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A FeCo catalyst obtained by thermolysis of double complex
salts (DCSs) was used for the selective hydrogenation of CO, to
CH,. The DCS-based catalyst did not require activation, and its
structure remained unchanged either during high-temperature
treatment with H, or CO or under the process conditions of
CO, hydrogenation; therefore, the catalyst selectivity was not
subject to structural changes.
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[Co(NH,)g],[Fe(CN)J;13H,0
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The need to reduce greenhouse gas emissions into the atmosphere
has become urgent in recent decades. Research focus has shifted
towards the chemical use of CO,. The research on CO,
hydrogenation is aimed at obtaining valuable Cs, hydrocarbons
and oxygen-containing compounds. Methane is a by-product in
such processes, which reduces the selectivity for target products.
However, according to the new power-to-gas concept, methane
can be considered as a target product, since it can be returned to
the production cycle as a fuel.'?

Dement’ev et al.? analyzed the main trends in the hydrogenation
of CO, into methane; nickel-based catalysts were most commonly
used for this process.*® Another approach to the development of
CO, methanation catalysts was to replace nickel as an active
component with other metals such as Co and Fe.*~'3 Cobalt
exhibits high methanation activity compared to that of other
Group VIII metals,>'? but its disadvantage is a relatively low
reaction rate of hydrogen conversion compared to nickel. However,
high CO, conversion and almost 100% selectivity for methane
formation were achieved in the presence of a cobalt-based
catalyst.!"!3 In contrast to cobalt, iron>? exhibits relatively high
activity in the hydrogen-to-gas conversion reaction.>? The idea of
combining Fe and Co active centers in an iron—cobalt catalyst was
implemented,'#'® and the introduction of metallic Co increased
CO, sorption and promoted the formation of active iron carbides,
which favored the formation of C—C bonds characteristic of the
iron carbide phase. The synergism of iron and cobalt in the
composition of active centers was achieved by the formation of an
active phase due to the thermal decomposition of iron and cobalt
double complex salts (DCSs).!”>!8 A methane-selective CO,
hydrogenation catalyst based on a bimetallic iron—cobalt
composition was obtained by thermolysis of DCSs.

The use of nonisothermal kinetics approaches is promising to
optimize the process conditions for producing CO, methanation
catalysts. According to IUPAC recommendations,'?! the
determination of activation energy (E), pre-exponential factor (A),
and reaction model (f) makes it possible to predict the behavior of
a material over a wide temperature range.?>
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The goal of this work was to determine the structure of a
methane-selective catalyst for CO, hydrogenation based on
DCSs and to establish the relationship between the catalyst
structure and activity and stability in the methanation reaction.
The kinetic parameters of the thermolysis process and the choice
of an optimal prognostic model for nonisothermal kinetics were
of further interest.

The study of the kinetics of thermolysis for determining the
kinetic parameters of decomposition made it possible to predict
thermal stability in both dynamic and static modes of thermal
destruction on a time scale corresponding to real technological
processes. Therefore, the kinetic studies of stability are important
from the point of view of further practical use of the proposed
systems.

Four nonisothermal scans were performed to determine
the kinetic parameters of the process of
[Co(NH;)el4[Fe(CN)gls-13H,0 (DCS 4/3) thermolysis according
to ICTAC recommendations.!>!"2! The samples were heated
from 40 to 1000 °C at rates of 1, 5, 10 and 20 K min~!. Figure S1
(see Online Supplementary Materials) shows the TG/DSC curves.

Thus, the optimal models and kinetic parameters of all stages
of DCS decomposition were determined during the kinetic study
of thermolysis. On this basis, we concluded that the
decomposition was an autocatalytic process.

The DCS Co/Fe base central atom ratio was 1/1 in a previous
work.'® To increase the catalyst activity in methanation, this ratio
was increased to 4/3. Both catalysts were obtained by thermolysis at
650 °C in an atmosphere of Ar. For example, a catalyst sample for
the hydrogenation of CO, into methane was obtained by the
destruction of DCS 4/3 and designated as DCS 4/3 MET (methane),
and a catalyst for obtaining Cs, hydrocarbons'? (a reference sample)
was obtained by the destruction of DCS 1/1 and designated as DCS
1/1 HC (hydrocarbons). The composition of the samples determined
by atomic absorption spectroscopy is presented in Table S4
(see Online Supplementary Materials). The specific surface areas
and average pore sizes of DCS 4/3 MET and DCS 1/1 HC were 50.1
and 36.4 m? g~! and 12.7 and 40.0 nm, respectively.
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For a micrograph of DCS 4/3 MET, see Figure S4 (Online
Supplementary Materials). The microscopy data for DCS 1/1 HC
were reported elsewhere. !’

Figure 1 shows the IR spectra of DCS 4/3 MET samples
before and after activation and after CO, hydrogenation. It can
be seen that neither the activation nor the hydrogenation had any
effect on the IR spectra. The polyconjugation region (highlighted
in Figure 1) has weak reflections, but the presence of
polyconjugation bonds was significantly less than that observed
for the catalysts described previously.?* Therefore, it can be
assumed that the interaction of a metal with carbon occurred
mainly not in the areas of polyconjugation.

The X-ray diffraction patterns (Figure S5, Online
Supplementary Materials) of DCS 4/3 MET samples before and
after activation and after CO, hydrogenation also showed that
the phase composition of the catalyst did not change significantly
after the treatment and CO, hydrogenation processes.

The distinct peaks at around 1346 and 1586 c¢cm™' in the
Raman spectra belong to the D band of disordered graphitic
carbon and the G band arising from the stretching vibrations of
C-C bonds in the plane of the graphite lattice.

Table 1 gives the results of catalytic tests of DCS 1/1 HC and
DCS 4/3 MET catalysts. Gaseous reactants (H,: CO,=3: 1) were
fed into the reactor at 2.0 MPa and a space velocity of 1500 h™!.

The CO, conversion (X¢q,) increased with temperature to close
values of 26-27%, but selectivity changes were completely different.
The main products of CO, hydrogenation on DCS 1/1 HC were Cs,
hydrocarbons, and selectivity for these products decreased from
78 to 54%; the most significant by-product was CO (15-27%).
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Figure 1 IR spectra of samples before [(/) nonactivated, (2) H,-activated,

and (3) CO-activated catalysts] and after CO, hydrogenation

[(4) nonactivated, (5) H,-activated, and (6) CO-activated catalysts];
shows a polyconjugation area.

Table 1 Comparison of the main process characteristics of carbon dioxide
hydrogenation on DCS 1/1 HC and DCS 4/3 MET catalysts.

Selectivity (%)
C, C,C, Cs, CcO

A% % 109/
molco, eve ' S

T°C Xco, (%) .

DCS 1/1 HC
230 12 5 2 78 15 1.8
250 14 7 3 73 17 1.4
270 18 11 4 62 23 2.5
290 21 14 4 55 27 3.7
310 26 17 4 54 25 4.6
DCS 4/3 MET
230 5 83 4 10 3 0.7
250 9 71 11 11 7 1.2
270 16 65 13 12 10 22
290 22 58 14 16 12 2.9
310 27 56 16 15 13 3.6

¢ The specific activity—metal time yield (MTY) of a catalyst is the number
of reacted moles of CO, per gram of Fe—Co per second.

The DCS 4/3 MET catalyst showed a predominance of CH,4
formation, and the selectivity for this product decreased from 83
to 56% with the temperature; Cs, hydrocarbons were the second
most selective products (10-16%). They were slightly ahead of
C,—C, hydrocarbons (4—16%) and CO (3—13%). The formation
of C,—C, hydrocarbons on DCS 4/3 MET was significantly
higher than that on DCS 1/1 HC: maximum selectivity values
were 16 vs. 4%.

Figure 2 shows the temperature dependences of selectivity for
Cs, hydrocarbons and methane for DCS 4/3 MET and DCS 1/1
HC. This dependence for DCS 1/1 HC was typical for FTS and
CO, hydrogenation catalysts: the selectivity for Cs, hydrocarbons
decreased, and the selectivity for methane increased with the
process temperature. However, these dependences were opposite
for the DCS 4/3 MET catalyst: when the process temperature
increased, the selectivity for Cs, hydrocarbons increased, and
the selectivity for methane decreased. Moreover, the selectivity
values of DCS 4/3 MET for CH, were close to the selectivity for
Cs, on DCS 1/1 HC at the same temperatures.

Thus, we found that changing the ratio between cobalt-
containing and iron-containing components in the DCS
composition in favor of the cobalt-containing component makes
it possible to completely change the selectivity of the resulting
catalyst and ensure the predominance of methane formation over
the production of Cs, hydrocarbons. According to physical and
chemical studies, the formation of an active phase was achieved,
which was mainly represented by an alloy of iron and cobalt.
An analysis of the X-ray diffraction patterns of the samples
(Figure S5) showed that, in pre-activated DCS 1/1 HC and CO,
used in hydrogenation without pre-activation, the iron—cobalt
alloy formed during thermolysis partially converted into carbides
and iron oxide, which were active in the formation of Cs,
hydrocarbons. However, the only clearly identifiable crystalline
phase in the DCS 4/3 MET sample was an iron—cobalt alloy, and
the method of its activation was not important here. This iron—
cobalt alloy was inactive in the formation of Cs, hydrocarbons.
Thus, the predominance of cobalt over iron in the alloy
composition increased its hydrogenation activity, and the
immobilization of iron in the alloy structure prevented the
formation of carbides, which are active in the synthesis of Cs,
hydrocarbons. Iron in the alloy limited the growth of
hydrogenation activity. On the one hand, this reduced the activity
of the catalyst and, on the other hand, limited the effect of strong
exothermicity of the hydrogenation reaction, overheating of the
active centers, and coke formation caused by this phenomenon;
as a result, the catalyst was deactivated. The resulting structure
was characterized by high resistance to the components of the
reaction atmosphere: hydrogen and carbon monoxide. This
ensured the practical immutability of the phase composition of
the catalyst and contributed to the stable maintenance of the
selectivity index. This feature of structure formation differed
fundamentally from that observed in catalysts of similar
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Figure 2 Dependences of catalysts selectivity for Cs, hydrocarbons and
methane on process temperature : (A) — Sc_, DCS 4/3 MET; (A) — Scy,,
DCS 4/3 MET; (m) - Sc_, DCS 1/1 HC; () = Scy,, DCS 1/1 HC.
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composition obtained by the impregnation of individual iron and
cobalt salts with nitric acid followed by heat treatment. In this
case, the formation of an iron—cobalt alloy was also observed,
but this alloy was almost completely converted into iron and
cobalt carbides during the hydrogenation of CO,. This increased
the catalyst selectivity for Cs, hydrocarbons and reduced
selectivity for methane.'® This change occurred in a wide range
of iron and cobalt ratios from 3 : 1 to 1 : 3, and an increase in the
cobalt content did not prevent the decomposition of the alloy into
carbides. Thus, thermolysis of DCSs as a method of catalyst
preparation made it possible to create a highly stable structure of
the active phase for the hydrogenation of CO, into methane.

Thus, the developed DCS-based catalyst does not require
activation and its structure remains unchanged when treated with
high-temperature hydrogen or carbon monoxide. In addition,
there were no changes in the catalyst structure after CO,
hydrogenation. Therefore, the catalyst was stable under the
process conditions of CO, hydrogenation and its selectivity was
not affected by structural changes characteristic of traditional
CO and CO, hydrogenation catalysts.

This work was supported by the Russian Science Foundation,
project no. 24-29-20076.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7786.
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