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fins, in particular ethylene and propylene, are the most 
t raw materials in petrochemical industry.1–4 Over the 
des researchers have come much closer to the industrial 
tation5 of ethylene production via oxidative 
enation (ODH) of ethane. The ethane ODH process is 
vestigated at atmospheric pressure, although there are 
 of studies where a positive effect of increasing the total 
ressure on selectivity and performance for the target 
 been noted.6–8 Oxygen9,10 and carbon dioxide11–14 are 
monly employed oxidizing agents. Using CO2 as an 
llows one not only to work safely with hydrocarbon 
and increase the ethylene yield compared with the direct 
enation, but also to solve the problem of carbon dioxide 
. It is promising to conduct ODH using heterogeneous 

 among which Cr and Fe based catalysts are the most 
or production needs since iron and chromium oxides are 
substances that have proven their catalytic efficiency in 
e ODH process.15 In heterogeneous catalysis, both the 
nature of the catalyst and the support for the active 
 play an important role. It has been revealed that in situ 
ion of the catalyst in the CO2 flow16 is possible owing to 
ing properties of carbon substrate.
, we focused on the establishing the correlation 
hase composition of Fe/C, Cr/C and Fe–Cr/C catalysts 

activity in the ODH of ethane. The aim of the work was 
mpare the phase composition of Fe/C, Cr/C and Fe–

lysts by in situ magnetometry, X-ray powder diffraction 
nd transmission electron microscopy (TEM) methods 
plore the transformations taking place in the catalysts 
e ODH process.
es of catalysts were prepared by impregnation 
 to moisture capacity from nitrates of the corresponding 
e mass content of metal in the catalysts was 5 wt% Fe 

in Fe/C, 5 wt% Cr in Cr/C, 5 wt% Fe and 5 wt% Cr in Fe–Cr/C. 
The ODH process was carried out in a quartz flow-type reactor 
at atmospheric pressure in the temperature range of 650–750 °C. 
The catalyst loading was 1 g, the feed rates of reagents v(C2H6) = 
= v(CO2) = 25 ml min–1. The values of activity and selectivity 
were measured after 60 min of ethane ODH at a given 
temperature. The phase composition analysis of the catalysts 
was carried out by in situ magnetometry,17 X-ray phase analysis 
and TEM.† The reaction products were analyzed by gas 
chromatography on LHM-80 chromatographs with thermal 
conductivity detectors using two printed columns: Porapak Q for 
hydrocarbons analysis, CO and CO2 (He carrier gas) and CaA (5Å) 
for H2 analysis (Ar carrier gas).

During the ODH of ethane with CO2, C2H4, CO, H2, H2O, 
CH4 and C are formed according to reactions:

C2H6 → C2H4 + H2 		 ΔG0 = 140.93 – 0.131T  (kJ mol–1),	 (1)

C2H4 → C2H2 + H2 	 ΔG0 = 181.12 – 0.129T  (kJ mol–1),	 (2)

C2H2 → 2C + H2 	 ΔG0 = –226.43 + 0.056T  (kJ mol–1),	 (3)

C + 2H2 → CH4 	 ΔG0 = –81.829 + 0.1003T  (kJ mol–1),	 (4)

CO2 + H2 → CO + H2O 	 ΔG0 = 38.261 – 0.0356T  (kJ mol–1),	 (5)

CO2 + C → 2 CO 	 ΔG0 = 172.82 – 0.1776T  (kJ mol–1). 	 (6)

The results of catalytic experiments indicating the mass ratio 
of products are shown in Table 1. For all catalysts ethylene 
productivity increased significantly with the temperature rise. 
The proportion of carbon in the products has also grown 
markedly with  the temperature, as at 750 °C the processes of 
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ative dehydrogenation of ethane into ethylene using 
n oxidant at temperatures of 650–750 °C was carried 
 Fe/C, Cr/C and Fe–Cr/C catalysts deposited on  
 support. Before and after the reaction the catalysts 
stigated by X-ray powder diffraction (XRD), in situ 

metry and transmission electron microscopy 
 The correlation between activity of Fe/C, Cr/C and 
 catalytic systems and their phase composition was 
ed.
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deep dehydrogenation of ethane with methane and carbon 
formation become more thermodynamically advantageous. The 
mass fraction of water in the products over the entire temperature 
range accounts for about 20% at 700–750 °C; and for the Fe/C 
catalyst it is also observed at 650 °C due to the active water gas 
reaction [equation (5)]. The diagram (Figure 1) presents our data 
on the performance of the basic ethane ODH products over Fe/C, 
Cr/C and Fe–Cr/C catalysts at 700 °C.

As is known, chromium-based catalysts are strong 
dehydrogenation agents and the highest ethane conversion 
occurs at Cr/C. However, the reaction proceeds non-selectively: 
due to ethane deep dehydrogenation methane is produced and a 
strong surface coking takes place. The intermediate activity 
value for the Fe–Cr/C catalyst indicates the formation of less 
active compounds. The combination of two metal components in 
the Fe–Cr/C catalyst results in the significant increase in ethylene 
yield relative to Fe/C and in the decrease in surface carbonization. 
An important factor reducing the carbonization of catalysts (see 
Figure S1, Online Supplementary Materials) is an occurring 
Boudouard–Bell reaction [equation (6)]. 

To explain the obtained regularities, a physicochemical study 
of the structure and phase composition of the catalysts before 
and after the reaction was carried out. Fe-containing catalysts 
were studied by magnetometry. The magnetization curves of the 
catalysts are shown in Figure 2. The presence of the Fe3O4 
magnetite phase was revealed in the Fe/C sample before the 
reaction. After the reaction, the magnetization of the Fe/C 
sample increases by 6.5 times, in this case the magnetization 
vs. temperature dependence is very complicated (see curve 2, 
Figure 2). Determination of the Curie temperature makes it 

possible to identify the phases of magnetite Fe3O4 and iron 
carbides Fe5C2 and Fe2C. Therefore, during ODH the phase 
composition of the Fe/C catalyst and its magnetic properties 
change significantly.

The magnetization of the Fe–Cr/C catalyst is significantly 
lower in comparison with the Fe/C sample. It is safe to suggest 
that in this sample the magnetite phase is occurred in a small 
amount. A slight increase in magnetization after the reaction is 
probably due to the reduction of iron in the catalyst to a metallic 
state in the presence of carbon support.

XRD data for the catalysts before and after the reaction are 
shown in Figure 3. The Fe3O4 magnetite phase was identified for 
the Fe/C catalyst before the reaction. After the reaction the 
intensity of magnetite reflexes reduces and new reflexes appear 
at 36 and 42° that correspond to metallic iron and/or its carbides. 
Thus, an increase in the magnetization of the Fe/C catalyst after 
the reaction is due to the formation of iron and/or its carbides.

The reflexes positions on the diffractograms of the Fe–Cr/C 
catalyst before and after the reaction are the same, they also 
coincide with the reflexes on the Fe/C diffractogram before the 
reaction, where the magnetite phase was detected. However, 
according to the magnetometry data (see Figure 2), the magnetite 
phase is contained in the Fe–Cr/C catalyst in a smaller amount 
than in Fe/C, i.e. a non-magnetic phase with lattice parameters 
close to magnetite was formed on the surface of the Fe–Cr/C 
catalyst. The lattice parameters of magnetite Fe3O4 and iron 
chromite FeCr2O4 are almost identical, that gives grounds to 
consider the non-magnetic phase of iron chromite as the main 
component of the Fe–Cr/C catalyst. The distinction in the  
Fe–Cr/C diffractograms before and after the ODH is marked by 
the increase in the height of reflexes, which indicates the 
improvement of catalyst crystallinity during the reaction. In 
addition, the new reflex at 2q = 50° emerges on the diffractogram 
of sample after ODH. Given that the magnetization of Fe–Cr/C 
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Figure  1  Productivity to the main products in the ODH process at 700 °C.

Figure  2  Temperature dependence of magnetization for Fe/C catalysts: 
(1) before ODH and (2) after ODH; and for Fe–Cr/C: (3) before ODH and  
(4) after ODH.

Figure  3  XRD patterns of Fe/C, Cr/C and Fe–Cr/C catalysts before and 
after ODH.

Table  1  Results of oxidative dehydrogenation of ethane into ethylene 
using CO2 as an oxidant over Fe/C, Cr/C and Fe–Cr/C catalysts.

Catalyst T/°C

X reagent activity/ 
gX g–1

cat h–1 Product mass content (%)

C2H6 CO2 CO CH4 C2H4 H2 H2Oa  Cb

Fe/C 650 0.15 0.21 61 2 15 1 21    0
700 0.32 0.62 58 2 16 2 19    3
750 0.74 1.09 48 2 19 2 23    6

Cr/C 650 0.59 0.92 63 6 19 3   7    2
700 0.84 1.33 51 5 13 2 19  10
750 0.85 1.42 39 3 16 2 24  16

Fe–Cr/C 650 0.30 0.55 64 5 22 1   8    0
700 0.58 1.06 58 5 19 1 15    2
750 0.84 1.27 42 4 24 1 23    6

a The amount of water formed was estimated as: n(H2O) = 2n(CO2)0 – 
2n(CO2) – n(CO), where n(CO2)0 is an initial amount of CO2 and n(CO2) 
after the reaction. b The amount of carbon was estimated as: n(C) =  
= 2n(C2H6)0 + n (CO2)0 – 2n(C2H6) – n(CO2) – 2n(C2H4) – n(CH4) – n(CO).
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goes up after the reaction, the appearance of this reflex relates to 
the magnetic phases of metallic iron and its carbides. 

The broad maxima on the diffractogram of the Cr/C catalyst 
before the reaction correspond to the carbon support. Thus, 
chromium on the support surface occurs in a highly dispersed 
state. After the reaction reflexes at 2q of 33–36 and 55° appear 
which correspond to the Cr2O3 phase. The surface of the Cr/C 
catalyst has been studied by TEM. Micrographs of the catalyst 
prior to reaction are given in Figure S2. X-ray analysis revealed 
the finely dispersed state of the metal. The distribution of the 
elements over the catalyst surface determined via energy-
dispersive X-ray spectroscopy (see Figure S3) shows that 
chromium is predominantly in the form of oxides. After the 
reaction the crystallite formation on the surface of the catalyst has 
been revealed; these crystallites exhibit a clear diffraction pattern 
which allows one to determine the phase composition. The 
following phases have been identified: metal chromium, chromium 
carbide Cr3C2 and oxides Cr2O3 and CrO3 (see Figure S4). 
Therefore, the Cr/C specimen is a polyphase system subject to 
reduction/oxidation processes under activation and in the ODH 
process.

Thus, the phase composition of catalysts changes under the 
ethane ODH conditions, which is most expressed for Cr/C and 
Fe/C monometallic compositions. The Fe/C catalyst containing 
Fe3O4 magnetite as the basic surface phase shows the lowest 
activity in the ethane ODH. After the reaction the magnetization 
of the sample increases significantly; the phases of magnetite 
Fe3O4 and iron carbides Fe5C2 and Fe2C have been identified. 
The Cr/C catalyst is a polyphase system subject to reduction/
oxidation processes in the reaction of the ethane ODH. This 
causes the highest total conversion of ethane with extremely 
non-selective complete dehydrogenation of ethane into carbon. 
The combination of iron and chromium in the Fe–Cr/C catalyst 
results in the decrease in carbon yield, as compared with that for 
Cr/C, whereas the ethylene yield is high and selective. The iron 
chromite FeCr2O4 phase, active and highly selective in oxidative 
dehydrogenation of ethane into ethylene, was revealed in the 
two-component Fe–Cr/C catalyst before and after the reaction. 
Other carbide and oxide phases characteristic of monometallic 
samples have been present in minor amounts.
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