DOI 10.1007/s11237-022-09731-8
Theoretical and Experimental Chemistry, Vol. 58, No. 2, May, 2022 (Ukrainian Original Vol. 58, No. 2, March-April, 2022)

Co-Fe/Al,O; NANOCOMPOSITE CATALYSTS OF
THE PROCESS OF CO; HYDROGENATION
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Effective catalysts of CO; hydrogenation towards methane were obtained by impregnation of aluminum oxide
with cobalt and iron nitrates. The catalysts have been characterized by XRD, SEM-EDX, argon physisorption,
and TPD with mass-spectroscopy analysis. It is shown that an increase in the amount of applied Co-Fe active
mass in the composition of a nanocomposite catalyst leads to an increase in the CO; conversion and CH, yield.
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Carbon dioxide is one of the greenhouse gases, the content of which is quite high in the atmosphere. The process of
hydrogenation is one of the effective methods of reducing CO, concentration that results in methane [1-3]. A development of
metal catalysts with high activity and selectivity for methane is important from an economic and ecological point of view.
Nowadays, many studies have been conducted to obtain bulk and supported metal catalysts with high CH, yield in the CO,
hydrogenation reaction [4-7]. Transition 3d metals, namely Ni, Co, and Fe, which individually or in the form of bimetallic
composites contribute to the selective formation of methane should be noted among the highly effective catalysts of the CO,
hydrogenation. Metallic nickel is the common catalyst used in the conversion of CO, into methane (methanation). However,
one of the disadvantages of this catalyst is its rapid deactivation caused by sintering and coking. Monometallic cobalt catalysts
were widely used to obtain long-chain linear hydrocarbons from synthesis gas (CO and H,). However, cobalt begins to catalyze
the methanation reaction when CO gas is replaced by CO, in the reaction mixture [8]. The addition of Fe to a monometallic Co
catalyst is one of the ways to increase methane yield and selectivity [9-11]. A study of the properties and catalytic activity of
bulk Co-Fe catalysts shows that the addition of even a small amount of Fe to a cobalt catalyst facilitates the dissociation of CO,
and leads to effective methane formation due to the inhibition of CO formation [12].

Iron acts as a structural component in the bimetallic Co-Fe composition, which as a part of an active catalytic site [10,
13] promotes the dissociation of CO, molecules due to the high affinity of Fe towards oxygen. One of the most effective
methods of increasing the stability and activity of a catalyst is its deposition on an inert support. It is possible to increase the
selectivity of the process for the target product, achieve a higher yield of products, or lower the temperature of their maximum
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TABLE 1. Specific Surface Area of the Initial
Supports and Nanocomposites Based on Them

Sample Seps mz/g
ALO; (Al) 190
5%CoFe/Al 102
10%CoFe/Al 92
20%CoFe/Al 84
AlLO; (A2) 70
5%CoFe/A2 48
10%CoFe/A2 47
20%CoFe/A2 45
ALO; (A3) 310
5%CoFe/A3 135

yield. Aluminum oxide occupies a prominent place among the large number of supports used for the CO, hydrogenation, due to
its inertness and high dispersion [13, 14]. The addition of Fe to the Co/Al,O; composition reduces the cobalt interaction with a
support and the formation of aluminates. Instead, it promotes the formation of a Co-Fe alloy on a suport surface [15], which
provides a higher yield of methane in comparison with a monometallic cobalt. It is necessary to determine the ratio between the
active mass of a catalyst and a support, as well as to determine the properties of a support for the formation of catalytically
active sites on its surface considering promising results in the study of bulk and supported Co-Fe catalysts.

EXPERIMENTAL

Sample preparation. An active catalyst mass containing 93 wt.% Co and 7 wt.%Fe was deposited on the surface of
aluminum oxides. The results given in [11] show that bulk Co-Fe catalysts with an iron content of 3-10 wt.% most effectively
contribute to the selective conversion of CO, into methane under atmospheric pressure and in the temperature range of
300-350°C. The amount of deposited active mass was 5, 10, and 20 wt.% from the weight of a support. Aluminum oxide with
different specific surface values was used as a support (Table 1).

The samples were prepared by impregnating the support with concentrated nitrate solutions of the corresponding
metals. At first, the mixture with the calculated ratio of initial metals was dissolved in an excess of concentrated nitric acid
under heating. The resulting solution cooled to room temperature was applied for impregnating the alumina sample weight. The
wet substrate was air-dried at room temperature for 24 h, and then calcined at 250°C for 8 h. Therefore, oxides of the
corresponding metals are formed on the surface of aluminum oxide. Metal nanocomposite CoFe/Al,O, catalysts were prepared
by reducing oxide precursors in a reducing atmosphere (50 vol.%H, + 50 vol.% Ne, gas flow rate was 100 mL/min) at a
temperature of 450°C and atmospheric pressure for 2 h. The reduction process was performed immediately before the catalytic
tests to prevent the oxidation of the catalysts.

Catalytic evaluation. The conversion of CO, into CH, over CoFe/Al,O, catalysts (sample bulk volume of 1 cm?, that
corresponds to 0.6-0.7 g) was studied in a flow reactor with a diameter of 8 mm in the temperature range of 30-450°C at a
pressure of 0.1 MPa. The composition of the reaction mixture: 2 vol.% CO, + 55 vol.% H, + 43 vol.% He, the gas flow rate was
0.1 L/min. The high level of hydrogen (55 vol.%) in the reaction mixture prevents the formation of C,-C; hydrocarbons and/or
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alcohol. The gas mixture from reactor outlet was analyzed for the content of CO,, CO, and CH, using a Shimatzu GS-2014 gas
chromatograph equipped with a thermal conductivity detector and a separation column filled with SA molecular sieves. The
efficiency of the catalyst was evaluated by the temperature of maximum conversion of CO, into CH,. Catalytic activity was
studied using two consecutive temperature raises. In the process of the first raise, the catalyst pre-development occurs
involving the preliminary formation of catalytically active sites on its surface. The degree of conversion of CO, and the amount
of the formed product was directly registered during the second temperature raise.

Carbon dioxide conversion (X co, ) and methane yield (YCH4 ) were calculated using the following equations:

CO
Xco =[1— (€05 Jo J-100%,
’ [COZ ]out + [CH4 ]out + [CO] out
Yeq =( [CH, Jou J 100%,
P €O, Joy +ICH ]gy +[COL oy

where [CO,], [CH,], and [CO] are the chromatographically recorded amount of the gas mixture components (vol.%) at the
reactor outlet.

Methods. X-ray diffraction patterns were recorded in the range of 26 = 10-70° using a DRON-4-07 diffractometer
(Burevestnyk, St. Petersburg) with Cuk, radiation (A = 0.15418 nm) and a Ni filter.

Scanning electron microscopy (SEM) using a Mira 3 Tescan device was performed to study the surface morphology of
nanocomposite catalysts. Chemical analysis of the studied samples was conducted on an energy dispersive X-ray (EDX)
spectrometer by Oxford INCA mounted on the microscope.

The specific surface area (S;,) was measured chromatographically using a thermal conductivity detector by studying
the adsorption of argon in a gas mixture of 5 vol.% Ar + 95 vol.% of He. Measurements were performed at a temperature close
to the boiling point of liquid nitrogen [10]. The samples were analyzed under conditions identical to the standard (SiO, and
Silochrome C-80) with a stable specific surface value (80 mz/g).

Thermal desorption (TD) spectra were recorded after a full cycle of the catalytic process with the reaching of maximum
CO, conversion and subsequent slow cooling of the catalyst. A small amount of the catalyst was transferred from the reactor
into a quartz ampoule and connected to a mass spectrometer under the reaction mixture stream. The ampoule with the sample
was vacuumed to 10 Pa before analysis, then heated at a constant rate of 14°C/min from room temperature to 800°C with
simultaneous analysis of desorbed products. Gradual heating promotes the separation of desorbed particles with different
values of desorption energy (E,). An MX 7304A quadrupole monopolar mass spectrometer (Selma, Ukraine) with electron
impact ionization of molecules was used to study and register particles desorbed from the surface. Results of the studies of
temperature-programmed desorption with mass spectrometric analysis (TPD MS) allow to calculate the activation energy of
desorption (E,) from the surface of nanocomposite catalysts according to the equation

E E
7‘12:”631_1 Xexp __Zd s
RT? B RT,

m

where v is the pre-exponential factor; # is the kinetic order of desorption (z = 1 or 2 for thermal desorption peaks of asymmetric
and symmetric form, respectively); T,, is the temperature of the desorption peak maximum determined from the TPD profile;
0,, is the degree of surface coverage at T, B is the heating rate in TPD MS analysis [16, 17].

RESULTS AND DISCUSSION

Figure 1 shows the results of the study of the catalytic performance of CoFe/Al,O; nanocomposites (the composition
of the nanocomposites is given in Table 2) in the CO, methanation reaction in the form of temperature curves of CO,
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Fig. 1. CO, conversion (a), CH, yield (b) over catalysts: 1) 5wt.%Co(93)Fe(07)/A3,
2) Swt.%Co(93)Fe(07)/A1, 3) Swt.%Co(93)Fe(07)/A2, 4) 20wt.%Co(93)Fe(07)/Al,
5) 10wt.%Co(93)Fe(07), 6) 10wt.%Co(93)Fe(07)/A2, 7) 20wt.%Co(93)Fe(07)/A2; and
CO yield (b): 1*) 5wt.%Co(93)Fe(07)/A3; 2*) 5wt.%Co(93)Fe(07)/Al.

conversion (Fig. 1a) and methane yield (Fig. 1b). According to the gas chromatography data, the complete conversion of
carbon dioxide over 20%wt.Co(93)Fe(07)/A1 nanocomposite occurs in the temperature range of 375-450°C with a methane
yield of 73-79% . Methane yield of 83-85% and 100% CO, conversion over 20wt.%Co(93)Fe(07)/A2 catalyst was observed in
the same temperature range. Reduction from 20 wt.% up to 10 wt.% of the active mass deposited on the surface of the Al and
A2 supports leads to a decrease in the methane yield (69-76%) in the temperature range of 350-400°C. For catalysts with
5 wt.% of deposited active mass the CO, conversion slowly increases throughout the entire temperature range of the
measurements and does not reach 100%. Only 10% of CO, is converted in the case of 5wt.%Co(93)Fe(07)/A3 catalyst (Fig. 1a,
curve 1). The chromatographic data show the formation of a by-product (carbon monoxide) simultancously with the main
product (methane) for S5wt.%Co(93)Fe(07)/A1 and 5wt.%Co(93)Fe(07)/A3 catalysts (Fig. 1b, curves 1* and 2*). Therefore, it
can be supposed that the active mass of Swt.%Co(93)Fe(07) deposited to all aluminum oxide types studied in the work is an
insufficient amount for the formation of active catalytic sites. In addition, the use of A1 and A3 supports also does not further
the effective course of methanation reaction over nanocomposite Co-Fe catalysts formed on their basis. The highly developed
surface of A1 and A3 supports does not contribute to the formation of a critical mass of catalytically active bimetallic sites due
to the high degree of their dispersion on the surface of a support. Co and Fe aluminates are likely to be formed under such
conditions, which are inactive in the catalytic process of CO, hydrogenation [15].

The obvious difference in the balance between the quantities of products and reagents (Fig. 1) can be explained by the
fact that part of CO, contained in the reaction mixture is adsorbed on the free surface (without metal particles) of the support
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TABLE 2. SEM-EDX microanalysis data

111 0, 1 0,
Analyzed Element composition, wt.% Ratio, %
Sample :
region Co Fe Al 0 CofFe | (Co+Fe)/ALO;
Swt.%Co(93)Fe(07)/Al 1 33 0.9 51.9 439  78.1/21.9 4.2/95.8
2 4.7 0.6 50.5 442  88.7/11.3 5.3/94.7
3 7.1 1.7 56.5 348  80.7/19.3 8.8/91.2
Swt.%Co(93)Fe(07)/A2 1 6.8 2.3 53.1 37.8  74.7/25.3 9.1/90.9
2 12.4 1.4 35.6 50.6  89.9/10.1 13.5/86.2
3 53 1.3 40.6 52.9  80.3/19.7 6.6/93.5
20wt.%Co(93)Fe(07)/A2 1 79.4 2.8 11.4 154 96.6/3.4 82.2/26.8
2 39.8 1.1 29.8 294  97.3/2.7 40.9/59.2
3 24.9 0.8 43.7 30.6 96.9/3.1 25.7/74.3

and does not participate in the mechanism of methane formation under the given reaction conditions, remaining strongly
chemisorbed on the surface of aluminum oxide.

The specific surface values of the initial supports and Co-Fe/Al,O, nanocomposites after studying their catalytic
activity is given in Table 1. According to the results of the measurements, the S value of nanocomposites is almost reduced by
half when compared to the corresponding initial supports. In addition, the specific surface area of nanocomposite
Co(93)Fe(07)/A1 catalyst has a tendency to decrease when the amount of deposited bimetallic phase is increased. The amount
of deposited CoFe phase does not affect the S, value of the obtained nanocomposites when using the A2 support.

SEM images of 5wt.%Co(93)Fe(07)/A1 and Swt.%Co(93)Fe(07)/A2 catalysts do not reveal a significant difference in
the surface morphology of the initial supports. A smooth surface with fissures is observed for both supports Al and A2. It can
be seen that small fragments of the active phase are randomly scattered on the surface of the support (Fig. 2a,b).

The deposited Co-Fe active mass occurs on the surface of the support as agglomerates with a size from 100 nm to 1 mm
(Fig. 2¢). The image of 20wt.%Co(93)Fe(07)/A2 nanocomposite shows an uneven distribution of deposited Co-Fe active
compounds on the surface of the support. The amount of Co+Fe in the analyzed regions 1 and 2 significantly exceed the amount
specified in the synthesis, and amount of the metal found in the region 3 almost equal to defined with synthesis (Table 2). The
EDX data show an uneven distribution of the active mass on the surface of the support, while the Co/Fe ratio in the active mass
differs from that specified in the synthesis.

EDX analysis shows an increase in the amount of Fe to 20-25% against Co, for a catalyst with 5 wt.% of the active
mass, that leads to a decrease in catalytic activity. In contrast, the amount of Fe in the Co-Fe ratio is approximately 3 wt.% for
the 20wt.%Co(93)Fe(07)/A2 catalyst; and, according to [11] is sufficient for effective CO, hydrogenation.

Figure 3 shows the phase composition of catalysts after the methanation and the corresponding initial supports. The
X-ray diffraction patterns of the aluminum oxide of Al and A2 types show the difference in their crystal structure. y-Al,O,
reflections are typical for type Al aluminum oxide (Fig. 3, curve 2), while A2 aluminum oxide has a mixed structure; where
admixtures of corundum o-phase crystals are present on the background of fine-crystalline y-phase (Fig. 3, curve 4). The
deposited particles of the active Co-Fe bimetallic mass were determined only by a low-intensity signal of cobalt(II) oxide for
both studied samples (Fig. 3, curves 2 and 4). We believe that the fine-crystalline CoO phase appears after the passivation of the
samples in the air [9, 11]. Since the content of iron in the composition of a nanocomposite is very small, its identification is
beyond the sensitivity of the device.
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Fig. 2. SEM images of 5wt.%Co(93)Fe(07)/Al (a);
Swt.%Co(93)Fe(07)/A2 (b); 20wt.%Co(93)Fe(07)/Al (c, d)
nanocomposites after catalytic reaction.
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Fig. 3. X-ray diffraction patterns of nanocomposite catalysts
and corresponding supports: 1) 20wt.%Co(93)Fe(07)/Al;
2) Al; 3) 20wt.%Co(93)Fe(07)/A2; 4) A2.

Thermal desorption studies were performed for the samples that contained the largest amount of active mass (20 wt.%).
They showed the maximum activity in the methanation reaction among all studied catalysts in the given research. The state of
the surface of these samples reflects best the processes occurring during the reaction (Fig. 4).

The TD profiles with m/z 16, 18, 28, 29, and 44 corresponding to the desorbed groups CHZ, H,0*, CO*, HCO*, and

COZ were registered on the TPD spectra. The TD profile with m/z 18 (Fig. 4a, insert) of the 20 wt.%Co(93)Fe(07)/A2 sample

has two high-intensity peaks, namely, the first one with a temperature maximum (7., ) at 80°C refers to a physisorbed water;
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Fig. 4. TPD spectra of nanocomposite 20wt.%Co(93)Fe(07)/A2 (a)
and 20wt.%Co(93)Fe(07)/A1 (b) catalysts.

while the second one, which is a broad and smooth peak in the temperature range of 250-600°C, refers to a water formed in the
process of CO, hydrogenation.

The TD profiles of COZ, CO*, HCO*, and CHZ groups show similar forms, but with different intensities. These

features indicate that all particles participate in the same process [17]. The presence of a TD profile with m/z 29 indicates that
the hydrogenation process over 20wt.%Co(93)Fe(07)/A1203 catalysts is caused by the formation of an intermediate HCO*
group. The profile has a low intensity and its temperature maxima coincide with those for CO* and CO; . The recorded HCO*

groups can be formed on the surface due to functional OH groups that exist on the surface of aluminum oxide [6, 7, 18].

The process of methane formation over the Co-Fe catalyst deposited on aluminum oxide can be described by the
participation of functional OH groups on the surface of aluminum oxide. The first stage of the hydrogenation process over
CoFe/Al,O; catalysts should involve the CO, and H, adsorption followed by their dissociation on active bimetallic sites; at the
same time, the presence of Fe, which contributes to the O=C=0 bond cleavage, plays an important role. Part of the dissociated
CO*, O*, and H* particles can diffuse from the active sites of a catalyst onto a support and be involved in further stages of CO,
hydrogenation. Chemosorbed CO molecules formed on active sites can interact with OH groups on the support surface to form
bridged and linear forms [6, 7]. The formation of HCO* involves the joining of hydrogen atoms to adsorbed CO* as a result of
dissociative or associative processes. Hydrogen atoms participate in the cleavage of C—O bonds in the dissociative process [19].
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After diffusion of CO, dissociation products from the active site of a catalyst to the surface of a support, this active site becomes
available for CO, molecules from a gas mixture that participate in the methanation.

The complex relief of TD profiles indicates the presence of a large number of adsorption sites with different energies of
desorption on the surface of nanocomposite CoFe/A 1,0, catalysts. The maxima at 700°C are observed on the TD profiles of
CO, for both samples (Fig. 4a, b), which correspond to strongly chemisorbed CO,, which does not participate in the
hydrogenation in the temperature range of methane yield (200-450°C). The analysis of the TD profile of CO, shows that the
ratio of intensities of CO, peaks, which directly participates in the methanation reaction (temperature range of up to 500°C) to
intensities of CO, peaks, which is strongly chemisorbed on the surface of the support and does not participate in the catalytic
process (temperature range of above 600°C) is 6:1. Therefore, the majority of CO, participates in the methanation in the
temperature range of 200-450°C; while only approximately 1/7 of CO, from the gas phase can be chemisorbed on the surface of
the support.

Desorption of physisorbed groups with m/z 28 and 44 occurs in the temperature range of 50-200°C for both samples
(Fig. 4). The high-temperature range of TD profiles is not similar for 20wt.%Co(93)Fe(07)/A2 (Fig. 4a) and
20wt.%Co(93)Fe(07)/A1 (Fig. 4b) samples. Broad peaks with 7, ,, =250 and 380°C are shown in the TD profile of the catalyst
with higher catalytic activity (20wt.%Co(93)Fe(07)/A2). These peaks correspond to groups with a high value of activation
energy of desorption (£, = 148 and 186 kJ -mol"). In our opinion, these groups are desorbed from active sites on the surface of
nanocatalysts and participate in the process of methane formation. The TD profiles of the COZ and CO* groups for the catalyst

with lower activity (20wt.%CoFe/A1) in the temperature range of 300-400°C differ from the previous one. The desorption
peaks of chemisorbed particles shift to higher temperatures with 7' | =480°C and £,=216 kJ -mol™". This leads to a decrease in
the catalytic activity of this nanocatalyst in the methanation reaction in the temperature range of 300-400°C.

Therefore, the results of the research indicate that the methane yield increases at 400°C over the studied nanocomposite
catalysts for the CO, hydrogenation reaction in the following order: Swt.%CoFe/A3 (1%) < 5Swt.%CoFe/Al (53%) <
Swt.%CoFe/A2 (72%) < 10wt.%CoFe/Al (76%) < 20wt.%CoFe/Al (76%) < 10wt.%CoFe/A2 (77%) < 20wt.%CoFe/A2
(84%). The catalyst, which consists of 20 wt.% of the active mass of the Co(93)Fe(07) composition, deposited on aluminum
oxide with a specific surface of 70 m?/g, is optimal for highly efficient hydrogenation of CO, to methane. Highly dispersed
Al1,0; with S, = 190-310 m?/g is not an effective support for Co-Fe catalysts. It can lead to an increase in the degree of
dispersion of metal particles on the support surface with subsequent deactivation caused by the formation of Co and Fe
aluminates.

SEM-EDX studies revealed an uneven distribution of the Co-Fe active mass on the surface of the support. In particular,
large agglomerates of deposited Co-Fe metals are observed in the 20wt.%Co(93)Fe(07)/A2 sample. This may result in the high
activity of this catalyst in the process of CO, conversion to methane. Therefore, further research is required for deposited
catalysts with a higher content of active mass. The SEM-EDX data also showed that the ratio of the active mass of Co/Fe in the
surface layer of the catalysts does not correspond to that specified in the synthesis. The increase in the Fe amount in the ratio of
metals in the surface layer of the catalyst with 5 wt.% of the active mass decreases the catalytic activity. In contrast, the amount
of Fe in the Co-Fe ratio is approximately 3 wt.% for the 20wt.%CoFe/A2 catalyst, and is sufficient for the effective CO,
hydrogenation. The results of the TPD MS studies of the catalyst surface after the CO, hydrogenation process showed the
formation of intermediate HCO* groups, which were not detected for the bulk catalyst with a similar Co/Fe ratio. This fact
indicates that the methanation process over catalysts deposited on Al,O; occurs by a different mechanism than on bulk
catalysts, due to the presence of functional OH groups on the support surface.
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