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Abstract 

Due to tightening environmental legislation concerning methane emissions efficient catalytic exhaust-gas 

after-treatment of natural gas engines is imperative. Water and sulfur compounds present in the exhaust 

stream lead to severe deactivation of initially highly active Pd and Pd-Pt based methane oxidation 

catalysts, resulting in the necessity of effective regeneration procedures. This study elucidates the various 

aging mechanisms, highlights the critical role of the support material and presents possible regeneration 

strategies. Beginning with fundamental operando studies based on X-ray absorption spectroscopy we 

could follow the catalysts deactivation by hydroxyl formation and sulfur poisoning of noble metal and 

support material, both processes strongly dependent on the catalyst formulation. This knowledge 

facilitated the development of different regeneration strategies resulting in a procedure of short reductive 

treatment, which could not only be demonstrated in lab-bench tests, but also in a real engine. Finally, the 

application of advanced characterization techniques allows us to tune the existing reactivation procedures 

towards even higher efficiency. 
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Introduction

Due to their low CO2 emissions and high fuel 

efficiency, lean-burn natural gas engines enjoy growing 

popularity and might be a possible pathway to meet 

tightening environmental legislation. However, small 

amounts of the strong greenhouse gas CH4 are emitted, 

which needs to be catalytically converted to the less critical 

compounds CO2 and H2O (Deutschmann and Grunwaldt, 

2013). In this respect, Pd-based catalysts are presently 

considered the most effective catalyst systems for total 

oxidation of methane (Gelin and Primet, 2002). Further 

improvement in activity and stability can be achieved by 

addition of small amounts of Pt (Lapisardi et al., 2006). 

Nevertheless, despite all efforts Pd-Pt methane oxidation 

catalysts (MOCs) are highly sensitive to the gas atmosphere 
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and two severe aging phenomena remain: Firstly, the 

deactivation due to the inevitable exhaust gas component 

water and secondly, poisoning due to sulfur that originates 

from lubricants or the fuel itself (Gremminger et al., 2013). 

Although reducing conditions are reported to recover the 

catalysts activity especially after sulfur poisoning by 

reducing the sulfate and sulfite species formed on both, the 

noble metal and the support (Gremminger et al., 2017), 

sustainable regeneration concepts lack due to incomplete 

understanding of the mechanisms on the catalyst. With this 

study we present comprehensive insights into the water and 

sulfur aging and subsequent regeneration processes of 

methane oxidation catalysts and moreover suggest an 

efficient regeneration procedure. 



  

 

Materials and Methods 

Bimetallic 2.0wt.% Pd-0.4wt.% Pt catalysts supported 

on Al2O3, CeO2 and CeO2-ZrO2 (“CZ”) were prepared by 

robot-controlled incipient wetness impregnation. Besides 

basic catalytic light-off/out cycles in dry/wet reaction gas 

mixtures (3200ppm CH4, 0/12% H2O, 10% O2 in balance 

N2) also long-term aging tests were performed at different 

temperatures in various lean gas mixtures, e.g. 150ppm NOx 

or 5ppm SO2 added. By changing the feed stream to a rich 

mixture (shutting off O2 or changing to 1-5% H2/N2) the 

deactivated samples were regenerated at different 

temperatures. Operando X-ray absorption spectroscopy 

(XAS) at the Pd K and Pt L3 edge was conducted to monitor 

the local chemical and electronic structure of the bimetallic 

Pd-Pt catalysts during aging and regeneration. 

Results and Discussion 

For alumina-supported methane oxidation catalysts, 

water deactivation occurs via a two-stage mechanism: A 

fast inhibition with significant increase of the light-off 

temperature followed by an additional decrease in activity 

with time on stream. Our results uncovered that the long-

term deactivation can be significantly reduced by using 

CeO2 or CZ as a support material. On the other hand, Pd-

Pt/Al2O3 retains some activity after sulfur poisoning as 

Al2O3 can act as a reservoir for sulfur compounds, while Pd-

Pt/CZ is fully deactivated after 15h of poisoning in 

3200ppm CH4, 10% O2, 12% H2O, 5ppm SO2 in balance N2 

(Figure 1). 

Figure 1.   Catalytic activity during aging at 

450°C and regeneration at 500°C and 550°C. 

Nevertheless, spillover of remaining sulfur species 

from the support is significantly less pronounced for CZ 

supported samples, resulting in full recovery of activity 

after regeneration in rich conditions. Pd-Pt/Al2O3 on the 

other hand undergoes a faster SO2-repoisoning after a 

reductive regeneration step (Figure 1). 

Modulation-excitation XAS unraveled that the 

inhibition by water is caused by the adsorption of H2O/OH 

on the surface of Pd-containing nanoparticles. 

Sulfur poisoning results in formation of PdSO4 for the 

samples supported on Al2O3 and CZ, as uncovered by ex 

situ and in situ/ operando XAS investigations. Regeneration 

of sulfur poisoned catalysts in 3200ppm CH4/He takes place 

via metallic Pd (~200°C) followed by partial transition to a 

PdS phase (>400°C). As PdS is stable up to 700°C under 

these conditions, a careful choice of temperature and gas 

composition is mandatory for a sustainable regeneration 

strategy. 

Conclusions 

This study elucidates the various aging mechanisms 

due to water and sulfur compounds of methane oxidation 

catalysts, leading to hydroxyl and sulfate/sulfite 

accumulation on both, the noble metal and the support 

material. Usage of CeO2 or CeO2-ZrO2 as support material 

diminishes the long-term deactivation by water and 

increases the ability to regenerate the catalyst after SO2 

poisoning. The observation that rich phases lead to a regain 

of activity resulted in a regeneration concept of reductive 

pulses which was demonstrated on a real engine. 
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