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ABSTRACT 

Landfill gas is a source of CH4 emission, also rich in CO2 (up to 50 vol%). It can be upgraded to 

renewable natural gas (RNG) by separating CO2 and impurities. Alternatively, the CO2 contained 

in biogas can be converted into CH4 via the Sabatier reaction, using H2 generated by water 

electrolysis. For industrial applications, it is beneficial to eliminate the energy intensive CO2 

separation step, converting biogas to RNG directly. In this work, a series of 0.02-1 wt% Ru/-

Al2O3 catalysts were prepared by wet impregnation and evaluated for a single-pass conversion of 

CO2-CH4 mixtures. Through the catalytic performance evaluation and characterization studies, the 

optimal Ru loading was identified as 0.1-0.5 wt%.  For these catalysts, CO2 conversion of 80-87% 

was achieved at 450 °C and 90,000 mL/(g h), maintaining 95-99% selectivity to CH4 production. 

These catalysts also showed excellent stability over 100 h on stream, while maintaining 99-100% 

CH4 selectivity.  
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1. Introduction 

Biogas (including landfill gas) is a renewable feedstock produced in the anaerobic fermentation 

process. Biogas typically consists of 50-70% CH4 and 25-45% CO2, with relatively small 

quantities of N2 and H2O, as well as trace amounts of O2, hydrogen sulfide (H2S) and volatile 

organic compounds (VOCs) [1, 2]. The use of biogas and landfill gas as a substitute feedstock to 

fossil natural gas (NG) has a potential to reduce CO2 emissions significantly [3]. Such substitute 

natural gas obtained from non-fossil feedstocks is typically referred to as renewable natural gas 

(RNG) [3]. It is important to note that the CO2, which is eventually emitted as a result of utilization 

of RNG (combustion), is of biological origin thus does not add carbon to the atmosphere. At the 

same time the use of RNG results in CO2 emission reduction due to the fossil NG displacement 

and incorporation of renewable electricity into the energy sector.   

Despite abovementioned advantages, utilization of biogas and landfill gas as alternative 

feedstocks has a number of technological challenges. First, the CH4 content is not as high as in the 

industrial grade NG, thus these streams need to be upgraded prior to use. Second, biogas contains 

trace amounts of contaminants and VOCs with some of them being hazardous to the environment 

and processing equipment. Extra purification procedures are required to improve the quality of the 

gas. Current, commercially available technologies for processing biogas and landfill gas are based 

on concentrating CH4 via CO2 separation and removal of impurities such as water vapor, H2S and 

siloxanes [4]. Landfill gas in particular contains non-negligible quantities of O2 and N2, which 

have to be separated prior to the use as well. CO2 separation, which is the most energy intensive 

stage, can be done by pressure swing adsorption (PSA) on molecular sieves or activated carbon, 

membrane separation, as well as by cryogenic methods [5, 6]. High operation costs and large 
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capital investment associated with the abovementioned technologies limit the economic viability 

of the biogas and landfill gas utilization on an industrial scale. 

An alternative way is the thermocatalytic conversion of CO2 into synthetic fuels via reverse 

water gas shift (RWGS) and methanation reactions, Eqs (1-3) [3]: 

2 2 2CO H CO H O �   298 41 kJ/molH �
             (1) 

2 2 4 24 2CO H CH H O �   298 164.9 kJ/molH  �
            (2) 

2 4 23CO H CH H O �   298 206.1 kJ/molH  �
            (3) 

The RWGS reaction can be used to produce syngas which can be later utilized to produce 

methanol or higher hydrocarbons via the Fischer-Tropsch process [3]. However, for biogas and 

landfill gas this approach can be only valid if CO2 is separated first. CO2 methanation via the 

Sabatier reaction, Eq. (2), is a better choice, especially if it can be done directly, eliminating CO2 

separation costs. The process of landfill gas and/or biogas direct upgrading is conceptually shown 

in Fig. 1. H2 required for CO2 methanation can be obtained from water electrolysis powered by 

renewable or (low carbon footprint) surplus electricity. After the purification step to remove 

impurities such as H2S, VOCs and siloxanes, the CO2/CH4 mixture is fed to the Sabatier reactor, 

e.g., packed bed [7, 8]. A pipeline grade RNG is obtained from the reactor outlet after water 

condensation and further product upgrading (removal of N2 and unreacted CO2 and H2), if required. 

Electrolysis, as well as all purification, condensation and upgrading stages are commercially 

available and the economic viability of the concept presented in Fig. 1 was recently assessed, 

leading to positive conclusions [9]. However, reactor design [7, 8] and catalysis still present 

significant technological challenges. 
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Over the years many catalytic formulations have been suggested for CO2 methanation, 

including supported noble metals and Ni-based formulations. Ni catalysts are usually supported 

on high surface area alumina [10], typically exhibiting good performance. For example, CO2 

conversion of 81% and CH4 selectivity of 96% were achieved using a 20 wt% Ni/Al2O3 catalyst 

at 400 °C and space velocity of 55,000 h-1 [11]. It has been also found that addition of Yb2O3 can 

significantly improve the stability of Ni/Al2O3 catalysts (long-term stability is one of the major 

concerns in the use of Ni-based catalysts) [12]. Using Y2O3 as a sole support was also demonstrated, 

obtaining 76% CO2 conversion and 100% CH4 selectivity at 300 °C and H2:CO2 = 4 over the 

Ni/Y2O3 catalyst [13]. Other supports such as SiO2 and MgO were also studied showing generally 

good performance over short operation periods [14, 15].  

Fig. 1. A conceptual diagram of the direct upgrade of biogas or landfill gas into renewable 

natural gas (RNG). 
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One of the main drawbacks of Ni-based catalysts is (undesired) CO formation, which can be 

significant under certain conditions; CO was confirmed as a reaction intermediate for Ni-catalyzed 

methanation reaction [13]. Another disadvantage is poor stability over extended periods of 

operation, which is attributable to sintering and coking [16]. Noble metals such as Ru, Ir, Rh, Os, 

Pt and Pd generally have high catalytic activity and excellent resistance against coking [17]; Ru is 

known as a good CO2 methanation catalyst. CO2 conversion of 55% and CH4 selectivity of 95% 

were achieved over the 5 wt% Ru/Al2O3 catalyst at 350 °C and H2:CO2 = 3 [18]. In another study, 

93% CO2 conversion and complete selectivity to CH4 were reported over the 3 wt% Ru/Al2O3 

catalyst at 325 C and GHSV = 55,000 h-1 [11]. The main drawback in the use of noble metals is 

the high material cost, thus minimizing the active phase loading is of paramount importance [19]. 

In this paper, we investigated the catalytic performance of Ru/-Al2O3 in direct conversion of 

CO2/CH4 mixtures, simulating the biogas and landfill gas composition. Ru was selected as the least 

expensive among the platinum group metals [19]. Ru content ranging from 0.02-1wt% were 

prepared and tested to identify the lowest possible Ru loading. Catalytic performance was 

evaluated in terms of CO2 conversion and selectivity to CH4 over the range of temperatures, space 

velocities, pressures and H2/CO2 ratio. CO2 conversion of up to 80-87% with nearly complete 

selectivity to CH4 production was achieved at 450 °C for Ru loadings of 0.1-1wt%. For lower Ru 

loadings (0.02-0.05 wt%), both CO2 conversion and CH4 selectivity dropped very significantly. 

No decline in conversion or selectivity was detected for the 0.5wt% Ru/-Al2O3 catalyst over 115 

h on stream. To the best of our knowledge, we report the first study of direct conversion of 

CO2/CH4 mixtures, showing very promising results in terms of conversion, selectivity and stability.  
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2. Experimental 

2.1 Catalyst preparation and characterization 

A series of Ru/-Al2O3 catalysts with Ru loading ranging from 0.02-1 wt% were prepared using 

a sonication-assisted, wet impregnation method that allows for excellent Ru dispersion [19]. 

Commercial alumina support pellets (-Al2O3, 250 m2/g, Alfa Aesar) were crushed and sieved to 

250-425 μm particles prior to impregnation. Appropriate amounts of ruthenium chloride 

(RuCl3×H2O, 37.5wt% Ru, Alfa Aesar) were dissolved in acetone (99.5%, Fisher Scientific) and 

the sieved -Al2O3 particles were added to the solutions with different Ru concentrations. The 

resulted slurries were sonicated for 30 min in 20 mL vials placed in an ultrasonic bath (Fisher 

Scientific). After sonication, the slurries were dried in air at 60 °C.  

Inductively coupled plasma mass spectrometry (ICP-MS, Prodigy SPEC, Leeman Labs Inc.) 

was used to confirm Ru loadings. A surface area analyzer (Gemini VII 2390, Micromeritics 

Instrument Corporation) was used to measure the specific surface area (SSA) using N2 as 

adsorption gas. Temperature programmed oxidation (TPO) of spent catalysts was conducted to 

determine the extent of coking. The air flow rate of TGA (TGA55, TA Instruments) was 40 ml/min 

and temperature ramping rate was set to 10 °C/min for T ≤ 150 °C and 2 °C/min for T = 150-

700 °C. The exhaust gas from TGA was measured by an inline FTIR analyzer (MultiGas™ 2030, 

MKS Instruments). Pulse chemisorption and temperature programmed reduction (TPR) 

measurements were both conducted using the AMI300 catalyst characterization system (AMI300 

Lite, Altamira Instruments). For pulse chemisorption, the samples were pretreated in 10% H2/Ar 

for 1 h at 350 °C and then cooled down to ambient temperature to start pulse chemisorption. 10% 

H2/Ar and Ar were used as pulse gas and carrier gas respectively. For TPR, the samples were 
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pretreated under Ar at 150 °C to remove moisture, cooled down to 100 C and then heated up to 

700 °C at the rate of 2 °C/min in 10% H2/Ar. 

2.2 Catalytic performance evaluation 

The flow system setup for conducting reaction tests is shown in Fig. 2. The reactor, made from 

a stainless steel 1/4″ Swagelok tee connected on both sides to 1/4″ stainless steel tubing (Swagelok), 

was placed in a furnace (Lindberg/Blue M™ Mini-Mite™ Tube Furnaces, Thermo Fisher 

Scientific). The remaining tee connector opening was used to load the catalyst (~ 200 mg) and was 

sealed with a stainless-steel plug (Swagelok). Temperature was controlled by a build-in 

temperature controller (UP150, Yokogawa). A K-type thermocouple (1/8″, Omega Engineering) 

was placed inside the reactor in contact with the catalyst. Feed flow rates were controlled with 

mass flow controllers (EL-FLOW Series, Bronkhorst High-Tech). Pressure was adjusted by a back 

pressure regulator (S01094789B, Swagelok). In the product stream, water was removed by a mist 

trap (AFM40-N02-Z-A, SMC Corporation) and a moisture trap (5182-9411, Agilent Technologies; 

the original moisture adsorbent was replaced with orange silica gel, Fisher Scientific). Outlet 

concentrations were measured on dry basis (after removal of condensed water and humidity) using 

the IR analyzer (IR-208, Infrared Industries, Inc., USA) continuously monitored with LabVIEW 

(National Instruments) using an analog-to-digital converter (USB 6008, National Instruments). 
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Catalytic performance was evaluated in the 350-600 °C temperature range and 90,000-420,000 

mL/(g h) gas hourly space velocity (GHSV) range. Pressure of 3 bar and feed ratios of H2:CO2 = 

4 and CH4:CO2 = 1 were kept in all experiments, except for one stability test with a simulated 

landfill gas composition. This test was conducted with the 30% CO2, 43% CH4 and 27% N2 

mixture (H2/CO2 = 4) in the 1-9 bar pressure range. 

CO2 conversion (XCO2
) and CH4 selectivity (SCH4

) were obtained from the following equations 
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 are mole fractions measured by the IR analyzer on dry basis):  
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Fig. 2. Flow system setup for conducting catalytic performance evaluation. 
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To obtain Eqs (4, 5), CO2 conversions to CO, Eq. (6), and to CH4, Eq. (7), are first defined (FCO2,f 

and FCH4,f are the feed molar flow rates of CO2 and CH4, FCO,out is the outlet CO molar flow rate, 

and FCH4,gen is the molar flow rate of generated CH4): 

2 4 2

,

1

,

 
(1 )( )

CO outCO

CO CO CH CO f

Fy
f

y y y F
 

  
               (6) 
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 is the CH4 content in the feed, as defined by Eq. (8): 

4 4

4 2

, ,

, , ,

CH f CH f

CH f CO f C f

F F

F F F
  


                   (8) 

The total CO2 conversion and CH4 selectivity are then obtained as follows: 

2 1 2COX f f                   (4a) 

4

2

1 2

CH

f
S

f f



                 (5a) 

Carbon balance (CB) is defined as the total rate of carbon fed to the reactor divided by the rate 

of carbon exiting the reactor: 

2 4 1 2( )(1 4 )(1 )CO CO CHCB y y y f f                          (9) 

In Eq. (9), the feed H2:CO2 ratio () and feed CH4:CO2 ratio (γ) are defined as follows (FH2,f is the 

feed H2 flow rate): 

2
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To obtain Eq. (9), the carbon balance definition, Eq. (9c), is expressed in terms of , , , f1 and f2 

using the total outlet flow rate Ft,out defined by Eq. (9d):  

2 4

2
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/ (1 )

CO CO CH t outC out

C f CO f

y y y FF
CB

F F 

 
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             (9c) 

2 2 4 4 4, , , , , , ,[ 4( )]t out CO f H f CO out CH out CH f CH fF F F F F F F                   (9d) 

FCO,out and FCH4,out in Eq. (9d) correspond to the H2 consumption in the RWGS and Sabatier 

reactions, Eqs (1, 2). In all testes conducted carbon balance was monitored and recorded 

continuously with LabVIEW.  Deviations of carbon balance did not exceed 5%, i.e., the carbon 

balance was in the CB = 0.95-1.05 range. 

CH4 generation rate per catalyst weight ( r ) and per active phase weight ( R ) was calculated 

by Eqs (10, 11) ( cW  is catalyst weight and RuL  is Ru loading in %): 

2 2 4

4

,CO f CO CH

CH

c

F X S
r

W
                (10) 

4

4
100

CH

CH

Ru

r
R

L
                 (11) 

Turnover frequency was calculated from Eq. 12 (MRu is atomic weight and D is the metal 

dispersion obtained by chemisorption, as calculated by Eq. 13): 

4Ru CHM R
TOF

D


                 (12) 
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100 2Ru

Ru

HU M
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                (13) 

HU in Eq. (13) is the chemisorption H2 uptake in mole per gram catalyst and 2 is the stoichiometric 

factor for H2 chemisorption. The corresponding particle size (in nm) is calculated by the following 

equation:  

96 10 1.32Ru site
p

Ru A

M
d

N D D




  
 

 
              (14) 

The site density (site) is 16.3 Ru atoms per nm2 [20] (used in 1/m2 in Eq. (14) for units consistency), 

which is equivalent to the 0.061 nm2 site area. 

3. Results and discussion 

3.1 Catalyst characterization 

Ru loadings in freshly prepared catalysts were confirmed using ICP-OES. Note that the 

preparation procedure did not include any washing, only evaporation (see Section 2.1), which 

allows for a precise active phase loading. The BET surface area of freshly prepared samples was 

measured as 2105 m2/g, as compared to 206 m2/g measured for the -Al2O3 support before Ru 

impregnation. Some reduction of the specific surface area as compared to the 250 m2/g specified 

by the supplier (Alfa Aesar) cab be related to crashing and sieving procedure (see Section 2.1). As 

expected, the simple Ru impregnation routine did not affect significantly the specific surface area. 

Representative TEM images of the 0.5 wt% Ru/γ-Al2O3 catalyst after the reaction test are shown 

in Fig. 3, where 2-3 nm Ru nanoparticles well-dispersed on fiber-like γ-Al2O3 grains can be seen. 

Ru nanoparticles appear as dark spots, due to their higher electron density. Fiber-like shape is a 
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typical morphology of γ-Al2O3 [21]. The obtained morphology was typical of Ru/γ-Al2O3 catalysts 

prepared by the sonication-assisted wet impregnation procedure [19].  

 

 

Temperature programmed reduction (TPR) profiles of the 0.02, 0.5 and 1 wt% Ru/γ-Al2O3 as 

prepared catalysts are shown in Fig. 4. For the 0.5 wt% and 1 wt% Ru catalyst profiles are 

qualitatively similar. The three observed peaks are located at around 150 °C, 350 °C and 530 °C. 

Low temperature TPR peaks for supported Ru catalysts are typically attributed to well-dispersed 

RuOx species [22], while higher temperature peaks are normally associated with either bulk RuO2 

or Ru strongly bonded on a support [23-25]. 

Generally speaking, under a linear heating TPR profile the reduction temperature of a 

supported metal catalyst is affected by both the metal oxide particle size and the metal-support 

interaction magnitude. For a smaller particle size, the reduction peak will appear at a lower 

temperature. On the other hand, strong particle-support interaction will shift the reduction peak to 

a higher temperature. Since the particle size appears to be relatively small, as evident from the 

Fig. 3. TEM micrographs of the 0.5 wt% Ru/γ-Al2O3 catalyst after reaction test. 
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TEM analysis (see Fig. 3 and elsewhere [19]), the (unusually) high temperature reduction peaks 

can be attributed to the strong metal-support interaction. The appearance of three different peaks 

indicates the existence of RuOx species with different oxidation states and particle size. As it was 

previously reported for Ru/γ-Al2O3 prepared by the same procedure, for increasing Ru loadings 

the Ru particle size distribution becomes bimodal [19]. The TPR profile of the 0.02 wt% Ru 

catalyst showed a completely different shape, with a reduction peak centered at 400 C. The 

appearance of a single peak may indicate the existence of a much narrower particle size distribution, 

with the Ru nanoparticles strongly interacting with the γ-Al2O3 support. 

 

 

The H2 pulse chemisorption results are shown on the right panel of Fig. 4, alongside with 

corresponding values of dispersion and particle diameter as calculated by Eqs (13, 14). While the 

Fig. 4. The effect of Ru loading on the temperature-programmed reduction (TPR) profiles (left 

panel) and H2 chemisorption (right panel), showing also the measured dispersion values with 

corresponding calculated crystallite size. 
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H2 uptake increases with increased Ru loading, the metal dispersion decreases and the 

corresponding particle size decreases. These trends are expected, as for increasing Ru loading 

particle size distribution becomes broader, with a significant population of larger particles [19]. 

The particle size calculated for the 0.5 wt% Ru catalyst is significantly higher (approximately 3-

fold) than that expected from the TEM analysis (Fig. 3). However, Eq. (14) does not account for 

polydispersity. Also, some of the Ru nanoparticles may not be fully exposed to the gas phase 

during the chemisorption experiment that will lead to a lower measured dispersion and, as a result 

a larger calculated particle size. Nevertheless, the H2 chemisorption results indicate the increased 

degree of metal dispersion for decreased Ru loading, which is expected and consistent with other 

previous reports [18].  

In the next two sections, the catalytic performance of a selected Ru loading (0.5 wt%) is first 

examined and the effect of Ru loading is then investigated. It is important to emphasize at this 

point that the results reported are on CO2 conversion in a CO2/CH4 mixture, not pure CO2 

conversion. After the investigation of the effect of Ru loading, stability tests are reported in Section 

3.4, on CO2 conversion in CO2/CH4 and CO2/CH4/N2 mixtures, simulating realistic landfill gas 

composition (after removal of impurities).   

3.2 Catalytic performance evaluation 

The catalytic performance of the 0.5 wt% Ru/γ-Al2O3 catalyst as a function of temperature and 

space velocity is shown in Fig. 5. Error bars show standard deviation between three separate 

measurements obtained with different catalyst batches; good repeatability between different data 

sets were obtained. Equilibrium curves (shown as solid lines) were calculated as explained in the 

Appendix. Note that the equilibrium conversion of the 50:50 CO2/CH4 mixture is 96% at 300 C 

and the selectivity to CH4 formation is nearly 100% below 450 C. This outcome is important 
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because CH4 can potentially react with H2O (the product of the methanation reactions and RWGS) 

via steam reforming producing CO. Therefore, it is expected that operating at low space velocities 

(large residence times) and as low as possible temperatures will be necessary.     

 

 

At GHSV = 90,000 mL/(g h) CH4 selectivity is nearly 100% in the 350-450 °C range and 

decreasing gradually for higher temperatures following the equilibrium curve (Fig. 5a). CO2 

conversion increases from 60% at 350 °C to nearly 80% at 450 °C, where it achieves the 

equilibrium value and then follows the equilibrium curve for higher temperatures (Fig. 5a). The 

decline in CH4 selectivity (predicted by thermodynamic equilibrium) is in line with the fact that 

the RWGS and methanation reactions are endothermic and exothermic, respectively, Eqs (1-3). As 

a result, CO generation is expected to be more significant at higher temperatures. Another possible 

Fig. 5. Catalytic performance of 0.5 wt% Ru/γ-Al2O3 in terms of CO2 conversion, X(CO2), and 

CH4 selectivity S(CH4) as a function of temperature (a) and space velocity (b). Solid lines show 

equilibrium values. Error bars show standard deviation of 3 separate experiments. Parameters: 

H2:CO2 = 4, CH4:CO2 = 1, P = 3 bar, GHSV = 90,000 mL/(g h) (a), T = 450 °C (b). 
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pathway for CO formation could be CH4 steam reforming, the reverse, endothermic reaction in Eq. 

(3). The deviation of the experimentally measured CO2 conversion from the equilibrium curve for 

T < 450 C (Fig. 5a) is due to kinetic limitations, which can be clearly observed in Fig. 5b.  

 

 

For increasing space velocities (shorter residence time) CO2 conversion at 450 C departs from 

its equilibrium value and declines gradually. Interestingly, CH4 selectivity decreases very 

significantly as well. This decline could be attributes to different reaction rate scales of RWGS 

and methanation, i.e., if the RWGS rate is much faster than those for methanation reactions, it will 

be less affected by shorter contact times, resulting in a higher selectivity to CO formation. From a 

practical point of view, space velocities should be kept below 100,000 mL/(g h) in order to keep 

high CH4 selectivity. Note that GHSV = 100,000 mL/(g h) corresponds to a residence time of ca. 

10 ms (1/ = GHSVb/;  is residence time, b and  are bulk catalyst density and catalyst bed 

Fig. 6. Catalytic performance of the 0.5wt% Ru/γ-Al2O3 catalyst as a function of the feed H2:CO2 

ratio (a) and operating pressure (b). Parameters: T = 450 °C, GHSV = 90,000 mL/(g h), 

CH4:CO2 = 1, P = 3 bar (a), H2:CO2 = 4 (b). 
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void fraction; b/ = 4 g/mL), thus even operating at GHSV = 1,000 mL/(g h) will be industrially 

relevant (residence time on a scale of seconds). 

The effects of the feed H2:CO2 ratio and operating pressure are shown in Fig. 6 at selected 

temperature and GHSV of 450 C and 90,000 mL/(g h). Increasing the feed H2:CO2 ratio from 3 

to 5 results in a very significant conversion gain, from 60% to 85%. The selectivity to CH4 

generation increases from 92% to 97%. Clearly, the feed H2:CO2 ratio is an important operation 

parameter. However, from a practical point of view there is a tradeoff between the positive effect 

on CH4 yield and additional capital and operating costs required for separating unreacted H2 from 

a product stream. The effect of operating pressure on CH4 yield is also positive, Fig. 6b. A minor 

increase in (absolute) pressure from 1 bar to 3.8 bar results in a very significant gain in both 

conversion and selectivity, reaching 80% CO2 conversion and 98% CH4 selectivity at 3.8 bar and 

H2:CO2 = 4 in the feed. For practical purposes moderate pressure increase can be very beneficial 

because, in addition to improved CH4 yield, it will lead to more compact equipment with a 

relatively low operating cost increase for compression. In general, the trends observed in Fig. 6 

are expected from the thermodynamic point of view, as both pressure and excess H2 favor 

methanation reactions that result in a decrease in total number of moles, Eqs (2, 3). 

3.3 The effect of Ru loading 

To identify the lowest possible Ru loading, a series of catalysts with Ru loading ranging from 

0.05-1 wt% were tested. Catalytic performance was evaluated in a range of temperatures (Fig. 7) 

and space velocities (Fig. 8). As expected, decreasing the active phase loading for the given space 

velocity shifts the conversion curve away from the equilibrium line, with a more pronounced effect 

at lower temperatures, Fig. 7. This decrease can be attributed to kinetic limitations, i.e. lower 
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number of active sites for lower loading (assuming comparable active phase dispersion). At 90,000 

mL/(g h) in the 450-600 C range, an order of magnitude decrease in Ru loading from 1 wt% to 

0.1 wt% results in only a minor loss in conversion. 

 

 

Fig. 7. CO2 conversion and CH4 selectivity of 0.02-1wt% Ru/γ-Al2O3 catalysts as a function 

of temperature. Parameters: GHSV = 90,000 mL/(g h), H2:CO2 = 4, CH4:CO2 = 1, P = 3 bar. 
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The selectivity to CH4 generation follows the equilibrium curve for 0.1-1 wt% Ru. Thus, for 

the set of operating conditions given in Fig. 7, operating in the 450-500 C can allow a 10-fold 

decrease in the active phase loading. However, conducting a highly exothermic Sabatier reactor in 

this temperature regime can be challenging, which points out at a paramount importance of thermal 

managing (proper reactor cooling) [7, 8]. Lowering the Ru loading below 0.1 wt% (0.05 and 0.02 

wt%) leads to a very significant drop in selectivity, in particular for 0.02 wt% Ru, Fig. 7. This 

finding is in line with another study reported in the literature, showing a clear correlation between 

decreasing Ru loadings and increasing CO yields (ca. 10-20%) at 400-500 C, although in a 

different Ru loading range (5-0.1 wt%) and using a different catalyst preparation procedure [18]. 

Examining the performance of the 0.05-1 wt% catalysts as a function of space velocity shows 

similar trends, Fig. 8. The (expected) decline in conversion and selectivity vs. space velocity for 

0.1-1 wt% is significant but not drastic. This trend is in line with the one presented in Fig. 5 (see 

corresponding discussion). On the other hand, the 0.02 wt% and 0.05 wt% catalysts lose the CO2 

conversion more rapidly for increasing space velocities. The observed fast decline indicates that 

the 0.02 wt% and 0.05 wt% catalysts are significantly less active, which is in line with the trend 

observed in Fig, 7. The decrease in selectivity vs. space velocity is also more pronounced for the 

0.02 wt% and 0.05 wt% catalysts as compared to the 0.05-1 wt% Ru loadings. As was previously 

discussed (see Fig. 5 and corresponding discussion), the declining CH4 selectivity for shorter 

residence times can be attributed to the different reaction rate scales of the RWGS and methanation 

reactions. 
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The rate of CH4 formation calculated by Eq. (10) as a function of residence time (1/ = 

GHSVb/, b/ = 4 g/mL) is shown in Fig. 9a for different Ru loadings (these data correspond 

to Fig. 8). For the 0.1-1 wt% Ru loading catalysts, the CH4 generation rate gradually decreases 

with residence time (increases with space velocity). This observation implies that the observed 

Fig. 8. CO2 conversion and CH4 selectivity of the 0.02-1wt% Ru/γ-Al2O3 catalysts as a 

function of space velocity. Parameters: T = 450 °C, H2:CO2 = 4, CH4:CO2 = 1, P = 3 bar. 
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decline in the CH4 selectivity vs. GHSV (Fig. 8) should be attributed to the steeper dependence of 

the CO formation rate on GHSV. Namely, although the rate of CH4 formation increases for higher 

GHSV, the rate of CO formation increases vs. GHSV with a higher slope. For the 0.02-0.05 wt% 

Ru loadings, the dependence of the CH4 formation rate on residence time appears as completely 

different, with an initial sharp increase followed by a plateau for higher residence times (Fig. 9a). 

This observation implies that CH4 generation will drop sharply for higher space velocities, with an 

opposite trend for CO formation, resulting in high selectivity to CO formation, while maintaining 

CO2 conversion of 10-20% (Fig. 8). 

 

 

Corresponding turnover frequencies calculated by Eq. (12) for residence times of 210-3 s (min 

RT) and 110-2 s (max RT) are shown in Fig. 9c. Active phase dispersion calculated from H2 

uptake (Eq. 13) is shown in Fig. 9b. The measured H2 uptake values (Fig. 4) were fitted with a 

Fig. 9. CH4 generation rate as a function of residence time for different Ru loadings (a) and the 

dependence of metal dispersion (b) and turnover frequency (c) on Ru loading; min RT and max 

RT in (c) refer to minimal/maximal residence time in (a). Parameters for (a) are as in Fig. 8. 
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power law equation (Fig. 9b), interpolating dispersion values for the 0.05 and 0.1 wt% Ru loadings. 

The TOF maximum was observed at 0.1 wt% Ru (43-85 s-1). For increasing Ru loadings TOF 

values gradually decrease to 15-40 s-1 for 1 wt% Ru, while for lower Ru loading the TOF for CH4 

generation drops sharply. In view of this observation and the previously discussed conversion and 

selectivity trends (Figs 7, 8), decreasing Ru loading below 0.1 wt% Ru is not practical. 

3.4 Stability 

Catalyst stability is an important aspect of catalytic performance often overlooked in laboratory 

studies. There are three major pathways for catalyst deactivation, namely poisoning, sintering, and 

coking [3]. Since the experiments reported herein were conducted with a synthetic mixture not 

containing any impurities, poisoning is not expected to occur. Sintering is relevant as a 

deactivation mechanism, as it is induced by temperature. However, CO2 methanation does not 

require high temperatures and sintering is not expected to occur to a very significant extent at 450 

C, which was the optimal temperature in terms of conversion and selectivity (Fig. 5). Coking on 

the other hand may occur under the methanation reaction conditions [7]. 

Stability tests for 0.5 wt% and 0.05 wt% Ru/γ-Al2O3 catalysts are shown in Fig. 10. For both 

catalysts, no notable deactivation was detected after 60-70 h on stream. For the 0.5 wt% Ru catalyst 

the conversion remained practically constant (nearly 80%) throughout the entire experiment, with 

the very stable selectivity to CH4 generation of 98%. For the 0.05 wt% Ru catalyst a small decline 

in both conversion (from 58% to 54%) and selectivity (80% to 78%) was observed. Since the 

stability experiments were conducted at high space velocity (90,000 mL/(g h)) over 65-75 h on 

stream, it can be concluded that both catalysts did not undergo any significant deactivation. 
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Although no significant deactivation was observed in the stability tests, carbon deposition may 

still have occurred to a certain extent. To investigate the possibility and extent of coking, a 

temperature programed oxidation study of the 0.5 wt% Ru catalyst was conducted by TGA-FTIR, 

Fig. 11. The initial weight loss of 4.5% until 200 C is attributed to physically adsorbed water and 

CO2, as can be seen from H2O and CO2 peaks centered at 150-160 °C. An additional 2.5% weight 

loss occurs gradually in the 200-700 C range. Broad peaks of CO and CO2 are detectable in the 

200-500 C temperature range with an additional broad shoulder appearing at 600 C. Therefore, 

Fig. 10. Stability tests for 0.5 wt% and 0.05 wt% Ru/γ-Al2O3 catalysts with 50% CO2, 50% 

CH4 mixture as a feed. CO2 conversion (upper panel) and selectivity to CH4 formation (lower 

panel) are shown versus time on stream (TOS). Parameters: P = 3 bar, T = 450 C, GHSV = 

90,000 mL/(g h), H2:CO2 = 4. 
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the 2.5% weight loss should be attributed to the removal of two types of deposited carbon that may 

accumulate over long periods (hundreds and thousands of hours) of operation affecting the reactor 

performance. On the other hand, given the high space velocity and relatively long time used in the 

stability tests, it can be concluded that coking was not very significant.    

 

 

An additional stability test was conducted for the 0.5 wt% Ru/γ-Al2O3 catalyst using a more 

realistic feed mixture, Fig. 12. In addition to CH4 and CO2 as main components, biogas may also 

contain significant amounts of N2, which is in particular true for landfill gas. The stability test 

presented in Fig. 12 was conducted with the 30% CO2, 43% CH4 and 27% N2 feed mixture 

simulating a real landfill gas composition (after removal of impurities and water) [9]. Space 

Fig. 11. Temperature programed oxidation analysis of the spent 0.5 wt% Ru/γ-Al2O3 catalyst 

after 70 h on stream under operating conditions listed in Fig. 10. The TGA curve is shown as 

dashed line. The FTIR signals for CO, CO2 and H2O were detected in the TGA exhaust line. 
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velocity was kept at a relatively low (still industrially relevant) value in order to examine the 

achievable upper limit of conversion.  

 

 

During the operation at 1 bar (upper panel in Fig. 12), a nearly complete selectivity to CH4 

production (99-100%) was obtained after 5 h and remained very stable until the end of test at 48 

h. The CO2 conversion gradually increased from 62% to 70% during the first 20 h of operation 

and remained very stable as well. As a next step, the operating pressure was gradually increase 

Fig. 12. Stability test of the 0.5 wt% Ru/γ-Al2O3 catalyst using the simulated biogas mixture 

containing 30% CO2, 43% CH4 and 27% N2 as a feed. The lower panel shows the performance 

of the same catalyst (tested first at 1 bar, upper panel). Parameters: P=1-8.5 bar, T = 450 C, 

GHSV = 3,000 mL/(g h), H2:CO2 = 4.  
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over the additional 65 h on stream (lower panel in Fig. 12) for the same spent catalyst already used 

for the test shown in the upper panel of Fig. 12. 

Increasing the operating pressure from 1 to 3 bar resulted in a very significant conversion gain 

(from 70% to 80%). Further pressure increase to 5 bar gave in an additional 5% gain in conversion. 

Elevating the pressure beyond this point result in a relatively minor gain in conversion. The 

selectivity to CH4 generation remained complete over the course of the entire test (65 h, after 

initially testing the same catalyst for 48 h at 1 bar). The highest conversion was 86%, which is an 

excellent performance given the fact that the CO2 content in the feed was only 30%. For 86% 

conversion during the operation at 8-8.5 bar the reactor outlet contained 58.1% CH4, 15.1% H2, 

3.8% CO2 and 23% N2 significantly improving the quality of the gas mixture (as compared to feed 

composition). In practical applications N2 will have to be removed of course (e.g., by a pressure 

swing adsorption (PSA) system). The unreacted H2 on the other hand may be tolerated in certain 

cases such as industrial heating and a relatively small content of remaining CO2 can be tolerated 

as well. Note that, assuming complete N2 removal, the resulted composition will be 75.5% CH4, 

19.6% H2 and 4.9% CO2. If an additional PSA stage is applied to remove H2, the final composition 

will be 93.9% CH4 and 6.1% CO2.   

4. Conclusions 

In this study the feasibility of direct conversion of CH4-CO2 mixtures (without CO2 pre-

separation) by Sabatier reaction using low loading Ru/-Al2O3 was investigated, to access the 

feasibility of direct upgrading of biogas and landfill gas into renewable natural gas (RNG). The 

range of Ru loadings of 0.02-1 wt% was tested using a 50:50 mixture of CO2 and CH4 (simulating 

a pre-treated biogas after removal of water and impurities). Through the catalytic performance 
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evaluation conducted in a range of temperatures and space velocities, it was confirmed that it is 

possible to achieve 80% CO2 conversion with 99% selectivity to CH4 formation. These values 

(obtained at 3 bar, 450 C and H2/CO2 = 4 in the feed) correspond to the CO2 conversion and CH4 

selectivity predicted by the thermodynamic equilibrium.  

With the optimal operating temperature identified as 450 °C, it was also found that space 

velocities should be kept below 100,000 mL/(g h). Higher temperatures and space velocities result 

in declining CH4 selectivity due to CO formation via the RWGS reaction, which is favored by 

thermodynamic equilibrium and kinetics at elevated temperatures and space velocities, 

respectively. These findings point out at the importance of thermal management of Sabatier 

reactors for which proper cooling systems have to be integrated. The upper space velocity limit of 

100,000 mL/(g h) (residence time of 10 ms) does not represent any challenge because industrial 

processes can be conducted at much lower space velocities.  

In terms of the active phase loading, the 0.1-0.5 wt% Ru content was identified as an optimal 

range as these loadings provide high CO2 conversions (up to 85%) and 100% CH4 selectivity, 

allowing at the same time for a significant cost reduction. Below 0.1 wt% Ru, both intrinsic activity 

(turnover frequency) and selectivity drop sharply, which can be attributed to the high degree of 

dispersion of the Ru phase that become more easily oxidized and more active in CO formation. 

Stability tests conducted for the 0.5 wt% Ru/-Al2O3 catalyst at 450 C have shown that this 

catalysts has stable performance in terms of both conversion and selectivity over 100 h on stream, 

with a minor carbon deposition on the catalyst surface. The stability test conducted with the 30% 

CO2, 43% CH4 and 27% N2 feed mixture representing a composition of landfill gas demonstrated 

a very stable performance as well, with 86% CO2 conversion and 100% CH4 selectivity.        
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From a practical point of view, the results presented herein indicate that it is possible to convert 

landfill gas or biogas to an upgraded, CH4-enriched mixture without any CO2 pre-separation. 

Removing the upstream separation step from the RNG generation system can result in a significant 

reduction of both capital and operating costs. Considering the abovementioned case with the 30% 

CO2, 43% CH4 and 27% N2 feed mixture and 86% CO2 conversion (and 100% CH4 selectivity), 

the product stream composition after separating N2 and H2 (can be done by a PSA system) will be 

93.9% CH4 and 6.1% CO2 (slightly higher in reality because of incomplete separation). Typical 

CH4 concentration in fossil natural gas are ranging from 87-96 vol% [26]. The separated H2 can 

(and should) be recycled decreasing the power consumption for water electrolysis.   

Future work should include evaluation of the catalytic performance with more realistic 

compositions similar to those of landfill gas and biogas, and, ultimately, tests with real samples 

collected at landfill gas and biogas facilities. One of the issues to be addressed is catalyst stability 

against H2S poisoning which will determine the acceptable H2S levels and, thus, the extent of 

upstream pretreatment.  The extent of coking should be also investigated over extended periods of 

time. Altogether, these future investigations should allow for determination of the feasibility and 

possible scale of the 0.5 wt% Ru/-Al2O3 catalyst application for RNG generation. 
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Nomenclature 

CB   carbon balance 

pd   particle size, nm 

D   active phase dispersion 

1f   CO2 conversion to CO 

2f   CO2 conversion to CH4 

,C outF   total outlet molar flow rate of carbon-containing species, mol/min 

2 ,H fF   feed molar flow rate of H2, mol/min 

2 ,CO fF   feed molar flow rate of CO2, mol/min 

,CO outF   outlet molar flow rate of CO, mol/min 

4 ,CH genF  molar flow rate of generated CH4, mol/min 

4 ,CH outF  outlet molar flow rate of CH4, mol/min 

,t outF   total outlet molar flow rate, mol/min 

GHSV  gas hourly space velocity, mL/(g h) 

HU   chemisorption H2 uptake, mol/g 

RuL   Ru metal loading, % 

RuM   atomic mass, kg/mol 

4CHr   CH4 generation rate per catalyst weight, mol/(kg s) 

4CHR   CH4 generation rate per active phase weight,  mol/(kgRu s) 

4CHS   selectivity to CH4 generation 

TOF   turnover frequency, 1/s 

cW   catalyst weight, kg 

2COX   CO2 conversion 

iy   mole fraction of species i 

Greek letters 

   H2/CO2 feed ratio 
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   residence time, s 

   catalyst bed void fraction 

   CH4-to-total carbon feed ratio 

   CH4/CO2 feed ratio 

b   catalyst bulk density, g/mL 

Ru   Ru density, kg/m3 

site   active site density, 1/m2 
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Appendix 

Sabatier reaction-reverse water gas shift (RWGS) equilibrium calculation 

Assuming no carbon deposition, the equilibrium conversion and selectivity can be calculated 

using the Sabatier reaction-RWGS system shown below: 

2 2 2CO H CO H O �   298 41 kJ/molH �
    (A1) 

2 2 4 24 2CO H CH H O �   298 164.9 kJ/molH  �
   (A2) 

First, equilibrium constants for the RWGS and Sabatier reaction are written in terms of partial 

pressures: 
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Both equilibrium constants can be also expressed as a function of temperature: 

,1

,1 1 exp
eq

eq

g

E
K A

R T

 
   

 
    (A5) 

,2

,2 2 exp
eq

eq

g

E
K A

R T

 
   

 
    (A6) 

Next, CO2 conversion to CO and CH4 are defined as follows: 
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The extents of all species in the thermodynamic equilibrium can be now expressed as a function 

of 1f  and 2f : 
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The feed composition parameters  and   are defined as the H2:CO2 and CH4:CO2 feed ratios: 
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Equilibrium partial pressures can written in terms of species extent ( iy  is mole fraction and P  is 

the total pressure of the reaction system): 
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Combining Eqs (A3-6) and expending using Eqs (A9-11): 



35 

 

,11 1 2
1

1 2 1 2

( 2 )
exp

(1 )( 4 )

eq

g

Ef f f
A

f f f f R T

 
        

        (A12) 

2 2
,222 1 2 2

24

1 2 1 2

( )( 2 ) (1 2 )
exp

(1 )( 4 )

eq

g

Ef f f f
P A

f f f f R T

  


     
        

      (A13) 

Eqs (A12, A13) are solved numerically to obtain 1f  and 2f  as a function of T for the given feed 

composition (, ) and pressure (P). Finally, the equilibrium conversion and selectivity are 

calculated using Eqs (4a) and (5a). Thermodynamic parameters A1, A2, Eeq,1 and Eeq,2 can be found 

in the literature [27]. 


