
PPOR, Vol. 20, No. 3, 2019, pp.297-305 

ISSN: print - 1726-4685; online - 2519-2876 297 

PHASE COMPOSITION, MAGNETIC AND CATALYTIC PROPERTIES OF Fe,                 

Ni/γ-Al2O3 OXIDE SYSTEMS IN THE CARBON DIOXIDE HYDROGENATION 

REACTION 

Shahla F. Taghiyeva 

Y.H.Mammadaliyev Institute of Petrochemical Processes of Azerbaijan National Academy of 

Sciences, Az 1025, Baku, 30 Khojaly ave. 

e-mail: tshaxla@mail.ru 

Abstract 

The phase composition, magnetic properties of Fe, Ni / γ-Al2O3 oxide 

systems as a function of the temperature of preliminary processing of the 

samples in a stream of hydrogen and their catalytic properties in the 

hydrogenation of carbon dioxide studied. It was shown that the reduction 

in the stream of hydrogen of the initial oxidized catalyst samples leads to 

the formation of nickel and magnetite particles. The increase of the content 

of nickel particles and decrease of content of magnetite as the temperature 

of hydrogen reduction of the samples are shown. It was shown that 

samples of Fe, Ni / γ-Al2O3 oxide systems containing particles of metallic 

nickel and magnetite Fe3O4 have the greatest activity in the methanation of 

carbon dioxide. The composition of the active surface was controlled by 

changing the conditions of the preliminary reduction of Fe, Ni / γ-Al2O3 

samples and by changing the Fe: Ni ratio in the samples. Comparison of 

the activity of mono- and bimetallic catalysts in CO2 methanation shows 

that bimetallic Fe-Ni catalysts with a Fe: Ni ratio of 1: 3 are more active 

than monometallic catalysts based on nickel and iron. The conditions for 

their preliminary processing of the catalysts have been optimized in order 

to obtain the suitable content and ratio of nickel and magnetite particles in 

the samples. It was established the significant effect of the redox state of 

the modifier on the catalytic properties of the system. It is assumed that the 

introduction of iron into nickel-containing alumina modifies the particle 

size and electronic state of nickel, thereby changing its reactivity and 

catalytic properties 
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Introduction 

Over the past two centuries, anthropogenic environmental impacts have led to an 

undesirable increase in the carbon dioxide content in the atmosphere [1,2]. Currently, different 

ways are proposed to solve this problem. One way to reduce the content of carbon dioxide in the 

atmosphere is to involve it in chemical reactions to obtain industrially important products [3,4]. 

Note that CO2 is a chemically stable molecule and its involvement in chemical processes is due 

to kinetic constraints. These kinetic limitations are associated with the reduction of carbon in 
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carbon dioxide from the oxidative state of +4 to -4 in methane. This problem is solved by 

selecting an effective catalyst to achieve acceptable speeds and selectivity of the process [5,6]. 

Despite notable successes in this area, the search for effective catalysts to this day remains the 

main problem in the catalytic chemistry of CO2 hydrogenation, as evidenced by the growing 

number of scientific publications [7]. 
Carbon dioxide methanation is a thermodynamically favorable reaction (ΔG298К = -

130.8 kJ ∙ mol
-1

) [8.9]. However, the reduction of fully oxidized carbon occurs with kinetic 
limitations, which is solved by the selection of active catalysts. A rather wide range of catalysts 
for this reaction was studied, and among them Ni-based catalysts are notable for their marked 
activity. In addition, they are not expensive and affordable. However, nickel catalysts can be 
deactivated even at low temperatures [10]. Therefore, various approaches were taken to increase 
the stability of nickel catalysts, for example, the wide range of carriers — oxides of aluminum, 
magnesium, calcium, silicon, chromium, aluminosilicates, kieselguhr, ceramics, kaolin, calcium 
aluminates, etc. were used [11]. Binary, iron – nickel catalysts with various Fe – Ni ratios, as 
well as multicomponent alloy and intermetallic catalysts were also studied. Despite a large 
number of studies, an active search for an active and stable catalyst for the hydrogenation of CO2 
into methane is ongoing, the nature of active centers, the mechanism of CO2 hydrogenation, 
which is still the subject of discussion, are being investigated. The stability of nickel-containing 
alumina in the reaction of hydrogenation of CO2 into methane increases markedly with the 
introduction of iron into the catalyst. This paper presents the results of a study of the dependence 
of the phase composition, catalytic and magnetic properties of Fe, Ni-containing γ-Al2O3 oxide 
catalysts for the hydrogenation of carbon dioxide into methane on the conditions of their 
pretreatment. 

Experimental Part 
The catalyst samples were synthesized by impregnation of γ-Al2O3 with aqueous 

solutions of iron and nickel salts, followed by drying and calcination. The elemental and phase 
composition of the samples was determined using an XGT-7000 X-ray fluorescence microscope, 
Horiba, and an XRD TD 3500 X-ray diffractometer (China), accordingly. EMR spectra of the 
synthesized catalysts were recorded at room temperature on an EMXmicro radiospectrometer, 
Bruker (Germany). Catalytic tests of samples in the hydrogenation reaction of CO2 were carried 
out at a molar ratio of CO2/H2 = 1: 3 in a flow reactor at atmospheric pressure in the range of 
573-773 K with on-line chromatographic analysis of the gasphase  products of the reaction. 

Results and Discussion 

Tab. 1 shows the results of test of iron-nickel-aluminum oxide system of the composition 

5% Fe2О3-15% NiО / 80% Al2О3, (in terms of Fe2O3, NiO and Al2O3)  as catalysts for the 

methanation reaction which was subjected to preliminary redox treatments. 
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Table 1. Catalytic properties of samples * 5% Fe-15% Ni/γ-Al2O3 oxide system, pre-oxidized at 

773K for 1 hour and then reduced at 573, 673 and 773K (СО2: Н2 = 1: 3, p = 0.1 MPa), 

in the reaction of hydrogenation of CO2 ** 

Sampls* 

 

 

Reaction 

temperature, K 

 

Conver-

sion, % 

Yield(1), selectivity (2),%, mass 

CH4 С2Н6 CO 

1 2 1 2 1 2 

 

а 

573 

623 

673 

17 

22 

23 

13.5 

19 

15 

79.4 

86.4 

65.2 

- 

- 

- 

- 

- 

- 

3.5 

3 

8 

20.6 

13.6 

34.8 

 

b 

573 

623 

673 

40 

53 

55 

35 

45 

43 

90  

85.5      

78.2 

1.7 

4.0 

3.5 

3.4  

6.5  

6.4 

3.3 

4.4 

8.5 

6.6   

8.0 

15.4 

 

c 

 

573 

623 

673 

45 

73 

75 

38 

55 

49 

84.4 

75.4 

65.1 

2.9 

7.0 

7.5 

6.4 

9.6 

10.0 

4.1 

11.0 

18.5 

9.2 

15.0  

24.9 

 

d 

 

573 

623 

673 

24.6 

28.7 

29.4 

19 

22 

20 

77.2 

76.6 

68.0 

- 

- 

- 

- 

- 

- 

5.6 

6.7 

9.4 

22.8 

23.4  

32.0 
* Before catalytic testing, the samples were oxidized at 773 K in a stream of air for 1 (one) hour (samples a) and 

then reduced for 1 (one) hour in a stream of hydrogen at 573, 673 and 773 K (samples, respectively, b, c and d). 

**Measurements were taken every half hour. 

As can be seen from Tab. 1, the reduction of catalysts with hydrogen at different 

temperatures affects the activity of the catalyst and, as a consequence, the yield of the final 

product methane. The greatest activity in the methanation reaction is exhibited by samples of the 

iron-nickel-aluminum-oxide system, reduced for 1 hour at 673 K. From the tabular data it is seen 

that the maximum methane yield is observed at a temperature of 623 K. The methane yield at 

this temperature is 55%. With an increase in the reaction temperature from 673 to 773 K, the 

selectivity on methane   decreases from 84.4 to 65.1%. In the reaction products, the CO content 

increases from 9.2 to 24.9%, mass, the maximum yield of ethane is 7.5%, mass. 

In Fig. 1 shows the curves of the dependence of the methane yield from the temperature 

of the CO2 methanation reaction on Fe/γ-Al2O3, Ni/γ-Al2O3 and Fe, Ni/γ-Al2O3 catalysts 

previously reduced at 673 K in a hydrogen stream (1 hour). 

As can be seen from Fig. 1, the methane yield curves on monometallic (15% Ni/Al2O3, 

15% Fe/γ-Al2O3) and bimetallic (5% Fe-15% Ni/Al2O3) catalyst samples slightly differ from 

each other and exhibit a rather high activity in the range of 573-673 K. In this case, the presence 

of iron in bimetallic samples markedly increases the methane yield, starting from 473 K and in 

the range of 473-573 K, noticeably exceeds the monometallic iron-containing sample, which 

exhibits weak activity in the carbon dioxide methanation reaction, also slightly superior to nickel 

containing  sample. 
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Fig. 1. Graph of methane yield versus temperature on catalysts: 1 - Fe, Ni/γ-Al2O3; 2 - Ni/γ-

Al2O3; 3 - Fe/γ-Al2O3 previously reduced at 673 K in a stream of hydrogen (1 h) 
Tab. 2 shows the results of the study of elemental composition by scanning the surface of  

5% Fe, 15% Ni/Al oxide catalyst at the 4 points using an X-ray fluorescence microscope. 

Table 2. The content of elements in each of the 4 points of the scanning surface of 5% Fe, 15% 
Ni/Al oxide catalysts  

Element Mass,% Formula Mass ,% 

26 Fe 4.1 Fe2O3 5.8 

28Ni 13.3 NiO 16.9 

13Al 39.6 Al2O3 74.8 

O 43.0 - - 

26 Fe 3.4 Fe2O3 4.9 

28Ni 12.1 NiO 15.4 

13Al   40.1 Al2O3 75.7 

O 44.4 - - 

26 Fe 5.18 Fe2O3 7.4 

28Ni 14.0 NiO 17.8 

13Al 39.1 Al2O3 73.8 

O 41.7 - - 

26 Fe 4.3 Fe2O3 6.1 

28Ni 14.9 NiO 19.0 

13Al 40.7 Al2O3 76.9 

O 40.1 - - 

The data shown in Tab. 2 were obtained by scanning the surface of the samples with a 

beam with a spot diameter of 10 μm. As can be seen from Tab. 2, the content of iron and nickel 

in the samples of the catalyst before the methanation reaction at the scan points is almost the 

same. Note that a similar picture is observed after the methanation reaction for 2 hours. 

For the determnation of the reasons of influence of the conditions of preliminary 

reduction of a catalyst in a stream of hydrogen on its activity in the hydrogenation reaction of 
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carbon dioxide, along with measurements of catalytic activity, the dependence of the phase 

composition and magnetic properties of catalyst samples from the conditions of their preliminary 

heat treatment was studied. 

Fig. 1, a, b shows the diffraction patterns of catalyst samples of 5% Fe, 15% Ni/γ-Al2О3, 

oxidized in an air stream at 773K for 4 hours (a) and reduced in a hydrogen stream for 1 hour at 

673 (b). 

 
                                         а)                                                           b) 

Fig. 1, a, b. X-ray diffraction patterns of catalyst samples of 5% Fe, 15% Ni/γ-Al2О3, oxidized in 

an air stream at 773 K for 4 hours (a) and then reduced in a hydrogen stream for 1 

hour at 673 K (b) 

As can be seen from the diffraction patterns (Fig. 1, a, b), the basis for the obtained 

samples in both cases is γ-Al2О3 (2 = 37.5 (311), 39.3 (222), 45.7 (400), 56.7 (422), 60.5 ( 511), 

66.6 (40), (PDF # 00-050-0741) (2 = 37.54, 45.67 and 66.60, corresponding to the crystalline 

planes (311), (400) and (440), accordingly, the support phase (-Al2O3), which coincides well 

with the library standard, and the phase composition of these samples depends on their redox 

treatment, which may be due to the high dispersion of nickel-containing ones, as well as high 

dispersion and low content of iron containing phases. 

However, the reduction of Fe, Ni-containing Al2O3 samples calcined in air with hydrogen 

starting from 523 K and higher leads to a clear manifestation of reflections characteristic of 

metallic phases of nickel (2 = 44.6 (111), 51.3 (200), 76.1 (220), ( PDF # 00-003-1043) and its 

alloy with iron, for example, Avaruit - FeNi3 for samples reduced with hydrogen at 773K (2 = 

44.3 (111), 51.6 (200), (PDF # 00-038-0419). X-ray diffraction patterns of Fe, Ni-containing 

Al2O3 samples, reduced at 573 and 673 K, along with reflections from metallic nickel 44.3 (111), 

51.6 (200), (PDF # 01-089-7128) also exhibit broad reflections characteristic of you highly 

dispersed magnetite Fe3O4 (2 = 30.2 (220) 35.5 (311) 37.3 (222) 43.3 (400) 53.5 (422), (PDF # 

00-013-0458). 

The phases of magnetite and metallic nickel are formed very easily by reduction of Fe, 

Ni-containing Al2O3 samples in a hydrogen stream at a temperature of  573 K. With an increase 
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in the reduction temperature, the amount of these phases initially increases, and for samples 

reduced at 673 K, a noticeable amount of both the magnetite phase and the metal phase is found. 

However, for samples reduced at 773 K, the content of the “metallic nickel” phase increases and 

the magnetite phase is practically not detected.    

The results showed that Ni/Al2O3 catalysts reduced at 573-673 K had a smaller amount of 

detectable nickel and also a smaller particle size than the corresponding catalysts reduced at 773 

K. In addition, three broad peaks at 2 = 37.5, 46 and 67 in the diffraction patterns of these 

samples indicate the presence of amorphous Al2O3. The particle size of metallic Ni was 

calculated according to the Scherer equation for Ni (111) planes, respectively, the results are in 

good agreement with the above conclusion. 

Tab. 3 shows the phase composition, values of magnetic resonance parameters, average 

size of crystallite  (areas of coherent scattering) and magnetic particles, estimated from X-ray 

diffraction patterns and EMR spectra of the above samples. 

  Table 3. Phase composition and average crystallite size (coherent scattering regions) of  5% Fe, 

15% Ni/Al2O3  catalyst samples, oxidized at 773 K for 4 hours and reduced at 573, 

673 and 773 K 

The crystallite sizes were estimated from X-ray diffraction patterns using the Debye-

Scherrer formula: d = 0.9λ / βcosθ, where λ = 0.1542 nm is the x-ray wavelength, β is the half-

width of the diffraction maximum in radians, and θ is the angle corresponding to the position of 

the diffraction line in the x-ray diffraction pattern . Calculations showed that the average 

crystallite size of the studied samples varies in the range from 16.4 to 36.5 nm. 

Note that in the diffraction patterns, the reflections from magnetite are very weak, and the 

reflections from metallic nickel are distinctly expressed. In addition, reflections from metallic 

nickel have a broadening at the base, which may be due to the presence in the samples of nickel 

crystallites of different sizes. To confirm that “metallic” nickel particles are formed during the 

reduction of iron-nickel-containing aluminum oxide with hydrogen, the EPR spectra of these 

samples were recorded. 

In fig. 2a-d show the EMR spectra recorded at room temperature for samples of 5% Fe, 

15% Ni/Al2O3, oxidized in an air stream at 773 K for 4 hours (a) and reduced in a stream of 

hydrogen of the preoxidized sample (a) for 1 hour at : b) 573, c) 673, and d) 773K  

 

Phases 
Phase size in nm of catalyst 5%Fe,15%Ni/-Al2O3 

Oxidized  
Reduced, at temperature, K 

573 673 773 

      -Al2O3 23.1 23.1 23.1 - 

      NiAl2O4 22.8 22.8 22.8 16.4 

      Fe2O3 33.9 - - - 

      Fe3O4   - 36.5 28.9 - 

      NiO 30.8 - - - 

      Ni/ Ni3Fe   - 26.5 23.1 16.5 
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                               а)                                             b)  

                                                    

                          
                              c)                                                                              d) 

Fig.2, a-d. EMR spectra recorded at room temperature for samples of 5% Fe,15% Ni/Al2O3, 

oxidized in a stream of air at 773 K for 4 hours (a) and reduced in a stream of 

hydrogen  of the initial sample (a) for 1 hour at: b) 573, c) 673 and d) 773 

These spectra are characteristic for magnetically concentrated iron and nickel containing 

phases [13, 14]. 

Tab. 3 shows the values of magnetic-resonance parameters at room temperature for 

samples of 5%Fe, 15%Ni/γ-Al2O3, oxidized in a stream of air at 773 K for 4 hours (1) and 

reduced in a stream of hydrogen for 1 hour at: b) 573, c) 673 and d) 773 K, and the initial sample 

(a). 
As can be seen from Tab. 4, first of all, there is a noticeable increase in the concentration 

of ferromagnetic particles during the reduction of the samples with hydrogen. A comparison of 
the X-ray phase and magnetic resonance data allows  to conclude that the EMR spectra are due 
to superpair/ferro-antiferromagnetic particles, most likely, the oxide phases Fe2O3, NiO and 

NiAl2O4, NiFe2O4 in the oxidized and Fe3O4, and Ni1-xFex, where x can vary in the interval 01, 
in reduced samples. Calculation of EMR spectra according to [14] showed that the particle size 
of nickel is from 14–16 nm to 33–37 nm for samples reduced in a stream of hydrogen at 573 and 
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773 K, respectively. A comparison of the results of catalytic studies with magnetic shows that 
high selectivity for methane was observed for catalysts reduced at 573 and 673 K. 

Table 4. The values of magnetic-resonance parameters at room temperature for samples of 5% 
Fe, 15% Ni / γ-Al2O3, oxidized in an air stream at 773 K for 4 hours (1) and reduced in 
a hydrogen stream for 1 hour at : b) 573, c) 673 and d) 773 K, and the initial sample (a) 

Samples ΔН, G g-factor Irel. х 10
-3

  Y=(ΔН)
2
 Iх10

-11
 

а 1026 2.341 12.5  0.13 
 

b 1509.5 2.243 1850  21.6  

c 1705 2.228 327  10.5  

d 1418 2.238 5500  110.5  

The catalytic stability of the synthesized systems in the reaction of hydrogenation of 
carbon dioxide is clearly seen when comparing X-ray diffraction patterns and the catalytic 
properties of the initial, spent, and regenerated samples. Similar results are found for EMR 
spectra. It should be noted that the spent catalyst shows lower values of activity and selectivity 
for the target product than fresh calcined catalyst. 

Conclusions 
Thus, the obtained experimental data allow to conclude the following. 

1. The phase composition, magnetic and catalytic properties of Fe, Ni / γ-Al2O3 oxide 
systems in the reaction of carbon dioxide hydrogenation substantially depend on the 
temperature of the preliminary redox treatment of the samples. The phase composition of 
Fe, Ni / γ-Al2O3 oxide systems containing 5% Fe2O3.15% NiO, and 80% Al2O3 (in terms 
of Fe2O3, NiO and Al2O3), previously oxidized in an air stream at 773 K and reduced in a 
stream of hydrogen at the temperatures of  573, 673 and 773 K, was determined, 
magnetic phases in them are identified. X-ray fluorescence microscopy data indicate an 
almost uniform distribution of active particles on the surface of the catalyst. It was shown 
that by changing the conditions of preliminary reduction of Fe, Ni/γ-Al2O3 samples, the 
composition of active components can be controlled. 

2. The reduction of the initial oxidized catalyst samples leads to the formation of nickel 
particles and a magnetite phase in them. As the temperature of hydrogen reduction of the 
samples increases, the content of nickel particles increases and magnetite Fe3O4 is 
reduced to atomic iron with the formation of bimetallic Fe-Ni particles. It is likely that 
the formation of metallic nickel and magnetite particles during the reduction of iron-
nickel-containing catalyst samples at 573-673 K is a necessary condition for the activity 
of the catalyst in the reaction of hydrogenation of CO2 

3. Comparison of the activity of mono-Fe/Al2O3, Ni/Al2O3 and bimetallic Fe-N /γ-Al2O3 

catalysts in carbon dioxide methanation shows that bimetallic Fe-Ni catalysts are more 
active than monometallic ones. It is assumed that the introduction of iron in nickel-
containing alumina modifies the particle size and electronic state of nickel, changing its 
reactivity, the degree of interaction with the substrate. The results showed that the 
reduced catalyst is partially oxidized under the reaction conditions, thereby changing the 
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interaction of the active particles with the substrate and with each other. The regulation of 
the content and ratio of metals in the iron-nickel-containing catalyst and the selection of 
conditions for its reduction allows to optimize the size of the active particles. 
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