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Abstract

The hydrogenation CO2 + 4H2 ->CH4 + 2H2O discovered by Paul Sabatier nowadays is discussed as -to-
approach to utilize excess energy from renewable electricity generation. In a laboratory scale, we investigate the 
Sabatier process in a simulated flue gas atmosphere of conventional base load power plants. The reaction is 
investigated with regard to conversion rates, yield, selectivity and long-term stability. Using a catalyst based on
nickel, we extract selectivities near 100% with a conversion around 85%. Beside the influence of oxygen, we
investigate further typical contaminations like NO2 and SO2.
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1. Introduction

An important aspect for the reduction of direct CO2 emission is the reintegration of secondary products
like H2 or CO2 into the energy supply. In the course of renewable energy production, the flexible
exploitation and storage of excess energy is necessary. In such a scope, synthetic carriers of energy

* Corresponding author. Tel.: +49-355-69-4067; fax: +49-355-69-3134.
E-mail address: muellerk@tu-cottbus.de

Available online at www.sciencedirect.com

© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the GFZ German Research Centre for Geosciences

Open access under CC BY-NC-ND license.

Open access under CC BY-NC-ND license.

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82087311?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


 K. Müller et al.  /  Energy Procedia   40  ( 2013 )  240 – 248 241

(methane, methanol, hydrogen) are possible, also for mobility and power supply. A special concept in this 
scope is the production of methane from CO2. In this case, excess energy produced by renewable energies 
is converted into chemical energy, with the possibility to feed the produced CH4 into the existing network 
of natura -approach with the production of synthetic 
natural gas. Necessary is a sufficient supply of hydrogen, generated by regenerative energy.  

In relation to hydrogen, the production of methane has to be regarded as ennoblement in energy 
density under incorporation of CO2. The energy density of methane/natural gas with respect to the volume 
is higher; we have 40.0MJ/m3 for methane instead of 12.7MJ/m3 for hydrogen [1].  

A conversion of CO2 into CH4 is possible by the Sabatier reaction  
 

CO2 + 4H2 CH4 +2H2O   H298 K = -165.0 kJ/mol 

 
For a commercial nickel based catalyst, the performance for the Sabatier reaction is tested already for 

typical contaminations for oxyfuel combustion of coal, after flue gas condensation and desulfurisation [2]. 
A typical CO2 concentration after oxyfuel combustion is higher than 95% (Wall, 2007), with SOx and 
NOx contaminations in the ppm range, after flue gas condensation and desulfurization. For controlled SO2 
and NO2 concentrations and also for technical oxyfuel CO2, no deviations from the catalytic activity 
without any contaminations are found [2].    

Of course, the advantage of oxyfuel combustion is a conversion into almost pure CO2 as flue gas, due 
to combustion with almost pure oxygen. On the other hand this process is limited in special applications 
in terms of carbon dioxide capture and storage. In relation to an approach related to carbon capture and 
cycling, the conversion of CO2 directly from the flue gas of a conventional power plant is a new aspect 
and has several advantages:  The conversion of CO2 into methane could be integrated directly into the 
combustion process. Even older power plants could be upgraded and used as a possible source for CO2, in 
the same sense as the amine cleaning of flue gas, as a post combustion process. Further, waste heat of the 
power plant could be used as process energy for the catalytic reaction. 

A typical composition of the flue gas of a power plant based on brown coal is given in table 1: 

Table 1. Typical composition of flue gas of a power plant based on brown coal, before flue gas condensation and desulfurisation [3] 

N2,  Vol% H2O,  Vol% CO2,  Vol% O2,  Vol% SO2,  Vol% NO2,  Vol% 

65.2 18.8 11.6 4 0,35 0.05 
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The typical ratio of N2/CO2 is around five, with a residual amount of O2, in the range of 5Vol%. This is 
a relatively high value, mainly due to an extra addition of oxygen for an optimized combustion [3]. With 
respect to the Sabatier reaction with a stoichiometric input stream, a mixture of five parts N2, four parts 
H2 and one part CO2 reflects a synthetic flue gas composition with H2 as additive for the methanation, but 
without oxygen and minor SO2 and NO2 contaminations. In this work we investigate the catalytic 
performance of nickel based catalysts in a synthetic flue gas atmosphere. Also, we, investigate the 
influence of oxygen as well as SO2 and NO2 contaminations.  

 

2. Experimental 

As catalyst for the Sabatier based methanation, we use nickel oxide, supported on silica gel with a 
content of 60wt% NiO (Aldrich) and an average grain size of 0.15 up to 0.25 mm for the silica particles. 
For each experiment described below we use a fresh prepared NiO/silica catalyst. 

To prevent hot spots and related sintering effects [4], we distribute the NiO catalyst in a bed of quartz 
sand with approximately same grain size (here sieved into 0.25mm). The NiO-catalyst is homogenized in 
a weight ratio of quartz sand: NiO/silica=15:1. In total 7g of the catalytic mixture is filled into a metallic 
reactor tube of 8mm in diameter and 100mm in length.  

Using a swagelok system for the gas flow, the reactor is mounted into an oven, which supplies a 
homogeneous temperature distribution during the catalytic reaction. The reactor is build with stainless 
steel (swagelok Cr-Ni steel, 304/304L, according to American Iron and Steel Institute nomenclature). The 
incoming gas stream is preheated in a gas tube, formed as a spiral with a length of 224 cm (figure 1). For 
a direct control of the temperature evolution during the reaction, a thermocouple is mounted inside the 
reactor tube. After mounting into the furnace, all catalytic charges are activated in a stream of hydrogen 
with a flow rate of 20ml/min at a temperature of 400°C. The activation is completed when the content of 
hydrogen is 100% in the output gas stream, measured by our sensing system. The Sabatier reaction is 
started normally at 350° with a stoichiometric input composition of four parts H2 and one part CO2 in gas 
flow, adjusted as ml/min. All experiments are performed at ambient pressure inside the reactor chamber.   

 
 

 

Fig. 1. Schematic of the reactor: The incoming gas is preheated in a swagelok tube, formed into a spiral. The spiral is 224cm in 
length, with a diameter of the tube of 0.3 cm. After preheating, the gas is guided into the reactor tube with 0.8 cm in diameter and 
10cm in length. The product gas is then guided to the analytical system. The reactor is mounted into a Nabertherm oven for an 
isothermal temperature regime  
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We perform the following sequence of tests in different educt gas mixtures: 
 
 five parts N2, four parts H2, and with one part CO2 as a reference  
 five parts N2, one part CO2 and O2 additives from 1 up to 8% in the flue gas, and four parts H2 
 five parts N2, four parts H2, one part CO2, and added SO2 and NO2 contaminations, up to 86ppm in the 

flue gas. 
 

The oxygen additive is guided in our gas mixture system, the contamination is added as SO2 or NO2 in 
CO2 or N2 as carrier gas. The gas is delivered as certificated mixture (Crystal Mixture, Air Liquide), and 
is added with defined values into the input gas stream.    

As analytical system, we use a quadrupole mass spectrometer (e-Vision2, mks) and additionally gas 
sensors for CO2, H2, CH4 and CO (AGM, Sensors Inc.). For the measurement of the mass flow after the 

information on chemical composition and flow rates of the product gas stream, a characterization of the 
catalytic performance in terms of conversion X, yield Y and selectivity S, according to [5,6] is possible.   

For operation, the quadrupole mass spectrometer is installed in a vacuum chamber. The vacuum 
chamber is connected into the gas stream of the product gases via a pinhole of 6 μm in diameter. With 
this setup also a characterization of catalysts by performing thermal desorption experiments (TDS), 
directly in situ is possible [7,8]. A detailed description of the setup for catalysis is given in [5].   

 

3. Results 

In a first part (figure 2), we show the measurements for synthetic flue gas without oxygen and further 
additives. This investigation is a reference and standard for further experiments and shows the catalytic 
performance in a nitrogen dominated atmosphere.  A highly selective conversion of CO2 with a yield 
>80% was measured. The performance of the catalyst is obviously not influenced by dilution effects or 
even additional reactions. Compared to measurements with only four parts of H2 and one part of CO2, 
without nitrogen, no significant change in performance is measured [2,5]. Also, the performance is stable 
during the time frame of the experiment (two days).  

Oxygen plays a dominant role as contamination or residual of the combustion process in flue gas. In a 
second step, we added oxygen into the gas. The catalytic performance versus the oxygen content in the 
flue gas is shown in figure 3A. The first observation is a lowering of conversion and yield, but remaining 
high selectivity.  Obviously, the hydrogen-oxygen reaction 2H2+O2->2H2 FH0 
an important role here. Due to this reaction, in ideal case for every oxygen molecule two molecules of 
hydrogen are detracted and not available for the Sabatier reaction. In figure 3B, we compare the measured 
conversion versus oxygen content with a calculation for 100% conversion of hydrogen by the hydrogen-
oxygen reaction assumed. For this purpose, we take the molar fraction of oxygen in the flue gas: 

22222
NCOOOPO  

With N2:CO2:H2=5:1:4, the ratio of O2:H2 is received as 

22
12322 OO PHO  
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Taking the hydrogen-oxygen reaction into account, we should have for conversion (and yield also) 

)21(
222

0
OCOCO XX  

With 0
2COX as conversion (or yield) without any oxygen content. With this assumption, we have  

)1(31)(
22222

0
OOCOOCO PPXPX  
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Fig. 2. Catalytic performance, expressed as conversion X of CO2, yield Y of CH4 and selectivity S towards the Sabatier reaction 
versus time for an educt gas stream of 100 ml/min, consisting of 50ml/min N2, 40ml/min H2 and 10ml/min CO2. The reactor 
temperature is 350°C. 
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Fig 3:  A:  Catalytic performance versus the content of oxygen in the flue gas, for an educt gas stream of 100 ml/min, consisting of 
50ml/min N2, 40ml/min H2 and 10ml/min CO2 and different additives of O2. Each point reflects the static performance after oxygen 
input. Also the temperature of the reactor is drawn, versus oxygen content. B: Conversion X of CO2 as function of oxygen content in 
the flue gas, compared to a calculation with a conversion of 100% of oxygen, according to 2H2+O2=>2H2O 
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A good fitting of the data is obvious, in conclusion, the hydrogen-oxygen reaction is preferentially 
responsible for the loss in catalytic performance.  

The hydrogen-oxygen reaction is strongly exothermic, an influence on the reactor temperature is 
expected. The temperature inside the reactor during the catalytic reaction is also shown in figure 3A. The 
temperature remains nearly constant, with a small drop towards lowered temperatures. One possible 
reason is the lowered efficiency of the Sabatier reaction, which compensates the temperature evolution 
during the hydrogen-oxygen reaction. Another reason could be a reaction of hydrogen with oxygen 
already in the metallic tubes, consisting of a Cr-Ni alloy, as already mentioned.  

An additional confirmation for the hydrogen-oxygen reaction and the complete removal of oxygen by 
this reaction is the long time stability of the catalytic performance with a certain amount of oxygen. 
Figure 4 shows a measurement over a period of 40 hours with a content of 5% in the synthetic flue gas. 
No differences in performance over time are found: The selectivity remains constant near 100%, with a 
conversion and yield near 70%.  
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Fig 4: Catalytic performance versus time, with a content of 5% oxygen in the synthetic flue gas. Again for an educt gas stream of 
100 ml/min, consisting of 50ml/min N2, 40ml/min H2 and 10ml/min CO2  

 
A critical contamination is sulphur. In terms of CO hydrogenation, even trace amounts of H2S in the 

range of 15-100 ppb can reduce the catalytic performance by several orders of magnitude, for example 
[9]. This strong influence of a small sulphur content is mainly due to the strong bonding of sulphur and 
metal atoms. 

In contrast to biogas with H2S as sulphur contamination and its well known influence on activity, for 
flue gas of conventional power plants the main sulphur contamination is in the form of SO2. We have to 
investigate whether oxidised sulphur in the typical concentration range after desulfurization is deleterious 
for the catalytic activity of Ni catalysts. For example, Pt electrocatalysts in fuel cells are degraded by SO2, 
due to the formation of strong bonds between the metallic catalytic center and sulphur [10]. Also for the 
catalyzed combustion of methane, SO2 plays an important role for degradation of Pd, Ir and Pt catalysts 
[11,12].  

In figure 5, we show a catalytic performance as function of time, the first 12.5h for a reference without 
any contaminations, and then CO2 with 516ppm SO2 additive is used. Because the educt gas is thinned out 
with four parts hydrogen, the corresponding value for the SO2 content in the flue gas is 86ppm. For dry 
flue gas after flue gas condensation and desulphurization, this is a typical value [13]. Directly after 
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change from reference to the contaminated gas flow, the conversion and yield and the selectivity drops 
down. The conversion drops for 17% in 12.5 hours, or 1.36% per hour.  This deactivation caused by the 
SO2 content is low in relation to a possible degradation caused by H2S.  

The next important contamination is NO2. Figure 6 shows the performance of flue gas with an NO2 
contamination of 100ppm. For NO2, the catalytic performance is not significantly affected for the time 
frame of 100 hours measurement. The selectivity remains constant at near 100%, also the conversion is 
high, with a value of greater than 80%.  
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Fig. 5.   Catalytic performance versus time, after 12.5h, CO2 with 516ppm SO2 is used. This corresponds to a content of 86ppm in 
the flue gas. 
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Fig. 6.   Catalytic performance versus time, with a NO2-content of 100ppm.  
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4. Summary and Discussion 

The investigations in the presented work focus on fuel gases emitted by conventional power plants, as 
a potential source of CO2 for the Sabatier reaction. Using a commercial Ni based catalyst on a silica 
support; we present the catalytic performance in a simulated fuel gas atmosphere with a CO2/N2-ratio of 
1:5. This is a typical value for conventional power plants on the base of brown coal.  

In summary, the catalytic performance is not influenced by dilution effects or additional reactions. As 
in the case without nitrogen, a selectivity near 100% and a conversion of CO2 as well as a yield CH4 of 
greater than 80% was measured. Also, the performance is stable during the time frame of the experiments.  

An investigation of synthetic flue gas with additional contaminations give the following results: For 
NO2 in a concentration of 100ppm, no significant change in performance is detected.  

Oxygen is an additive for an optimized combustion process in a power plant and a content of around 5 
vol-% is typical for flue gas. The catalytic performance for a variation of the oxygen content from 0 up to 
8 vol% (and higher) shows no changes in the catalytic acidity, in principle. Nevertheless, the efficiency of 
the process is lowered by the oxygen-hydrogen reaction. Here, the hydrogen, available for the Sabatier 
reaction is removed by this reaction, and the conversion and yield is exactly lowered by the amount of 
subtracted hydrogen. In general, the efficiency of the methanation is lowered by additional oxygen, and 
the amount of oxygen in the flue gas should be as low as possible. Of course, a compensation of hydrogen 
loss due to the oxygen hydrogen reaction is an opportunity, but the result is a need for more hydrogen or 
energy, also with a loss in efficiency.  

Sulphur is known to be deleterious for Ni based catalysts, SO2 in a concentration of around 80ppm is a 
typical contamination for flue gas. After change from the reference to the contaminated gas flow, the 
conversion, yield and also the selectivity is lowered for 17% in 12.5 hours, or 1.36% per hour.  This 
deactivation caused by the SO2 content is low in relation to a possible degradation caused even by traces 
of H2S. This difference has to be discussed with regard to the probability of the reaction of the H2S and 
the SO2 molecule with the free surface of the Ni. Here we have to take a look on the molecule stability: A 
hint for the stability of the two molecules H2S and SO2 fHo

298. A 
comparison of the standard enthalpies of formation gives only -21 kJ/mol for H2S [14], but 297 kJ/mol 
for SO2 [15]. Because this energy is need again to decompose the molecule, this indicates a much higher 
thermal stability of the SO2 molecule, compared to the H2S. This could be a reason for the relative 
stability of the Ni based catalysts against SO2.   

A possible way for operation in flue gas with an SO2 contamination of around 80ppm is the 
regeneration of sulphur poisoned catalysts. As an example, the regeneration of sulphur-poisoned steam 
reforming catalysts based on Ni, a treatment with steam, steam-air mixture, and steam-hydrogen mixture 
(H2O/H2 molar ratio of 100) for removing sulphur as SO2 and H2S is usual [16]. Further, if necessary, an 
effective removal of SO2 in the flue gas is possible by using active coal for SO2 adsorption. In 
demonstration plants, a precipitation of SO2 below the detection limit was shown [17].  

For a conversion of 85% and around 100% selectivity, the product gas in our experiments is a mixture 
of 5 parts N2, 0.15 parts CO2, 0.85 parts CH4 and 0.6 parts H2, the water is removed in a cooling trap. The 
relative amount of CH4 is here 12.9%. In terms of a power to gas approach, we have to take into account, 

o J/m³) [18]. In consequence, 
further investigations related to a transition into rich gas are necessary. Opportunities are the separation of 
nitrogen by pressure swing adsorption or polymer membranes [19]. Other possibilities are the transition 
into liquid gas, or recuperation approaches, with a storage of excess energy in the form of lean gas and a 
combustion in the case of demand. Nevertheless, a high potential of the methanation of fuel gas is given 
by the possibility of upgrading conventional power plants in the sense of a post combustion processes.  
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