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The condition of Ni-Fe catalysts’ surface was investigated by the method of thermally
programmed desorption with mass spectral analysis of desorbed particles (TD MS). TD spectra
indicated the desorption of CO, (m/z = 44), CO (m/z = 28) and H,O (m/z = 18) particles from the
surface of samples with high and low catalytic activity in the reaction of CO, hydrogenation.
Intermediate compounds CHO", CH,O" were not observed in the TD profiles for all investigated
catalysts. On the basis of catalytic performance results and thermal desorption data it can be
suggested that process of CO, hydrogenation over Ni-Fe catalysts proceeds via direct
hydrogenation of CO; to CHy.
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Introduction

Carbon dioxide is a component widely existing in nature, but is regarded as an air pollutant,
so it’s needed to reduce the concentration of it in the nature. One of the obvious ways is to reduce
pollution by CO; by means of the catalytic conversion of waste CO, emitted from, i.e., enterprise.
Among of various methods, hydrogenation of carbon dioxide not only reduces carbon dioxide but
also produces methane. Methane is the cleanest fossil fuel for electricity production [1 — 3].
Therefore, developing a catalyst that can improve activity, selectivity, economic and
environmental requirements to industrialize the process for carbon dioxide hydrogenation is very
important. Carbon dioxide molecule is kinetically and thermodynamically stable so the reaction
of carbon dioxide hydrogenation is endothermic and calls for use of efficient catalysts to obtain
high methane yield. This reaction has been studied over metal catalysts Ni, Fe, Co, Cu, Ru, and
Rh that were supported on SiO,, Al,O3, ZrO,, TiO,, and CeO, metal oxides [3 — 7]. According to
the literature, among these catalysts, the iron unlike the nickel has low activity in catalysis of the
hydrogenation of CO, [8, 9], although a computational screening study based on density
functional theory calculations has indicated that Ni-Fe catalysts could be more active than the
pure Ni catalyst [10]. So, the catalytic properties of bimetallic Ni-Fe catalyst seem to be
promising for using in environmentally safe process.

It is important to study the surface properties of Ni-Fe system for understanding of
mechanism for CO, hydrogenation. In the previous work we investigated catalytic structure and
showed the efficiency of using Ni-Fe catalysts in the CO, hydrogenation [11, 12]. In this work,
surface species adsorption properties of Ni-Fe catalysts of CO, hydrogenation with different
Ni:Fe ratio were investigated by TD MS analysis.

Experimental

Synthesis of Ni-Fe catalysts in the range of 0 — 100 mass % of nickel, with respective addition
of iron was carried out by dissolving the proper amount of metals in nitric acid with subsequent
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precipitation by ammonia and drying in air for 4 hours at 300 °C. Prior to the catalytic reaction,
each catalyst was reduced with a mixed stream of hydrogen and helium at a ratio of 50:50 vol. %
at 300 °C for 4 hours. The optimal temperature for catalysts reduction was determined with
thermogravimetric method [11].

Methane production test for bimetallic Ni-Fe catalysts was carried out in a continuous flow
fixed-bed reactor with 8§ mm in diameter. Carbon dioxide and hydrogen were continuously fed
into the reactor balanced with helium. Feed composition was fixed at 2 vol. % of CO,, 55 vol. %
of H, and 43 vol. % of He. The reaction was carried out at the pressure of 0,1 MPa in the
temperature range of 30 —500 °C. Reaction products were analyzed by an online gas
chromatograph (Shimadzu GC-2014) equipped with a thermal conductivity detector (TCD) using
a molecular sieves packed column for the separation of CO,, CO, CH4. To compare the catalytic
activities for the series, we chose the temperature of 350 °C at which the most active samples
reached a steady maximum of activity.

To study the desorbed particles from the surface of the catalyst a quadrupole mass
spectrometer (MS) MX 7304 (“Selmi”, Ukraine) was used. The reduced catalyst was exposed
under hydrogenation experiment conditions. The catalyst then was cooled to ambient
temperature, and then heated linearly in vacuum at 14°/min up to 800 °C while the effluent
stream was analyzed for m/z range of 10 — 100 by on-line MS MX7304A.

Results and discussion

In the first part of our research, the catalytic behavior of bimetallic Ni-Fe catalysts in the range
of concentrations from 0 to 100 % of nickel was studied [11]. The chemical composition and the
results of the catalytic performance tests of the Ni-Fe catalysts under investigation are
summarized in Table 1. Based on the results, the higher yield of CH4 is observed at the
temperature of 300—400 °C and it drops sharply at the temperature of 500 °C. The maximum CHy
yields reaching 66.5 % were obtained at 350 °C for NigoFe, catalyst.

Table 1. The chemical composition and the results of catalytic performance test of Ni-Fe
catalysts in the reaction of CO, hydrogenation

Sample . Yield, % Sample Yield, %
———— Reaction Reaction
mass % Temperature, °C mass % Temperature, °C
product product
Ni Fe 300 350 400 500 | Ni Fe 300 350 400 500
100 0 CH,4 32 538 60.1 5.2 70 30 CH, 508 62 59.1 2
CcO 3.8 7 8.5 5 CO 62 41 49 5
CH,4 658 65 604 79 CH,4 27.8 40 414 74
1
20 0 CcO 13 14 14 13 030 CO 23 26 39 24
CH, 65.8 66.5 619 9.9 CH, 15 35 15 45
80 20 20 80
CcoO 2 15 15 15 CO 22 25 45 23
CH, 64 15 11 21 CH, 0 0 1.5 6.6
7 2 0 100
> > CcO 109 18 91 13 CO 10.8 364 348 4.2

Apart from methane, carbon monoxide is observed as a reaction product in all cases.
However, a CO production increase is associated with a methane production decrease. The
highest yield of CH4 was observed for the sample with 80 mass. % of Ni (NigoFe,), whereas for
the sample with 75 mass. % of Ni (NiysFe,s) catalytic performance drops sharply and reaches a
relative minimum in CO; hydrogenation. While all other catalysts always show higher selectivity
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to CH4 than to CO, NissFeps catalyst gives rise to higher selectivity for CO than for CHa.
According to the studies of Fe-Ni alloys [13], when nickel content is in a concentration range of
less than 72 % or more than 77 %, two-phase regions with y-phase and intermetallic FeNi; are
observed. But in the composition range 72—77 % of nickel, there is only FeNi; compound in the
form of a homogeneous solid solution [13].

The observed effect of the catalytic activity increase (increase of methane yield at the
same conditions) in the NiggFeyy sample is related to the presence of phase interfaces in the
catalytic systems. It is known that the catalytic activity of mixtures depends on the phase
composition. The heterogeneous mixtures have higher catalytic activity then homogeneous phase
due to interface properties. Moreover, the catalytic properties of the mixtures depend on the
presence of the organized structures and chemical compounds in them. The formation of
intermetallic compounds reduces the catalytic activity of the system [14].

Among the studied samples we have selected pure nickel, pure iron, the best (NigoFeyo)
and the worst (NissFeps) catalysts. Desorption of particles from the surface active site of these
samples was investigated by TD MS analysis. For NigoFeyo, NizsFe,s and Ni samples methane and
carbon monoxide are the products of hydrogenation process, while in the case of pure Fe sample
methane is not formed at all, and the only carbon monoxide is product of CO, and H; interaction.

The experimental data shows that the desorption peaks of CO, CO, and H,O are
symmetrical (Fig.). It suggests that CO, CO,, and H,O molecules are formed near the surface by
recombination of the corresponding atoms. It means that the carbon, oxygen and hydrogen atoms
exist separately on the catalyst surface [15]. Generally, if a process undergoes a formal kinetics

A0
dt

where @ is surface coverage and 7 is the kinetic order of the process, in the case of linear heating
the peak (rate versus temperature) must be asymmetrical for » =1 and nearly symmetrical for
n =2 [15]. The symmetrical form of all desorption peaks, even for CO, suggests the second order
of desorption, thus, the recombination of separate atoms into the CO molecule.

TD data of the maximum peak temperature (T,,) can be divided into three ranges (see Table
2): 80—180°C — particles weakly bound to the surface; 200 — 350°C — particles with desorption
temperature close to reaction of hydrogenation temperature; 400-500°C — particles firmly bound
to catalyst surface.

Table 2. The peaks temperature (Ty,) of desorbed particles from the samples’ surface

Sample Particle
P CO (m/z = 28) CO, (m/z = 44) H,0 (m/z = 18)
NigoFesy 100, 140,290,440 90, 145, 300, 440 90, 210
NisFes 300 300 90, 210
Ni 245, 300, 440 100, 150, 240,300 90, 175, 230
Fe 100, 260, 440 100, 270, 440 90
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Fig. TD profile of CO (a), CO, (b) and H,O (c) particles for the samples: 1 — NigoFexo,
2 - Ni75Fe25, 3 —Niand 4 — Fe.

TD spectra of CO and CO; from surface of NissFe,s catalyst has the only maximum at
300 °C, but for surface of NiggFeyg there are peaks in the range of 90—440 °C. TD maximum at
130°C can be attributed to the weak physical adsorption.

TD spectra of CO from surface of inactive NissFeys catalyst has the greater intensity than
for CO,, in good agreement with the results of the catalytic performance (Table 1) which show
that between all of the tested catalysts the lowest yield of CH4 (6 %) and the highest yield of CO
(11 %) at 300 °C (see Table 1) are observed for NissFeys catalyst. Thus, it can be assumed that
CO,, which is adsorbed on the active site, breaks up into CO and O. CO is firmly chemisorbed on
the active site and inhibits the progress of CO, hydrogenation process. In contrast, the intensity of
the TD spectra of CO, and CO from surface of active NigoFey catalyst is almost the same at
300°C. Based on these results, we can conclude that process of CO, hydrogenation over Ni-Fe
catalysts proceeds via direct hydrogenation of CO; to CH4. The chemisorbed CO; on the catalyst
active centers, which are located at the interface boundary, is dissociated completely to C*adS and
O".as. Then adsorbed carbon quickly reacts with available hydrogen (adsorbed on the catalysts
surface or from the gas phase) and CHy is desorbed in result. Water is formed by the similar
mechanism from the adsorbed oxygen and available hydrogen. The limiting step in this process is
the formation of H,O from the adsorbed OH*adS group with adsorbed H*ads. The formation of CHy
is fast, so in the TD spectra CH', CH,", CH;  intermediates are not recorded. TD MS analysis of
surface species in active and inactive samples showed that CO, hydrogenation process onto Ni—
Fe catalysts has the mechanism that does not involve oxygen-containing intermediates. If the
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process proceeds via an intermediate CO, the TD spectra of intermediates, namely CHO', CH,O
would have been recorded. The data shown in Fig. 1c indicate that there is no peak of water on
the TD spectrum from surfaces of NigoFeso and NizsFeys at 300 °C, and this fact confirms that the
oxygen is generated by dissociation of CO, rather than by dissociation of water at this
temperature. These results are in good agreement with the mechanism that was reported in the
previous literature [16].

From the results of catalytic performance and thermal desorption one can suggest the
following mechanism for the reaction of CO, hydrogenation over Ni-Fe catalysts:

CO,+[] — [O....C....0]
[O.....C.....0] = [C] +2[O]
H, +2[] — 2[H]
[C]+[H] - [CH]+[]

. [CH] + [H] — [CH2] + []

- [CHp] + [H] — [CH3] + [ ]
.[CH3] + [H] — CHs + 2[ ]
.[O] +[H] — [OH] +[]
.[OH] + [H] =H,0 + 2[ ],

where [ | — free space on the surface of the catalyst; formation of methane (steps 4 — 7) is fast and
formation of water (steps 8-9) is slow.

Conclusion

A series of the Ni-Fe catalysts were prepared by the co-precipitation of the hydroxides. All
samples were reduced in the same conditions, and they were applied to the methane production
from CO, and H,. Among the tested catalysts, NigoFe,p showed the best catalytic performance in
terms of conversion of CO, and yield for CHy. It has been shown that the conversion of CO; to
methane is significantly increased over the bimetallic nickel-iron catalysts compared to the pure
nickel catalyst. The experiments illustrate that the best catalysts have a Ni/Fe ratio above 4. TD
MS analysis of active and inactive samples’ surface showed that CO, hydrogenation process over
Ni—Fe catalysts has the mechanism that does not involve oxygen-containing intermediates. Based
on results of catalytic performance and thermal desorption one can suggest that process of CO,
hydrogenation over Ni-Fe catalysts proceeds via direct hydrogenation of C atom (formed in CO,
dissociation) to CHa.
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JOCJIIIKEHHSA YACTUHOK HA ITOBEPXHI Ni-Fe
KATAJIIBATOPIB I'TTPOI'EHYBAHHSA CO, METOJA0OM
TAMC AHAJI3Y

P. Memkinidap, A. Isadyenko, O. bexa, O. Imenko

Kuiscokuii nayionanvnuu ynisepcumem imeni Tapaca lllesuenka
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Memoodom mepmonpoepamosanoi oecopoyitinoi mac-cnekmpomempii (T/] MC) oocriorcero
cman nogepxui Ni-Fe xamanizamopie peakyii 2ciopocenysannss CQO,. Ha T/ cnexmpax
3apeeccmpogano decopdyito wacmunox CO, (m/z = 44), CO (m/z = 28) ma H>O (m/z = 18) 3
NnoeepxHi 3pasKig, WO NPOAGUNU BUCOKY MA HU3LKY KAMATIMUYHY AKMUBHICMbL ) peaxyii
eiopoeenysanns CO,. IlpomigicHi cnonyku CHO", CH,O" ne cnocmepieanucs Ha T/ npoghinax ons
6cix oocnidocysanux 3paskie. Ha ocnosi pezyismamis kamanimuunoi akmusHocmi ma mepmiuHoi
Odecopbyii 3pobaeno npunywenns, wo npoyec konsepcii CO, 6 meman na Ni-Fe kamanizamopax
8i00ysacmucs uepes npame iOpoceHy8anHs KapOoHy 6e3 YmeopeHHs NPOMINCHUX KUCHEBMICHUX
CHOTYK.
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NCCIEJOBAHUE YACTHII HA ITOBEPXHOCTHU Ni-Fe
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T MC AHAJIN3A
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Memooom mepmonpoepamuposannou decopoyuonnoi macc-cnekmpomempuu (T MC)
uccnedosano cocmosanue nosepxnocmu Ni-Fe kamanusamopos peaxyuu 2uopozenuposganus CO,.
Ilo T][ cnexmpax 3apecucmpuposano decopoyuro wacmuuex CO; (m/z = 44), CO (m/z = 28) ma
H>0 (m/z = 18) ¢ nosepxnocmu 06pasyos, Komopbwle NOKA3aIU GbICOKYIO U HUZKVIO AKMUBHOCTIb 8
peaxyuu euopozenuposanus CQO,. Obpaszosanue NpomMeHcymouHvlx COeOUuHeHUll CHO', CH,O"
He HAOI0aN0Ch HU 011 00HO20 U3 UCCIe008AHHbIX 00pa3yos. M3 noiyueHHbix pe3yiomamos no
U3YHEHUIO KAMAIUMUYECKOU aKmMUusHOCMU U MepMUYEecKoll 0ecopoyuu coelano npeonoiodxiceHue,
umo npoyecc kousepcuu CO; 6 meman na Ni-Fe kamanuzamopax npoucxooum nymem npamoz2o
2UOPO2EHUPOBAHUSL  AMOMAPHO20 — Velepood b0e3  00pazo8aHusi  NPOMENCYMOUHBIX
KUCIOPOOCOOEPAHCAUUX COCOUHECHUIL.
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