.9 wt %. With an increase in the zeo-
lite content in the support, the textural characteristics
of the samples change as follows: the specific surface
area increases from 128.2 to 245.5 m?/g and the
mechanical strength slightly increases with respect to
the sample containing no zeolite.

The catalytic properties of the supported catalysts
were studied at a continuous on-stream time of no less
than 100 h (Table 2).

The highest activity in the synthesis was exhibited
by the Co/Al,O; catalyst sample containing no zeolite.
In the presence of this sample, the CO conversion was
57.2%, while the selectivity and efficiency with respect

to Cs, HCs were 73.1% and 79.4 kg/(rnim h), respec-
tively. The introduction of the zeolite into the
Co/Al,O; catalyst composition leads to a decrease in
the catalyst activity: the CO conversion decreases to
34.2%, while the selectivity for gaseous C,—C, prod-
ucts increases owing to a contribution of secondary
reactions, in particular, the HC (hydro)cracking; ulti-
mately, these processes lead to a decrease in the effi-

ciency with respect to Cs, HCs to 49.1 kg/ (miat h).
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Table 2. Catalytic properties of the catalyst samples as a function of the ZSM-5 zeolite content in the support at GHSV =

1000 h~!, 7= 240°C, and P= 2.0 MPa

Selectivity, % Efficiency
o ith t
No. Samples on. % with respec
conversion, % H _
CHy G €0 Cst to Cs, kg/(mgat h)

1 |Co/AlLO; 57.2 16.2 9.6 11 73.1 79.4
2 Co/(Al,0;—10ZSM-5) 46.5 23.4 10.5 2.2 63.9 64.7
3 Co/(Al,05—30ZSM-5) 36.8 23.5 15.0 1.8 56.7 50.5
4 Co/(Al,0;—60ZSM-5) 34.2 22.8 13.1 1.6 62.5 49.1

Table 3. Fractional composition of the synthesis products in the presence of supported catalysts containing different

amounts of the zeolite

Fractional composition of Cs; HCs, wt %
No. Samples
IBP of 180°C 180—330°C >330°C
1 Co/Al,04 25.6 51.7 22.7
2 Co/(Al,0;—10ZSM-5) 34.7 43.7 21.6
3 Co/(Al,05—30ZSM-5) 41.8 46.2 12.0
4 Co/(Al,0;—60ZSM-5) 47.8 44.6 7.6

Table 3 shows data on the fractional composition of
Cs,. HCs.

Macromolecular HCs with a boiling point of more
than 330°C in an amount of 22.7% and HCs of the
gasoline and diesel fractions in an amount of 25.6 and
51.7%, respectively, were found in the synthesis prod-
ucts in the presence of the Co/Al,O; catalyst. The
introduction of the zeolite into the Co/Al,O; catalyst
composition leads to an increase in the gasoline frac-
tion (up to 47.8%) owing to the cracking of macromo-
lecular HCs and, partially, HCs of the diesel fraction.
The cracking ability of the catalysts increases after the
addition of the zeolite; in this case, the content of HCs
with a boiling point of >330°C monotonically
decreases to a value that is 3 times lower than that for
the catalyst containing no zeolite. The molecular
weight distribution of HCs for the tested samples is
shown in Fig. 1.

Liquid HCs for the Co/Al,O; catalyst are mostly
represented by normal alkanes (93.7%). The presence

Table 4. Group composition of the synthesis products

of a small fraction of isoalkanes and alkenes in the syn-
thesis products is apparently attributed to the intrinsic
acidity of alumina (Fig. 1a, Table 4). The introduction
of the zeolite into the Co/Al,O; catalyst composition
contributes to the occurrence of isomerization reac-
tions. Figures 1b—1d and Table 4 show that liquid HCs
produced in the presence of the zeolite-containing
catalysts contain a significant amount of isomers, as
evidenced by the iso/n parameter. An increase in the
olefin content in the products is associated with the
occurrence of cracking reactions. The highest olefin-
to-paraffin (o/p) ratio—0.446—is observed for the
Co/(Al,0,—60ZSM-5) sample; it is an order of mag-
nitude higher than the ratio in the case of the catalyst
containing no zeolite.

A decrease in the isoalkane content in the compo-
sition of the synthesis products in the presence of the
Co/(Al,0,—60ZSM-5) catalyst sample containing the
largest amount of the zeolite can be attributed to the

Content, %
No. Samples iso/n o/p
n-alkanes isoalkanes olefins
1 Co/Al,O4 93.7 1.9 4.4 0.02 0.046
2 Co/(Al,05—10ZSM-5) 84.1 12.6 3.3 0.15 0.034
3 Co/(Al,05—30ZSM-5) 62.8 28.0 9.2 0.45 0.101
4 Co/(Al,05—60ZSM-5) 55.3 13.8 30.8 0.25 0.446
PETROLEUM CHEMISTRY Vol.58 No.5 2018



438
16 (a)
14 s 72-alkanes
— isoalkanes

12 - — alkenes

R 10+

=

8

=

5)

O

5 10 15 20 25 30 35
Carbon atom
16 (c)
14 L s 72-alkanes
— isoalkanes
12 - — alkenes
10
S 8
5
o 6
4
2
0

15 20 25 30

Carbon atom

5 10

SAVOST’YANOV et al.

16 (b)
14 L = 72-alkanes
— isoalkanes
B — alkenes
R 10k
g 8
5
O 6
4
2
0
5 10 15 20 25 30
Carbon atom
16 (d)
14 - - = 72-alkanes
M — isoalkanes
12F — alkenes
10

Content, %

S NN B~ N

15 20 30

Carbon atom

25

5 10

Fig. 1. Molecular weight distribution of the synthesis products in the presence of catalyst samples: (a) Co/Al,O3, (b) Co/(Al,O03—
10ZSM-5), (c) Co/(Al,03—30ZSM-5), and (d) Co/(Al,03—60ZSM-5).

lower hydrogenation rate of isoolefins formed during
the cracking of the primary products of FT synthesis.

The tested catalyst samples were characterized by
XRD, SEM, TEM, TPR, and NH; TPD methods.
Figure 2 shows X-ray diffraction patterns of unre-
duced catalysts. All of them exhibit pronounced dif-
fraction reflections of Co;0, in an angle range of 20 =
18°—58°. The samples with a zeolite additive also
exhibit reflections in an angle range of 26 = 7°—23°
corresponding to the ZSM-5 zeolite. The Al,O; phase
is represented by two reflections at 20 = 55°—65°. The
average size of Co;0, crystallites was calculated for a
characteristic line with a 26 value of 36.9° according to
the Scherrer equation [29].

The Co;0, crystallite sizes are in a range of 16—
19 nm.

SEM microphotographs of the surface of the cata-
lysts in the oxide form (Fig. 3) showed a significant
difference in the sample surfaces. The Co/Al,O; cata-
lyst is characterized by a more uniform surface; the
addition of the zeolite into the catalyst composition
leads to a significant change in the surface morphol-
ogy. The effect of the zeolite on morphology is most

pronounced for the Co/(Al,0;—60ZSM-5) sample,
which has the highest zeolite content (Fig. 3d).

The addition of the zeolite into the catalyst compo-
sition leads to a considerable change in the content of
silicon and aluminum: the fraction of silicon increases
to 22.9%; accordingly, the aluminum content
decreases from 33.6 to 15.4% (Table 5).

Results of the TPR tests are shown in Fig. 4. All the
spectra exhibit two intense reduction peaks with max-
ima in a temperature range of 374—384°C and 622—
662°C, which are hereinafter referred to as peak 1 and
peak 2 (Table 6).

Reduction peaks 1 and 2 for all the catalysts corre-
spond to the stepwise reduction of cobalt oxide Co;0,
to metallic cobalt Co® [30, 31] according to the follow-
ing equations:

Co,0, + H, — 3Co0 + H,0, (1)
CoO + H, — Co° + H,0. )

The TPR spectra for the zeolite-containing sam-
ples differ from the spectra of the Co/Al,O; catalyst.
The temperature maximum is shifted for reaction (1)
No. 5

PETROLEUM CHEMISTRY  Vol. 58 2018
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Fig. 2. X-ray diffraction patterns of the catalysts:
(a) Co/ALL,O3, (b) Co/(Al,03—10ZSM-5), (c¢) Co/
(Al,03—30ZSM-5), and (d) Co/(Al,03—60ZSM-5).

(peak 1) by about 10°C toward higher temperatures.
The temperature maximum of reduction for
reaction (2) (peak 2) is in a temperature range of 622—
662°C. The introduction of the zeolite shifts the posi-
tion of peak 2 toward low temperatures owing to a
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decrease in the fraction of alumina in the samples: the
reaction of cobalt oxide with Al,O5 leads to the forma-
tion of hardly reducible cobalt aluminates [32, 33].
The addition of the zeolite into the Co/Al,O; catalyst
leads to an increase in hydrogen absorption (Table 6);
that is, the presence of the zeolite contributes to an
improvement of the reducibility of the catalysts owing
to the weakening of the interaction of the surface
cobalt particles with the support and a decrease in the
cobalt aluminate content. An increase in the area ratio
(S,/S)) of the two base peaks from 2.05 (sample 1) to
2.54 (sample 4) suggests that the amount of hydrogen
consumed for reactions 1 and 2 tends to a value of 3,
which is theoretically expected on the assumption of
stoichiometry of reactions (1) and (2).

For the prereduced catalysts, the size distribution
of cobalt crystallites was determined by TEM (Fig. 5).
The average crystallite size (nm) was calculated by the
formula [34]

3
d,(Co’) = 2.1 (4)

Z n,-af,.2 ’

where 7, is the number of particles with diameter d..

oy RS €
1 N4100 pmoy

Fig. 3. SEM photographs of the surface of the catalyst samples in the oxide form: (a) Co/Al,O3, (b) Co/(Al,03—10ZSM-5),

(c) Co/(Al,03—30ZSM-5), and (d) Co/(Al,03—60ZSM-5).

PETROLEUM CHEMISTRY Vol.58 No.5 2018
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Table 5. Elemental composition of the selected surface area of the catalyst samples

Content, wt %
No. Samples
Co Al (0] Si
1 Co/AlL,O4 9.4 33.6 57.0 —
2 Co/(Al,0;—10ZSM-5) 19.7 30.4 43.7 6.2
3 Co/(Al,05—30ZSM-5) 14.9 20.2 45.0 19.9
4 Co/(Al,0;—60ZSM-5) 17.7 15.4 43.9 22.9
Table 6. TPR spectra of the catalyst samples as a function of zeolite content
Peak 1 Peak 2
No. Catalyst RYYAY
T, °C umol HZ/gcat T, °C “’mOI HZ/gcat
1 Co/Al,O4 374 803 660 1651 2.05
2 Co/(Al,05—10ZSM-5) 384 799 662 1799 2.25
3 Co/(Al,05—30ZSM-5) 380 843 650 1993 2.36
4 Co/(Al,0;—60ZSM-5) 382 928 622 2361 2.54

These data were used to calculate the degree of dis-
persion of cobalt (D, %), the degree of reduction of the
catalyst (R, %), and the number of active metal sites
(n(Co)?) (Table 7) [35, 36]:

p=—2 % )
d,(Co")

where d,,(Co°) is the average size of metallic cobalt
crystallite (nm);

) v(Oz)(%) Ar(Co)

x100%, (6)
m(Co)

where v(0O,) is the amount of absorbed oxygen

(mol/g.,), Ar(Co) is the atomic mass of cobalt

(g/mol), and m(Co) is the mass of cobalt in the cata-

lyst (g):

m(Co)D
Ar(Co) x 100

For all the samples, the cobalt crystallite size isin a
range of 3—10 nm. The addition of the zeolite into the
composition of the Co/Al,O; catalyst leads to a slight
increase in the average crystallite size, namely, from 6
to 7 nm (Table 7).

The degree of reduction of the Co/Al,O; catalyst—
24.5%—is the lowest of all the samples (see Table 7).
In the case of the zeolite-containing catalysts, the
degree of reduction (R) increases from 28.8 to 38.9%
owing to a decrease in the amount of cobalt aluminate
and the weakening of the interaction of the surface
cobalt particles with the support. The addition of the
zeolite into the Co/Al,O; catalyst affects (decreases)
the degree of dispersion of the active component. The

nCo’) = (7)

Co/Al,O; catalyst has the highest degree of dispersion:
D=16.0%.

Thus, an increase in the zeolite content in the
Co/(Al,O;—ZSM-5) catalyst leads to a decrease in the
degree of dispersion of the active component; as a
consequence, the number of active metal sites n(Co)°
involved in the synthesis reactions decreases from 475
to 425—433 umol/g.,,.

The acidity of the ZSM-5 zeolite and the catalyst
samples was measured by NH; TPD (Table 8). The
highest acidity was observed for the ZSM-5 zeolite
(685 pmol NH;/g.,); the lowest acidity was exhibited
by the catalyst sample containing no zeolite (207 tmol
NH;/g...). The addition of the zeolite into the

Peak 1 Peak 2
374 660
752
a
=
o 384 662
- 757
2z b
72}
2 380 650
E 765
382 622 ¢
752
d
1 1 1 1 1 1 1 J

100 200 300 400 500 600 700 800 900
Temperature, °C

Fig. 4. TPR spectra of the catalyst samples: (a) Co/Al,O5,

(b) Co/(Al,03—10ZSM-5), (c) Co/(Al,03—30ZSM-5),

and (d) Co/(Al,0;—60ZSM-5).
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Fig. 5. TEM micrographs of the reduced catalysts and histograms of the cobalt particle size distribution: (a) Co/Al,03,
(b) Co/(Al,03—10ZSM-5), (c) Co/(Al,03—30ZSM-5), and (d) Co/(Al,03—60ZSM-5).

Co/Al,O; catalyst leads to an increase in the acid
properties of the sample.

An increase in the catalyst acidity affects the pro-
cess selectivity, as evidenced by an increase in the ole-
fin yield owing to normal Cs, paraffins (Fig. 6). The
largest—almost threefold—decrease is the content of
long-chain C,g; HCs in the synthesis products is
observed in the presence of the catalyst exhibiting the
highest surface acidity.

Thus, the introduction of the ZSM-5 zeolite into
the support of the Co/Al,O; HC synthesis catalyst
makes it possible to vary the process selectivity for fuel
fraction HCs toward an increase in their yield. How-
ever, the efficiency of these bifunctional catalysts is
lower than that of the Co/Al,O; FT synthesis catalyst
(see Table 2). A decrease in the efficiency of the tested
catalysts with respect to C5, HCs is symbatic to an
increase in the zeolite concentration in the catalyst.
This finding can be attributed to both a decrease in the

Table 7. Physicochemical properties of the catalysts

number of active Co® metal sites (Table 7) and an
increase in diffusion limitations imposed by the intro-
duction of the fine-pored ZSM-5 zeolite into the cat-
alyst composition [38]. It is known [39] that the per-
formance of bifunctional cobalt—zeolite catalyst sys-
tems in FT synthesis significantly depends on the
acidity and pore structure of the zeolite and the distri-
bution of cobalt in different oxidation states between
the pores and the outer surface of the pellets. Another
equally important parameter is the degree of disper-
sion of cobalt crystallites: the degree of dispersion of
cobalt is higher in samples with a lower acidity and
broad pore channels [38].

In the development of a mechanically strong and
highly efficient supported bifunctional catalyst based
on a zeolite and a boehmite binder, it is necessary to
provide, in addition to mechanical strength, not only
an optimum ratio of HC synthesis and hydrotreating
sites, but also their accessibility. It can be assumed that

Samples d,,(Co), nm D, % R, % n(Co), tmol/g
Co/Al, 04 6.0+ 1.1 16.0 24.5 475
Co/(Al,05—10ZSM-5) 6.5+t 1.1 14.7 28.8 446
Co/(ALO,—30ZSM-5) 6.6+ 14 145 328 425
Co/(ALO,—~60ZSM-5) 71414 135 38.9 433
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Table 8. Total acidity of the zeolite and the supported
bifunctional catalyst samples

Sample Total acidity, umol NH;/g..
ZSM-5 685
Co/AlL0O; 207
Co/(Al,0;,—10ZSM-5) 287
Co/(Al,0;,—30ZSM-5) 432
Co/(Al,0;,—60ZSM-5) 504

the catalyst should have a developed system of large
transport pores, which facilitate the mass transfer of
the FT synthesis and cracking products. The search
for synthesis methods for these bifunctional catalyst
systems by varying the composition and catalyst syn-
thesis techniques is of scientific and practical interest.

CONCLUSIONS

(1) Mechanically strong bifunctional cobalt cata-
lysts for the synthesis of fuel fraction HCs have been
synthesized using the ZSM-5 zeolite and a boehmite
binder.

(2) It has been found that the efficiency of the sup-
ported bifunctional Co/(Al,0;,—ZSM-5) catalysts is
determined by the number of active metal cobalt sites,
the degree of dispersion of cobalt crystallites, and the
total surface acidity. With an increase in the catalyst
acidity, the fuel fraction selectivity increases owing to
long-chain HCs. At the same time, the activity of cat-
alysts decreases; therefore, a decrease in their effi-
ciency is observed.

(3) The bifunctional catalyst composition and syn-
thesis method should provide an optimum pore struc-

100
80
60
= 1
3
=)
8 40 +
/pZ
201 T T ~—— . _ /
Tm—n
- T v3
0 e ! !
200 300 400 500

Total acidity, umol NH;/g.,

Fig. 6. Dependence of the product composition on the
total acidity of the catalysts: (/) Cs. n-paraffins, (2) ole-
fins, and (3) Cj94 HCs.

SAVOST’YANOV et al.

ture to decrease diffusion limitations between the HC
synthesis and hydrotreating sites.
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