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A B S T R A C T   

Modern lean-operated internal combustion engines running on natural gas, biogas or methane produced from 
wind or solar energy are highly fuel-efficient and can greatly contribute to securing energy supply, e.g. by 
mitigating fluctuations in the power grid. Although only comparably low emission levels form during combus
tion, a highly optimized emission control system is required that converts pollutants over a wide range of 
operation conditions. In this context, this review article pinpoints the main challenges during methane and 
formaldehyde oxidation as well as selective catalytic reduction of nitric oxides. The impact of catalyst formu
lation and operation conditions on catalytic activity and selectivity as well as the combination of several tech
nologies for emission abatement is critically discussed. Additionally, recent experimental and theory-based 
progress and developments are assessed, allowing coverage of all time and length scales relevant in emission 
control, i.e. ranging from mechanistic and fundamental insights including atomic-level phenomena to full-scale 
applications.   

1. Introduction 

Carbon-based fossil resources are the foundation of our modern so
ciety. Particularly the widespread use of liquid hydrocarbons as a fuel 
for combustion engines, both in the mobile sector and in stationary 
applications, results in the emission of enormous amounts of carbon 
dioxide (CO2). Since the greenhouse gas CO2 represents the primary 
reason for global warming, science, economy, and politics strive for 
developing measures and technologies that allow for a substantial 
reduction of greenhouse gas emissions. Ambitious aspirations such as 
Europe’s and Germany’s goal to achieve net-zero greenhouse gas 
emissions by 2050 and 2045, respectively, [1,2] are already vitalizing 

the technological competition for the most suitable approaches to 
redesign our worldwide energy system. Although electrification enjoys 
great popularity in this context, the transition towards a fully electrified 
energy system requires significant investments and – equally important 
– time for realization, particularly with regard to materials and infra
structure. Current state-of-the-art battery capacities are mostly insuffi
cient for heavy-duty applications in both the on-road and off-road 
sector. At the same time, the electricity grids worldwide are not yet able 
to cope with the electrical load that accompanies electrification of all 
industry and energy sectors. Despite manifold political efforts, the share 
of well-established renewable energy sources grows too slow and retards 
the necessary energy transition. Hence, a diversified energy system with 
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complementary technologies is expected for the next decades, i.e. a 
growing electrification of the light-duty sector, whereas the heavy-duty 
and marine sector still rely on hydrocarbon-based fuels that exhibit a 
high energy density and advantageous emission characteristics. 

In this context, transition technologies such as natural gas engines, 
whose widespread application is influenced by many factors that are 
illustrated in schematic Fig. 1, might offer an immediate opportunity to 
mitigate the climate change. Due to the large natural gas resources that 
are potentially still available worldwide, gas engines are nowadays 
widely used in mobile applications like marine ships and heavy-duty 
vehicles or in combined heat and power plants for energy production, 
since they are not only highly efficient but can also easily be ramped up 
and down, hereby mitigating fluctuations in the energy grid whenever 
renewable sources lack temporarily. Hence, it is generally assumed that 
the relevance of gas engines will remain high in the foreseeable future 
especially in the context of power generation. Since natural gas consists 
mostly of methane (CH4) that exhibits the highest hydrogen-to-carbon 
ratio of all hydrocarbons, CO2 emissions can be decreased by up to 
35% when replacing conventional diesel fuel by natural gas [3]. 
Particularly lean-burn gas engines have a high engine efficiency and 
emit only comparably low levels of unburnt hydrocarbons (HCs), ni
trogen oxides (NOx), toxic carbon monoxide (CO), and particulate 
matter (PM). All these aspects make gas engines highly attractive for 
usage in mobile and stationary applications alike. Moreover, future 
prospects are good as well. A continuous replacement of the currently 
mostly fossil natural gas by sustainable methane obtained from anaer
obic digestion of organic matter (“biogas”) [4–7] or by power-to-gas 
(PtG) processes [8–12] will further benefit the overall carbon balance 
and may provide a reliable and entirely carbon-neutral methane source 
in the future. In a diversified future energy system such sustainably 
produced bio-methane can play a key role, in particular under consid
eration of the great potential of using methane as a chemical energy 
carrier that can exploit the enormous energy storage potential of the 
existing gas grid and infrastructure. Moreover, the combination of PtG 
processes and combined heat and power plants can be an invaluable 
cornerstone for a stable energy system, since methane can be produced 
and stored during periods of excess energy from renewable sources like 
wind and solar, whereas methane can be used for energy and heat 
generation if other energy sources are scarce.[8,12,13]. 

Although gas engines have better emission characteristics compared 
to gasoline or diesel engines, meeting the upcoming ultra-low emission 
standards in the near future requires highly efficient and durable cata
lytic converters, which are a prerequisite for the widespread usage of gas 
engines [14]. The more and more stringent legislation initiated major 
research efforts in academia and industry, both aiming at finding holistic 

solutions that ultimately allow for near-zero pollutant emissions. For 
instance, although in many countries specific methane emission limits 
have not been formulated in the past, tightening legislation can be ex
pected for both mobile and non-road applications in the near future, 
which is mainly motivated by the more than 20 times stronger green
house potential of CH4 compared to CO2 (100-year metrics) [15]. While 
a single oxidation catalyst that converts unburnt hydrocarbons was often 
sufficient for meeting past emission limits, tightening regulations also 
call for dedicated NOx control measures, e.g. by selective catalytic 
reduction (SCR). Such additional measures increase the complexity of 
the exhaust gas after-treatment system and do not only raise the prob
ability of secondary emissions formed in the exhaust tailpipe, but also 
increase the costs. Hence, future exhaust gas after-treatment systems 
require a sophisticated overall system design that ensures a harmonious 
interaction of different technologies at a multitude of engine operation 
points and over a wide range of conditions, and at the same time ac
counts for economic considerations, i.e. cost-efficiency [16,17]. 

In addition to the fact that the global efforts for environmental 
protection made emission control a vibrant area of heterogeneous 
catalysis research for decades, the ongoing methodological progress and 
tightening environmental legislation during recent years resulted in a 
wide variety of highly relevant scientific studies. This review summa
rizes the different aspects important for the catalytic exhaust gas after- 
treatment of lean-operated gas engines, namely methane oxidation, 
abatement of formaldehyde emissions, and NOx reduction as well as 
technical aspects such as pre-turbine applications. In this context, we 
highlight current challenges and present concepts for tackling these 
hurdles. By starting from fundamentals and outlining their significance 
for full-size applications, both synergies and limitations of the different 
technologies are identified. Herein, the entire range of time and length 
scales that are relevant in emission control are covered, for instance 
mechanistic considerations on an atomic level as well as heat and mass 
transport phenomena in technical converters. In addition to a compre
hensive phenomenological description, we also present current progress 
and developments regarding a wide variety of theoretical and experi
mental techniques that are suitable for profound investigations for all 
kinds of phenomena in heterogenous catalysis in general and in the field 
of emission control in particular. This holistic approach serves the 
community twofold. First, our review aims at providing guidance on the 
currently applied after-treatment concepts for lean-burn natural gas 
engines and second, it intends to stimulate future research in the field 
that allows further improvement of existing catalyst technologies. 

Fig. 1. Factors influencing the widespread application of methane as fuel.  
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2. Emissions of natural gas engines and emission control 
concepts 

The operational point of natural gas engines, which is typically either 
stoichiometric or lean with respect to the air-to-fuel ratio [18,19], in
fluences both the combustion process itself and the engine-out raw 
emissions. The possibility of using a three-way catalyst (TWC) for 
exhaust gas after-treatment, which is well-established for analogously 
operated gasoline engines [20,21], represents the main advantage of 
stoichiometric operation. The TWC reliably converts non-methane hy
drocarbons (NMHCs), CO, and NOx emissions evolving from the engine 
in considerable amounts [22–24] and keeps the exhaust gas 
after-treatment system compact. Such a configuration is of particular 
relevance for mobile applications that exhibit only limited dimensions. 
However, the efficiency of current TWCs is limited with regard to the 
oxidation of methane, as the symmetric and rather stable C–H bonds 
(approximately 440 kJ mol-1) [25–27] make the CH4 molecule compa
rably inert and difficult to activate, particularly in the low-temperature 
regime [28]. Moreover, commonly applied measures like thermal 
management by means of exhaust gas recirculation (EGR) decrease the 
temperature during combustion and consequently also the exhaust gas 
temperature [22,28]. While this temperature diminishment results in 
significantly reduced NOx formation rates in the combustion chamber 
and lowers the thermal stress, low temperatures further impede methane 
conversion over a TWC. 

Lean operation, on the other hand, reduces the heat loss, decreases 
fuel consumption, and maximizes engine efficiency, which results in 
significantly lower CO2 emissions. As large-scale applications benefit 
notably from these characteristics, applications such as combined heat 
and power plants for energy production are commonly operated with 
lean-burn gas engines. Moreover, lean conditions also significantly 
reduce NOx raw emissions compared to stoichiometric operation. 
However, an additional catalytic component is still required in this case 
for NOx removal. 

Lean-burn gas engines typically exhibit an exhaust gas temperature 
of less than 500–550 ◦C and an exhaust gas composition that is similar to 
the values summarized in Table 1 [29–31]. Note, that the values given in 
Table 1 represent an average gas composition, which however can 
strongly vary depending on the specific engine and its operation mode, i. 
e. during transient operation in mobile applications, versus a more 
constant exhaust gas composition for stationary applications. 

Hydrocarbon (HC) emissions originate from incomplete combustion 
in the engine combustion chamber, with unburnt methane as main 
challenge. Additionally, partial combustion in cold zones of the com
bustion chamber can result in the formation of formaldehyde (HCHO) 
[32,33]. Due to its neurotoxicity, hematotoxicity, reproductive toxicity, 
and genotoxicity, formaldehyde does not only cause acute and chronic 
health effects such as irritation and poisoning [34], but was also clas
sified as potentially carcinogenic substance by the European Union (EU) 
[35]. Consequently, the expected ultra-low emission standards in the 
near future necessitate particular attention in the context of emission 
control [36]. Although engine operation measures like variations of 
load, swirl, compression ratio, air-to-fuel ratio, top land crevice or 
ignition timing offer potential for minimizing formaldehyde formation 
rates, this often happens at the expense of other parameters like thermal 
efficiency or emission of other pollutants such as NOx [33,37,38]. To 
some extent, gas engines also emit particulate matter that either emerges 
from unburnt hydrocarbons or from the direct contact between 

combustion flame and lube oil in the combustion chamber. The latter 
causes a partial combustion of oil that leads to emission of hydrocarbons 
and oil ash, which contains elements like calcium, magnesium, zinc, 
phosphorous or sulfur [39–41]. Overall, particulate matter emissions are 
similar to those of diesel engines equipped with a diesel particulate filter 
(DPF) and are therefore very low [42–45]. Furthermore, the relatively 
low combustion temperatures during lean engine operation cause only 
moderate NOx levels [46] that are typically slightly lower than for diesel 
engines [42], as NOx is mainly formed via the high-temperature reaction 
between oxygen and nitrogen according to the Zeldovich mechanism 
[47]. This advantageous emission performance allowed past emission 
limits to be met with a single oxidation catalyst that converted CO and 
hydrocarbons. 

With respect to the catalytic after-treatment system, the removal of 
hydrocarbons and CO usually requires oxidation catalysts that contain 
expensive noble metals like platinum (Pt), palladium (Pd), and rhodium 
(Rh), which are typically supported on alumina (Al2O3) or ceria-zirconia 
mixed oxides (CeO2-ZrO2). While platinum exhibits a fairly high activity 
for methane conversion under stoichiometric conditions, palladium is 
clearly more active in a lean exhaust stream [29,48,49]. Identification 
and preservation of the active noble metal species, inhibition of the 
catalyst by typical exhaust components such as water, and catalyst 
poisoning by sulfur compounds that are present in the exhaust have been 
subject to numerous scientific studies in the past, as a comprehensive 
knowledge on all of these aspects is vital for a long-term operation of the 
catalyst. Additionally, new exhaust system concepts were introduced to 
enhance the performance of methane oxidation catalysts, as for instance 
their pre-turbine location where the exhaust stream exhibits higher 
temperatures than in the downstream tailpipe and where higher pres
sure can be utilized for pollutant reduction [50–52]. Moreover, Pt-based 
catalysts show a superior activity for converting formaldehyde, which is 
the most critical pollutant with regard to health considerations, hence 
highly optimized catalytic converters are necessary to comply with the 
diffusion-limitation of the HCHO oxidation reaction [53]. 

The removal of NOx emissions from lean-burn engines is generally 
achieved with V-W-Ti- or Fe/Cu-zeolite-based catalysts via selective 
catalytic reduction with ammonia (NH3) as reductant. While in sta
tionary applications the direct usage of hazardous NH3 is common, 
safety considerations impede the usage of pure NH3 in mobile applica
tions. Instead, NH3 is generated from an aqueous urea solution that re
leases NH3 during a two-step thermal and catalytic decomposition. This 
process requires a careful tailpipe and operation design that is capable of 
coping with the highly transient conditions in the exhaust. Particularly 
the formation of deposits from urea derivatives and decomposition 
products needs to be avoided, as this does not only lower the NH3 
selectivity and its homogeneous distribution, but can also cause a 
clogging of the tailpipe [54–60]. State-of-the-art SCR catalysts can 
facilitate the decomposition of urea and its by-products [61–66], and 
advanced dosing and mixing units can reduce urea deposit formation by 
ensuring a homogeneous distribution of the urea-water solution and its 
mixing with the gas phase [67,68]. Despite the availability of such 
well-established technologies, their implementation into after-treatment 
systems for gas engines entails new challenges due to the differences in 
gas atmosphere compared to the diesel engine exhaust for which the SCR 
has originally been developed and tuned. Also in this case, both an 
in-depth understanding and a further optimization are mandatory. 
Herein, advanced characterization methods and multiscale modeling 
represent powerful tools for the emission control research community 

Table 1 
Typical exhaust gas composition of lean-burn natural gas engines (balanced by N2).  

Species O2 CO2 H2O CH4 HCHO CO NMHC NO NO2 SO2  

[vol.-%] [ppm] 

Conc. 10 6 12 500–3500 50–120 500 250 120 30 < 5  
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[69]. 
In the following sections we aim at addressing the different catalyst 

technologies applied for the exhaust gas after-treatment of natural gas 
engines, in particular pinpointing recent advances in their fundamental 
understanding and in microkinetic and reactor modeling. Furthermore, 
the systems used as well as advanced operation procedures are dis
cussed. Finally, we illustrate the benefits of in situ and operando char
acterization for deriving robust structure-activity relationships, which 
can be directly used for modeling and rational catalyst design. 

3. Methane oxidation over palladium-based catalysts 

The catalytic conversion of methane slippage is considered as the 
greatest challenge in emission reduction from natural gas engine ex
hausts. With a C-H bond dissociation enthalpy of approximately 
440 kJ mol-1 [25–27], the methane molecule with its tetrahedral sym
metry is the most stable alkane and therefore most difficult to activate at 
low temperatures, even over noble metal-based heterogeneous catalysts 
[70,71]. A wide variety of catalyst formulations has been evaluated in 
the past, but despite promising advances in cost-efficient non-precious 
metal-based catalysts were reported, e.g. spinel and perovskite struc
tures or mixed oxides [72–74], these materials are often combined with 
noble metal species [75–77]. It is generally agreed that the 
low-temperature activity of palladium-based catalysts for the total 
oxidation of methane under lean conditions outperforms that of any 
other material [29,48,78–83]. Therefore, this section lays focus on 
palladium-based catalysts. Under oxygen-rich conditions, mainly the 
total oxidation (Eq. 1) takes place and undesired side reactions are 
negligible. On the contrary, stoichiometric and under-stoichiometric 
air-to-fuel ratios due to varying engine operation parameters or major 
changes of the catalyst morphology, e.g. caused by sintering as a 
consequence of catalyst degradation during long-term application, can 
lead to an increased formation of by-products like carbon monoxide 
(CO) or hydrogen (H2) via partial oxidation, steam reforming or water 
gas shift reactions (Eqs. 2 – 5) [84–86].  

CH4 + 2 O2 → CO2 + 2 H2O                                                            (1)  

2 CH4 + O2 → 2 CO + 4 H2                                                             (2)  

CH4 + H2O → CO + 3 H2                                                               (3)  

2 H2 + O2 → 2 H2O                                                                        (4)  

CO + H2O ⇌ CO2 + H2                                                                  (5) 

Moreover, as emphasized in the scheme in Fig. 2, methane oxidation 
over palladium-based catalysts is a complex process involving several 
phenomena. The following subsections will pinpoint the present scien
tific questions and challenges illustrated in Fig. 2, namely the structure 
and nature of the catalytically most active structures including the 
oxidation state and the particle morphology, the inhibition of the 
oxidation reaction by water, and catalyst deactivation due to sulfur 
poisoning. In addition to an overview on fundamental phenomena, we 
also point out their implications for modern catalytic converters and 
operation procedures, and the challenges that come with real-world 
applications, which substantially raises the complexity as various het
erogeneous processes take place simultaneously and thereby influence 
each other. These different heterogeneous processes can only be un
derstood and fully exploited in real-world applications when applying 
state-of-the-art and emerging experimental techniques that are capable 
of resolving spatial and temporal temperature and concentration pro
files in the gas phase, the interphase, and inside the bulk material along 
with microkinetic models that comprehensively describe the gas-surface 
reactions [69]. 

3.1. The active structure or the fundamental Pd/PdO dilemma 

Although palladium catalysts have been subject to numerous scien
tific studies for decades, there has been a lively scientific debate on the 
nature of the most active species: metallic palladium (Pd) or palladium 
oxide (PdO). The debate on the active species is of high significance, as 
variations of the electronic state of Pd go along with changes of the 
reaction mechanism. In this context, three different mechanisms of CH4 
activation and conversion have been proposed. Note that since the most 
important intermediate species can vary depending on the catalyst 
formulation or the operation conditions, the set of reaction equations 
and reaction schemes presented in the following is not generally valid 
but rather serves as one representative description for each mechanism. 
In addition, only the forward reactions that result in the decomposition 
of CH4 are given in Eqs. 6 – 27, however, under some reaction conditions 
these can also proceed in reverse direction. 

First, methane conversion was suggested to take place via an Eley- 
Rideal mechanism, with the dissociative adsorption of oxygen on free 
surface sites (denoted as * in the reaction equations below) of the noble 
metal (Eq. 6), the direct reaction of methane from the gas phase with 
preadsorbed oxygen species (Eq. 7), and finally the desorption of the 
reaction products (Eqs. 13, 15) as key steps. Studies that specifically 
evaluate the suitability of the Eley-Rideal mechanism for describing CH4 
oxidation over Pd/PdO are rare [87–91]. In fact, to the best of our 

Fig. 2. Factors influencing the activity, stability, deactivation, and reactivation of palladium-based methane oxidation catalysts. The illustration emphasizes how the 
complexity increases by transformation of the defined PdO system (in the middle) by reduction, poisoning by sulfur species (here simplified by SOx and H2S), and 
inhibition by water. 
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knowledge, only two studies claim the Eley-Rideal mechanism as the 
most accurate description of CH4 oxidation over palladium-based sam
ples [87,88].  

O2 + 2 * → 2 O*                                                                            (6)  

CH4 + O* + * → CH3* + OH*                                                        (7)  

CH3* + O* → CH2OH* + *                                                             (8)  

CH2OH* + O* → CH2O* + OH*                                                     (9)  

CH2O* + O* → CHO* + OH*                                                       (10)  

CHO* + O* → CO* + OH*                                                           (11)  

CO* + O* → CO2* + *                                                                 (12)  

CO2* → CO2 + *                                                                          (13)  

OH* + OH* → H2O* + O*                                                            (14)  

H2O* → H2O + *                                                                         (15) 

Second, several studies assume that under specific operation condi
tions Pd/PdO-catalyzed CH4 oxidation proceeds via a Langmuir- 
Hinshelwood mechanism [90,92,93], during which at first both 
methane and oxygen adsorb on the catalyst surface (Eqs. 16, 17) and 
then react with each other (Eq. 18) via several intermediate species (Eqs. 
19 – 23) to finally form CO2 (Eq. 24) and H2O (Eq. 26).  

CH4 + * → CH4*                                                                          (16)  

O2 + 2 * → 2 O*                                                                          (17)  

CH4* + O* → CH3* + OH*                                                           (18)  

CH3* + O* → CH2OH* + *                                                           (19)  

CH2OH* + O* → CH2O* + OH*                                                   (20)  

CH2O* + O* → CHO* + OH*                                                       (21)  

CHO* + * → C* + OH*                                                                (22)  

C* + O* → CO* + *                                                                    (23)  

CO* + O* → CO2* + *                                                                 (24)  

CO2* → CO2 + *                                                                          (25)  

OH* + OH* → H2O* + O*                                                            (26)  

H2O* → H2O + *                                                                         (27) 

Third, the total oxidation of methane was suggested to proceed via a 
Mars-van-Krevelen mechanism [94], which in addition to experimental 
evidence [95–97] was proposed based on kinetic modeling that typically 
results in very good accordance with experimental activity data under 
the assumption of a redox-cycle [89,91,98,99]. Herein, CH4 is adsorbed 
on the PdO surface and then reacts with lattice oxygen from PdO via 
varying intermediate species to yield CO2 and H2O. In a next step, ox
ygen from the gas phase recovers the lattice oxygen vacancies. Fig. 3 
depicts a mean-field extended microkinetic model [99] developed based 
on first-principles density functional theory (DFT) derived kinetic data 
[100] that describes CH4 oxidation over a PdO(101) surface fairly well 
and that considers the dissociative CH4 adsorption over coordinatively 
unsaturated Pd-O site-pairs as the rate controlling step. 

The mechanism of methane oxidation over palladium was suggested 
to be temperature-dependent and sensitive to the Pd oxidation state 
[101]. Since the exposure of supported palladium catalysts to an 
oxygen-rich gas mixture at moderate temperature typically results in a 
fully oxidized catalyst sample with quasi-exclusive presence of PdO 
[102–104], the Mars-van-Krevelen mechanism is commonly considered 
as the most plausible one under lean conditions and at moderate 

temperatures. In contrast, at low oxygen concentrations in the gas 
mixture, the Langmuir-Hinshelwood mechanism may be more suitable 
for describing the oxidation of CH4 over (oxygen-covered) metallic 
palladium surfaces at higher temperatures, as suggested by Ciuparu 
et al. [48]. This mechanism was assigned also if the PdO surface is 
covered by strong adsorbents such hydroxyl groups, as reported by Velin 
et al. [93]. At this point it is also worth noticing that the experimental 
setup itself may bias the kinetic data. Although recommendations on 
reliable kinetic measurements are beyond the scope of this review 
article, we would like to refer to the work by Groppi et al. [105–107] as 
an example for a suitable approach. In their work, the authors used a 
structured annular reactor that consists of an inner ceramic tube coated 
with a thin catalyst layer and an external quartz tube that is placed 
co-axially, which allows for isothermal operation and most importantly 
minimizes the impact of diffusion phenomena on the kinetic measure
ments. Since CH4 conversion over Pd/PdO is typically a fast process, 
diffusion limitations caused by an inappropriate experimental setup can 
be detrimental for deriving kinetics. Thorough kinetic insights into CH4 
oxidation in the high-temperature regime gained by this approach, for 
instance, resulted in a Langmuir-Hinshelwood-like model that describes 
the experimental data fairly well [106]. 

To investigate the dynamic behavior of the Pd/PdO-system in detail, 
Farrauto et al. [108] investigated palladium oxide supported on alumina 
by means of thermogravimetric analysis (TGA). The authors report that 
a temperature increase to 750–850 ◦C initiates a transformation of 
palladium oxide into metallic palladium and propose that this process 
starts from small, highly dispersed particles and ultimately results in the 
formation of large metallic Pd particles. Upon cooling down, the reox
idation rate exhibits a pronounced hysteresis behavior and PdO forma
tion takes place at approximately 600 ◦C. Based on the corresponding 
catalytic activity data for methane conversion, Farrauto et al. [108] 
considered metallic Pd rather inactive for methane oxidation, whereas 
PdO was suggested as active species. Subsequently, McCarty [109] 
attributed the hysteresis observed during methane conversion to the 
high activation energy for the reduction of oxygen chemisorbed on 
metallic Pd, and to a lower reoxidation rate of metallic palladium in 
comparison to PdO decomposition. Moreover, based on Raman spec
troscopy and temperature-programmed experiments, Carstens et al. 
[110] suggested that the reducibility of PdO is strongly influenced by the 
particle morphology, which can be either crystalline or amorphous. 
These findings are in line with earlier observations suggesting that the 

Fig. 3. Cyclic Mars-van-Krevelen redox mechanism for CH4 oxidation over PdO 
(101) in a water-free gas feed between 200 ◦C and 400 ◦C. Reprinted with 
permission from ref. [99]. Copyright 2018 Elsevier. 

P. Lott et al.                                                                                                                                                                                                                                      



Applied Catalysis B: Environmental 340 (2024) 123241

6

reconstruction of palladium oxide crystallites governs high catalytic 
activity [111]. Similarly, Datye et al. [112] reported the formation of an 
amorphous PdO top layer, which passivates the noble metal particle 
surface and inhibits bulk oxidation. Fundamental studies on the reox
idation of palladium particles during heating support this hypothesis: 
After chemisorption of oxygen on the palladium surface at ambient 
temperature, increasing temperatures lead to migration of oxygen into 
the metallic surface layers, which culminates in bulk oxidation above 
350 ◦C [113,114]. In addition, Datye et al. [112] reported extensive 
surface roughening by bulk oxide formation, which may originate from 
the lower interfacial tension of PdO compared to metallic Pd that results 
in the generation of pits on the Pd/PdO crystallites to decrease the free 
energy of the system [115,116]. These findings supplement results by 
Ruckenstein and Chen [117], who reported changes in size and shape 
upon alternating heating of Pd crystallites in O2 and H2, and by Burch 
and Urbano [118], who attributed varying catalytic activity to different 
catalyst morphologies. DFT calculations explain these phenomena by a 
higher dissociation barrier for the CH4 → CH3 + H reaction over a flat 
palladium surface, whereas the energy for bond splitting is reduced over 
kinks and steps [119]. 

In order to directly probe the state of the noble metal during catalyst 
pretreatment and reaction, operando X-ray absorption spectroscopy 
(XAS) and X-ray diffraction (XRD) investigations were conducted by 
Grunwaldt et al. [102] for Pd/ZrO2, which provided further insights into 
the pronounced changes of the structure of the noble metal particles and 
their oxidation state during the heating and cooling cycle. Apart from 
the clearly observable autoreduction of PdO above 850 ◦C and its 
reoxidation below 500 ◦C, these results point to an influence of the 
particle size, which along with changes of oxidation state and 
morphology causes the peculiar hysteresis during methane oxidation. 
Notably, the reduction causes sintering of the particles, however, reox
idation does not result in full redispersion of the PdO, which leads to 
deactivation [102,112,120]. In fact, the strong particle size dependency 
of methane oxidation over PdO, which is illustrated in Fig. 4, is now a 
well-known effect and the structural changes and their impact on the 
catalytic activity have recently been incorporated in an appropriate 
microkinetic model [99]. Several studies correlated an increasing par
ticle size with increasing catalytic activity and attributed this behavior 
to the Pd-O bond strength, which diminishes for larger particles [96, 
121]. 

The role of the Pd-O bond strength is particularly relevant when 
assuming a Mars-van-Krevelen mechanism [94] for methane oxidation, 
since this is as described above a redox mechanism that involves oxygen 
from the PdO lattice for conversion of adsorbed methane molecules into 
CO2 and H2O [96,99,122–124]. Compared to larger particles, Castellazzi 

et al. [125] found a lower reducibility for small and highly dispersed 
PdO clusters supported on alumina. These findings suggest that a 
rational and accurate adjustment of the noble metal particle size can 
tune the Pd-O bond strength, which ultimately allows enhancing the 
catalytic performance. 

Although it is consensus that tuning the oxidation state of the noble 
metal can be a feasible option for optimizing the catalyst performance, 
the nature of the most active catalyst state has been subject of an 
intensive debate. Especially studies assuming a Mars-van-Krevelen 
redox mechanism surmise PdO as mandatory active species for 
methane oxidation [96,99,122–124]. By investigating the thermal his
tory of the catalyst and the pretreatment effect prior to activity tests, 
Burch and Urbano [118] observed catalytic methane conversion only 
over PdO, whereas metallic palladium did not exhibit catalytic activity. 
On the other hand, several other studies observed methane conversion 
taking place over metallic palladium [112,126–128] or over mixed Pd 
and PdO phases or over PdOx surface sites [129–136]. While a mild 
reduction pretreatment generates metallic palladium to a certain extent 
[133,137–140], X-ray photoelectron spectroscopy (XPS) and electron 
energy-loss spectroscopy (EELS) data by Hoflund et al. [141] indicate 
the reformation of PdO during exposure to a lean atmosphere. These 
apparent contradictions underscore the high complexity of these 
palladium-based catalysts and especially of the assigned reaction. 
Although the explanations for the observed activity strongly vary, more 
recent studies tried to correlate the different findings. 

Density functional calculations by Broclawik et al. [142] suggest that 
although palladium dimers favor methane activation and C-H bond 
scission, a PdO-methyl-hydrogen complex forms during the course of 
methane decomposition. Based on DFT, Hellman et al. [133] similarly 
link a low activation energy for dissociative adsorption of CH4 to 
under-coordinated Pd sites in PdO(101) particles or to metallic surfaces. 
Subsequent DFT studies refine this hypothesis and consider the close 
proximity of an oxygen atom located below the coordinatively unsatu
rated Pd atom in a two-layer PdO(101) film as a crucial factor governing 
efficient methane dissociation [134]. Hence, although the catalyst might 
contain metallic palladium, the presence of PdOx seems to be manda
tory. Assessing the mechanism with a combination of DFT calculations 
as well as kinetic and isotopic methods allowed Chin et al. [124] to 
combine this apparent contradiction on a fundamental level. As illus
trated in Fig. 5, bare Pd cluster surfaces activate the C-H bond scission 
via oxidative addition, whereas PdO clusters cause hydrogen abstraction 
via σ-bond metathesis through a (H3Cδ− ⋅⋅⋅Pdox⋅⋅⋅Hδ+⋅⋅⋅Oox)⧧ four-center 
transition state. The last path seems to be the favored reaction pathway 
at higher oxygen concentrations, since the activation energy is mini
mized and, therefore, turnover rates for methane conversion are 

Fig. 4. a) Varying light-off behavior of Pd/Al2O3 and Pt/Al2O3 with different noble metal particle sizes (given in parentheses) and b) dependence of turnover 
frequency (TOF) in CH4 conversion on the noble metal particle size over Pd/Al2O3 at 320 ◦C and Pt/Al2O3 at 430 ◦C. Adapted with permission from ref. [121]. 
Copyright 2002 Springer Nature. 
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maximized. A recent study on the dynamic evolution of methane 
oxidation over Pd(111) and PdO(101) surfaces using reactive force-field 
molecular dynamics is in line with such first-principle electronic struc
ture calculations [143]. In addition, the study emphasizes that lattice 
oxygen is more active compared to oxygen that is chemisorbed on 
metallic palladium, which is in accordance with experimental findings 
[103]. 

3.2. The support material and its influence on the catalytic activity 

The support material can tremendously influence the redox proper
ties, oxidation state, and catalytic activity of palladium catalysts. While 
alumina-supported catalysts served as the main subject of research for 
decades, a variety of other metal oxides like ceria, zirconia, and ceria- 
zirconia [83], but also multicomponent materials such as 
CexZr1− xO2-Al2O3 [144] are considered as promising support materials. 
Moreover, as summarized in recent reviews by Mortensen et al. [145] 
and Chen et al. [146], zeolite structures attract increasing interest since 
their properties can be controlled rather well via the structure and 
composition chosen during synthesis, hereby also influencing the active 
palladium sites [147,148]. Losch et al. [149], for instance, prepared a 
mesoporous Pd-loaded zeolite and varied the Si/Al-ratio to find an op
timum hydrophobic/hydrophilic character that enhances the water 
tolerance of the catalyst. Also catalyst formulations based on a ZSM-5 
structure with palladium loading showed competitive activity and 
sintering-resistance, as reported by Petrov et al. [150,151]. Although 
such encouraging results emphasize the great potential of 
zeolite-supported palladium catalysts for complete methane oxidation, 
to date the same challenges as for catalysts supported on metal oxides 
remain and interactions and synergies between the noble metal and the 
support need to be optimized. 

In this regard, particularly palladium supported on ceria has lately 
been in the focus, since ceria is able to strongly interact with the noble 
metal particles (so-called strong noble metal support interactions, 
SNMSI) and exhibits excellent redox properties [152]. Colussi et al. 
[153], for instance, report an enhanced methane conversion of nano
faceted Pd-O sites in Pd-Ce surface superstructures and explain this 
phenomenon by labile undercoordinated surface O atoms at the inter
face of a Pd-O moiety. Similarly, Cargnello et al. [154] synthesized 
modular Pd@CeO2 subunits supported on functionalized, hydrophobic 
Al2O3, which did not only result in catalysts that are sintering-resistant 
up to 800 ◦C, but also enabled complete methane combustion already at 
400 ◦C. In order to explain their observations, the authors speculate 
about mechanical stress and a high degree of disorder in the ceria-shell 
causing high oxygen mobility and increased reducibility, respectively. In 
addition, the authors attribute the high conversion to highly reactive Pd 
sites at the Pd-Ce interface, which is in analogy to findings in the context 

of CO oxidation over Pd/CeO2 reporting that in the low-temperature 
regime the oxidation reaction takes place predominantly at the highly 
active Pd-O-Ce interface [155,156]. Moreover, this hypothesis is in line 
with combined DFT and reactive force-field (ReaxFF) simulations on the 
interface of Pd clusters supported on ceria conducted by Senftle et al. 
[157], which revealed low methane activation barriers for Pd sites at the 
interface due to dynamic changes of the Pd state from Pd4+ to Pd2+ that 
was reported to drive C-H bond activation. 

The iterative DFT/ReaxFF workflow summarized in schematic Fig. 6 
represents a very powerful combination of tools that allows for theo
retical consideration of thermodynamic stability and catalytic activity. 
With respect to complex noble metal-support interactions, these tools 
are capable of describing the underlying physical and chemical 
elementary processes in detail. Supplemented by detailed experimental 
insights, the ongoing progress in simulation and modeling of heteroge
neous chemical reactions on the microscopic scale can contribute to a 
rational development of novel materials and processes [69]. 

Further exploitation of the unique properties of ceria can be achieved 
by tuning the morphology of the support material. By comparing the 
methane oxidation activity over Pd-based catalysts supported on CeO2 
that was calcined at different temperatures prior to the addition of Pd, 
Lee et al. [158] found a promotion of methane oxidation for catalysts 
that were supported on ceria calcined at high temperatures of 800 ◦C 
and 950 ◦C. In contrast, the use of supports that were calcined at 500 ◦C 
and 650 ◦C resulted in lower CH4 conversion. This observation was 
explained by fewer defects in the surface of the ceria lattice, which the 
authors believe enhances the reducibility of the support and results in an 
active participation of surface ceria oxygen in the catalytic activity. 
Possibly, a lower concentration of support defects prevents an incor
poration of palladium in the ceria lattice as Pd4+ ions. Such species were 
reported to be inactive for CH4 oxidation by Chen et al. [159], who 
investigated the impact of metal-support interactions by loading PdO 
nanoparticles onto octahedrons, cubes, and rods of nanocrystalline ceria 
and found the highest activity for Pd2+ species that were supported on 
the octahedral ceria support in the form of PdO. 

As an additional parameter, the acid-base properties of the support 
material were identified to crucially affect the methane combustion 
activity [160,161], and, as discussed later, the resistance to water in
hibition and sulfur poisoning. Moderate support acidity was found to 
maximize methane oxidation rates over palladium-based catalysts, 
whereas basic supports such as MgO diminish methane conversion. In 
particular, XAS studies and temperature programmed experiments by 
Yoshida et al. [160] point to a stabilization of the PdO phase over MgO, 
which could hamper the Mars-van-Krevelen redox mechanism that in
volves PdO lattice oxygen. Moreover, Willis et al. [161] suggested that 
also the adsorption of CO2 takes place on MgO, hereby suppressing 
methane adsorption and activation. While basic support materials like 

Fig. 5. Consequence of the Pd-PdO phase transition for methane activation. Reprinted with permission from ref. [124]. Copyright 2013 American Chemical Society.  
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MgO exhibited a substantially lower activity for CH4 oxidation, similar 
reaction rates were found over inert (SiO2), acidic (Al2O3), and 
redox-active (Ce0.8Zr0.2O2) support materials [161], as illustrated in  
Fig. 7a. In order to deconvolute the effect of the support material, 
Murata et al. [162] correlated the turnover frequency (TOF) for methane 
combustion and the standard formation enthalpy (ΔfHM-O

0 ) of the metal 
oxide support and obtained a volcano plot (Fig. 7b). In line with pre
vious studies, the authors were able to control the palladium oxidation 
state by utilizing the noble metal-support interactions. Particularly 
Al2O3, CeO2, and ZrO2 have been identified as suitable supports for 
palladium-based methane oxidation catalysts, since their moderate 
oxide formation enthalpy ensures an optimal reducibility of the PdO 
particles during catalytic methane activation. In contrast, too low for
mation enthalpies cause a lack of active PdO sites, whereas too high 
enthalpies impede the participation of lattice oxygen in the redox 

mechanism. 
These fundamental insights on the noble metal structure and support 

effects provide guidance for designing novel catalyst formulations and 
allow enhancing the catalytic activity of methane oxidation catalysts by 
rational process control. For instance, Pd/Al2O3 catalyst samples that 
were mildly reduced prior to a dynamic light-off test exhibited a higher 
hydrocarbon oxidation activity compared to fully oxidized samples 
[103,128]. Taking the information summarized above into account, 
several phenomena account for this activity boost. An optimal oxidation 
state and a moderate particle size weaken the Pd-O bond, hereby 
ensuring sufficient oxygen provision from the PdO lattice [96,121,125, 
140,163]. In addition, the particle morphology can undergo changes 
during reductive treatment, particularly if this goes along with tem
perature variations [112,117,118], resulting in a change of the surface 
roughness, and also surface adsorbates can be removed by pretreating 

Fig. 6. Combined DFT/ReaxFF workflow for investigating the stability and activity of an oxide-supported metal catalyst. Reprinted with permission from ref. [157]. 
Copyright 2017 American Chemical Society. 

Fig. 7. a) TOFs for Pd-catalyzed CH4 oxidation at 220 ◦C versus the nanocrystal diameter for different support materials. Adapted with permission from ref. [161]. 
Copyright 2017 American Chemical Society. b) Turnover frequencies (TOFs) for Pd-catalyzed CH4 oxidation at 300 ◦C against the standard formation enthalpy of the 
metal oxide support (Pd-particle size of 7 nm). Adapted with permission from ref. [162]. Copyright 2019 American Chemical Society. 
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the catalysts at elevated temperatures, e.g. as high as 475 ◦C [164]. 
Notably, adsorbates do not only include reactants and reaction products, 
e.g. H2O, but also species such as NO or SOx that originate from the 
exhaust gas stream. While under typical working conditions CO2 plays a 
negligible role with respect to competition for active sites on the surface 
of the catalyst [163,165,166], the following sections demonstrate that 
steam and sulfur species pose major challenges for palladium-based 
methane oxidation catalysts. 

3.3. Water inhibition 

Water represents an unavoidable exhaust gas component, which acts 
as a strong inhibitor for methane conversion and causes continuous 
deactivation of palladium catalysts, especially in the low-temperature 
regime [167,168]. Water does not only originate from the combustion 
process in the engine, but also forms during catalytic methane conver
sion. Hence, with reaction time on stream self-inhibition will cause 
deactivation even in the absence of external water [52]. On a molecular 
level, diffuse reflectance infrared Fourier-transform spectroscopy 
(DRIFTS) revealed a pronounced hydroxyl accumulation on the catalyst 
surface [93,169]. Since these hydroxyls block catalytically active sur
face sites that could otherwise catalyze methane C-H bond activation, 
raising water vapor concentrations progressively cause a drop of the 
overall methane conversion rate over palladium catalysts, as depicted in  
Fig. 8. 

With respect to reaction kinetics, power law models suggest a clear 
difference between lean methane oxidation over Pd/Al2O3 under “dry” 
and “wet” conditions: Ribeiro et al. [171] determined an apparent 
activation energy of 85 kJ mol-1 for water-free conditions, whereas van 
Giezen et al. [172] reported 151 kJ mol-1 for a steam-containing gas 
stream. Notably, Burch et al. [165] point to a strong temperature de
pendency of water inhibition, with diminishing inhibitory effects at 
temperatures above 450 ◦C. Ciuparu and Pfefferle [167] did not only 
confirm these findings, but also found the inhibition to be dependent on 
the water concentration, which is also visible in the data shown in Fig. 8. 
Commonly, microkinetic modeling attributes more pronounced inhibi
tion to higher water concentrations, since the surface coverage with 
hydroxyl groups decreases the surface site accessibility, which is crucial 
for methane adsorption and activation over PdO [170]. In this respect, 
hydroxyl functional groups formed during the catalytic reaction impact 
the catalyst even stronger than external water, possibly due to the close 
proximity between noble metal sites and water that facilitates immedi
ate blockage of sites [169,173]. In addition to mere adsorption, specu
lations about a reaction between H2O and palladium oxide leading to the 

formation of Pd(OH)2, which is considered inactive for methane 
oxidation [174–177], have been confirmed by means of in situ XAS 
studies at the Pd K and L edges [178] and by modulation excitation X-ray 
absorption spectroscopy (ME-XAS) combined with XAS spectra simula
tions [179] for alumina-supported catalysts. Pd(OH)2 formation repre
sents an even stronger inhibition mechanism than simple surface 
coverage with hydroxyl functionalities as it results in the formation of an 
actual chemical compound with an ionic structure instead of compa
rably weakly chemisorbed surface adsorbates. Ambient pressure XPS 
experiments by Li et al. [180] corroborate the formation of Pd(OH)2 
upon water exposure as top layer of a Pd foil and underscore that beyond 
inhibition of methane adsorption, a Pd(OH)2 layer also suppresses the 
migration of oxygen from bulk PdO to the surface, i.e. for filling oxygen 
vacancies. By combining DRIFTS and energy-dispersive XAS measure
ments, Velin et al. [93] concluded that water addition hampers the 
redox dynamics of the palladium oxide particles, hereby preventing the 
contribution of lattice oxygen to the methane oxidation reaction. Based 
on their results, the authors also speculate about a shift of the methane 
oxidation mechanism from the Mars-van-Krevelen mechanism with a 
lattice oxygen contribution under dry conditions to a slower 
Langmuir-Hinshelwood mechanism with chemisorbed oxygen under 
wet conditions. 

Since water itself is an omnipresent factor during methane oxidation, 
a wide variety of measures for overcoming water inhibition has been 
evaluated in the past. As hydroxyl accumulation was found on both, the 
noble metal and the support material, namely alumina [169], a variation 
of the support material can be expected to account for improvement 
[181]. As demonstrated by Murata et al. [182], already a change of the 
alumina crystalline phase can mitigate the inhibition by H2O. As shown 
by the turnover frequency plotted in Fig. 9, Pd/α-Al2O3 outperforms 
Pd/θ-Al2O3 or the most commonly studied Pd/γ-Al2O3 catalyst. In 
addition to the particle size dependency already discussed in Section 
3.1, the authors report that the hydrophobic nature of α-Al2O3, which 
was uncovered by means of temperature-programmed desorption (TPD) 
of H2O and infrared (IR) measurements, allows for more pronounced 
adsorption-desorption dynamics of OH/H2O species. 

Particularly in the context of dynamic operation, materials like ceria, 
zirconia or mixed oxides of these are widely used in the field of emission 
control, i.e. for three-way catalysis, as these materials exhibit a high 
oxygen storage capacity and a pronounced oxygen mobility [154,162, 
183]. Consequently, also methane oxidation catalysts could benefit from 
their advantageous properties, e.g. by diminishing the water inhibition 
effect. Strong noble metal-support interactions (SNMSI) allow for an 
oxygen exchange between the palladium oxide particles and the support 

Fig. 8. a) Inhibition of methane conversion with increasing water levels in the feed gas as observed during experimental light-off measurements (square symbols) 
and as described by a microkinetic model (solid lines) that takes the blockage of active surface sites by H2O as an ‘inhibition factor’ into account (b). Adapted with 
permission from ref. [170] under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/). 
Copyright 2020 by the authors. Licensee MDPI, Basel, Switzerland. 
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material, as systematically investigated by Ciuparu et al. [173] for zir
conia- and ceria-zirconia-supported palladium oxide. Oxygen origi
nating from the PdO lattice that was used for CH4 activation leaves 
vacancies, which can either be refilled with oxygen from the gas phase, 
from the support material or with hydroxyl groups. While the latter 
possibility causes catalyst deactivation, the provision of oxygen atoms 
from support materials with high oxygen mobility could represent an 
effective measure to increase the water tolerance of the catalyst, as it 
influences the dynamic behavior of hydroxyl groups and potentially 
decreases their number on the active sites of the catalyst [154,169,173]. 
Similarly, Barrett et al. [178] proposed tin oxide (SnO2) as an alternative 
support for alumina, and attributed the higher activity of Pd/SnO2 to the 
dehydroxylation ability of SnO2 that allows extracting hydroxyls from 
the palladium particles. Although support materials with high oxygen 
mobility can reduce the inhibitory effect of water, a complete suppres
sion of the negative impact by water has been unsuccessful so far. 
Despite their overall lower hydrophobicity in comparison to 
alumina-supported materials [184], the presence of hydroxyl groups on 
ceria-based catalysts, for instance, was found to inhibit oxygen exchange 
from the support to the noble metal, hereby preventing efficient reox
idation of palladium particles [185]. 

Hence, in addition to finding water-tolerant catalyst formulations, 
research efforts have focused on the removal of hydroxyl groups. 
Kikuchi et al. [168] and Escandón et al. [186] report that water inhi
bition is an at least partially reversible process for a relatively wide 
variety of catalyst formulations. Already a simple temporary removal of 
steam from the gas stream engendered a recovery of active sites and a 
regain of catalytic activity. A more efficient desorption of hydroxyl 
groups in particular and surface adsorbates in general can be induced by 
reductive treatment of deactivated palladium catalysts, e.g. as demon
strated by Arosio et al. [187] over a Pd/CeO2/Al2O3 catalyst. Reducing 
conditions – even if applied in a time range of few seconds – do not only 
facilitate desorption of surface species but also reduce palladium parti
cles [103,138,150,187–189]. In this respect, the dynamic redox chem
istry of Pd-PdO influences the catalytic activity, as discussed in the 
previous sections, and influences also the inhibition and poisoning 
tendency. During their experimental investigations of a Pd crystal, 
Nyberg and Uvdal [190] observed hydroxyl formation solely on palla
dium surfaces covered with oxygen, but not on metallic palladium. 
Obviously, metallic palladium is less prone to water inhibition, which is 
indicated also by the activity boost observed after prereducing palla
dium catalysts as already discussed in detail in the previous section [48, 
103,125,138]. The fact that reoxidation of metallic palladium particles 
is a fast process only at the Pd nanoparticle surface leads to a delay in the 
onset of water inhibition since achieving an equilibrium between PdO, 
surface hydroxyls, and Pd(OH)2 requires time. However, as long as the 
surface is not completely covered with hydroxyls, the negative 

inhibitory effect of water is not fully developed. This behavior calls for 
the use of dopants that are less sensitive to H2O and benefit the most 
active phase of palladium. Herein, a variety of studies reported a 
beneficial effect of platinum addition with respect to activity, stability, 
and tolerance towards inhibiting and poisonous species [191–196]. 
These aspects are illustrated in Fig. 10 that shows light-off curves over 
mono- and bimetallic catalysts and the positive influence of Pt-addition 
to palladium. 

Albeit Pt-Pd alloying is a well-established approach for diminishing 
deactivation and water inhibition, the optimal noble metal ratio and the 
underlying phenomena are still under debate. It is consensus that Pt-only 
catalysts show poor activity for lean methane conversion [199] (Fig. 4, 
Fig. 10), however, different bimetallic compositions were suggested for 
gaining superior durability and activity, with Pt:Pd molar ratios ranging 
from 0.1 to 0.5 [193,195,196]. Narui et al. [193] attributed the 
improved durability to the close contact between the two noble metals 
that prevents migration, coalescence, and sintering of 
alumina-supported particles, whereas monometallic palladium particles 
exhibited a strong sintering tendency. Subsequent research strongly 
supports this hypothesis [200] and speculates about a Pd-Pt alloy 
domain that is less prone to water inhibition than monometallic PdO 
domains [201]. In addition, DFT calculations by Hou et al. [202] suggest 
that the platinum directly intervenes in the reaction mechanism by 
increasing the availability of electrons on the noble metal surface, 
hereby weakening the bonding of intermediates. Moreover, it was 
claimed that platinum is capable of stabilizing the metallic palladium 
oxidation state [128,196,200], which is considered less prone for hy
droxylation and hereby may offer a possibility for reducing water inhi
bition. Surface science studies on Pd and Pd-Pt foils by Large et al. [203, 
204] using temperature-programmed near-ambient pressure X-ray 
photoelectron spectroscopy (TP-NAP-XPS) revealed that Pt addition 
inhibits the oxidation of Pd under stoichiometric and lean excess-oxygen 
conditions, but also uncovered a significant restructuring of the bime
tallic alloy upon exposure to reaction gases, i.e. resulting in Pt migration 
towards the bulk. Analogous to bimetallic foils, also bimetallic Pd-Pt 
particles can undergo significant changes during hydrothermal aging 
and during exposure to reactive gas mixtures even at temperatures as 
low as 400–550 ◦C, namely restructuring, de-alloying, and segregation 
[205–208]. Notably, Goodman et al. [206] claim that the segregation of 
a PdO phase in close contact to a bimetallic Pd-Pt phase accounts for 
high activity and stability. Similarly, Yang et al. [209] recently reported 
that PdO-shell-Pt-core clusters, as illustrated in Fig. 11, whose formation 
is induced by an oxidizing atmosphere, benefit methane conversion and 
particularly increase the water resistance of the catalyst. Last but not 
least, Divins et al. [210] found that also the support material is a decisive 
factor and attributed high catalytic activity and robustness of 
Pt-Pd/CeO2 catalysts to the formation of PdOx-Ce species whose 

Fig. 9. Dependence of the TOF on the Pd particle size and on the alumina phase during CH4 oxidation in humid reaction atmosphere. Reprinted with permission from 
ref. [182]. Copyright 2020 American Chemical Society. 
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intimate contact with Pt-Pd/PdO structures represents a unique nano
structure that can only be created by an optimized mechanochemical 
milling preparation strategy. 

Furthermore, experimental data by Hurtado et al. [211] and Grem
minger et al. [166] point to a mitigation of the inhibitory effect of water 
in the presence of nitrogen-containing inorganic gas phase species such 
as NOx. As shown in Fig. 12, the Pd-Pt/Al2O3 catalyst tested by Grem
minger et al. [166] suffered continuous deactivation in the presence of 
12 vol.-% steam, whereas the addition of 120 ppm NO and 30 ppm NO2 
stabilized the catalytic conversion for 100 h of operation. 

Similarly, also NH3 was reported to benefit methane oxidation [211], 
presumably because the noble metal species catalyze ammonia oxida
tion toward NOx [212]. This is remarkable, since similar to water, also 
NO was reported to block the active noble metal sites, hereby sup
pressing methane oxidation [213]. By conducting experiments with 
monometallic palladium and bimetallic Pd-Pt catalysts in a feed gas 
containing H2O and NO, Sadokhina et al. [213] investigated the 
NOx-H2O interplay in more detail. Based on their experimental obser
vations, the authors speculate about a reaction of inactive surface hy
droxyls with NO resulting in the formation of active HNO2 species that 
reduce the negative impact of water. In this respect, Boubnov et al. 
[179] studied the reversible inhibitory effects of H2O and NO by 
ME-XAS and DRIFTS for monometallic Pd/Al2O3 and bimetallic 
Pd-Pt/Al2O3 catalysts. The authors found that both water and NO 
interact with the Pd particle surface as well as with the Al2O3 support, 
with water leading to a pronounced decrease in formate production, 
which was identified as intermediate during complete methane 
oxidation. 

3.4. Sulfur poisoning and catalyst regeneration 

Sulfur species such as H2S or SOx represent some of the most detri
mental catalyst poisons throughout heterogeneous catalysis, since sulfur 
does not only physisorb or chemisorb on the catalyst surface, but 
commonly reacts with the active (noble) metal and the support material, 
hereby causing severe catalyst degradation and deactivation [214]. 
Although the sulfur content of unprocessed natural gas strongly depends 
on its origin and ranges from few ppm up to 1 vol.-% of H2S [215–217], 

Fig. 10. Left: Methane conversion over mono- and bimetallic methane oxidation catalysts supported on alumina. Reprinted with permission from ref. [197]. 
Copyright 2018 Elsevier. Right: Impact of Pt addition on the noble metal-water interaction. Reprinted with permission from ref. [198]. Copyright 2022 Elsevier. 

Fig. 11. Illustration of the active structure of bimetallic Pd-Pt particles. Reprinted with permission from ref. [209]. Copyright 2021 Elsevier.  

Fig. 12. CH4 conversion over a Pd-Pt/Al2O3 catalyst versus reaction time on 
stream in the absence and presence of NOx. Adapted with permission from ref. 
[166]. Copyright 2015 Elsevier. 
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only low sulfur concentrations are present after purification (approxi
mately 1 ppm H2S or SOx). Despite this very low sulfur level, exposure at 
low exhaust temperatures accounts for accumulation of significant sul
fur amounts and concomitant deactivation of palladium-based methane 
oxidation catalysts [218–221]. As illustrated in Fig. 13, the presence of 
5 ppm SO2 causes a pronounced and rapid activity drop at temperatures 
from 400 ◦C to 500 ◦C. 

As revealed by IR spectroscopy and XPS studies, the presence of 
sulfur species under humid lean conditions favors the formation of Pd- 
SOx compounds, i.e. primarily PdSO4, which are inactive for methane 
activation [223–225]. Complementary XAS and energy dispersive X-ray 
spectroscopy (EDXS) measurements of Pd-Pt/Al2O3 and Pd-Pt/CeO2-Z
rO2-Y2O3-La2O3 catalysts, which were poisoned for 15 h at 450 ◦C and 
500 ◦C in a reaction gas mixture containing 5 ppm SO2, provided in
formation on the PdSO4 amounts and sulfur content of the noble metal 
particles, respectively, hereby suggesting a predominant surface 
poisoning [222]. Analogously, DFT predicts surface poisoning rather 
than bulk PdSO4 formation and indicates that particularly the simulta
neous presence of both surface hydroxyls and sulfates causes poor 
catalyst performance [226]. In contrast, platinum suffers less deactiva
tion and its combination with palladium has been demonstrated as a 
feasible approach for obtaining more sulfur-tolerant catalysts [219,220, 
227]. Based on a first-principles thermodynamics study, Sharma et al. 
[228] demonstrated that under lean conditions palladium shows a 
significantly higher tendency to form surface oxide layers compared to 
platinum. The authors identified the amount of oxidized metal surface as 
major factor governing the sulfation behavior of the two noble metals, as 
they found a remarkably higher SO3-to-surface oxide binding strength 
for palladium oxide than for platinum. In this respect, it is important to 
note that sulfur species undergo stepwise oxidation over noble metal 
species, as shown for sulfur poisoning of a Pt/Al2O3 catalyst by Ham
zehlouyan et al. [229,230]: Oxidation catalysts transform sulfur species 
first into SO2 and subsequently into more detrimental SO3. 
Oxygen-precovered Pt(111) surfaces, which likely occur in oxidation 
catalysts operated in the exhaust tailpipe of lean-burn gas engines, 
accelerate SO4 formation [231]. Ultimately, the presence of water en
ables formation of H2SO4, which efficiently reacts with both the support 
material and the noble metal, and consequently has the most dramatic 
impact on catalyst degradation [230]. 

As revealed in a series of systematic studies by Wilburn and Epling 
[227,232–234] on mono- and bimetallic Pd-Pt catalysts supported on 
alumina, sulfur poisoning strongly depends on noble metal particle size, 
noble metal loading, temperature of exposure, and noble metal particle 
composition. While small particles and high palladium loading facilitate 
the formation of thermally stable alumina sulfates, larger particle sizes 
and high platinum contents benefit the formation of less stable species 
that decompose at lower temperature [227,233]. 

Hence, in addition to the noble metal poisoning, the catalyst support 

is as well affected during SO2 exposure. Due to its ability to form surface 
and bulk aluminum sulfites and sulfates, alumina acts as a sulfur trap 
that delays the poisoning process and partially protects the noble metal 
from complete deactivation [197,219,229,235]. Herein, sulfur species 
are adsorbed, oxidized, and transferred to the support, which according 
to Hu and Williams [236] can result in accommodation of more than 
80% of the adsorbed sulfur in the alumina support. Similarly, support 
materials like CeO2, ZrO2 or mixed oxides of these can also form surface 
and bulk sulfites and sulfates [237–241]. This spillover of sulfur species 
from the active phase to the support or even the direct reaction of SO2 
with the metal oxide is more efficient at higher temperatures, hence the 
catalytic activity remains longer and on a higher level compared to the 
typical low-temperature conditions in lean-burn gas engine exhaust 
tailpipes [222,225]. While the exposure of Al2O3 and CeO2 thin films to 
SO2 predominantly results in sulfite (SO3

2-) formation at temperatures 
below 200 ◦C, temperatures of 300–400 ◦C under lean-burn gas engine 
conditions favor the formation of more stable sulfates (SO4

2-) on the 
support [242,243]. In contrast, less sulfating or non-sulfating supports 
like Ti- and Si-doped alumina [244–246] or SiO2-based materials result 
in significantly faster activity drops due to direct noble metal poisoning 
[219,247]. On the other hand, catalysts with less sulfating supports ease 
the release of sulfur species [248], which is a crucial aspect for regen
eration considerations. Hence, optimizing the ratio of different compo
nents in mixed oxide supports, e.g. as demonstrated by Venezia et al. 
[249] for Pd supported on TiO2-doped SiO2, can increase the SO2 
tolerance. More recently, Lin et al. [250] chose a similar approach and 
doped alumina with a variety of elements. As depicted in Fig. 14, the 
authors found a correlation between the sulfur uptake and the surface 
acidity/basicity. Among the tested catalysts, Pd/Zr-Al2O3 was identified 
as most active for CH4 oxidation both in the presence of SO2 and after 
regeneration. 

Although optimized catalyst formulations facilitate the regeneration 
of sulfur poisoned catalysts, the release of sulfur requires considerable 
changes of the reaction conditions, namely temperature and gas 
composition. Excess oxygen, as typically present in the exhaust of lean- 
burn gas engines, stabilizes sulfates and sulfites and impedes their 
decomposition at moderate temperatures [251]. In a lean or inert gas 
stream, full decomposition of bulk sulfates of aluminum, cerium, zir
conium or lanthanum, which are commonly used in catalysts for emis
sion control, requires temperatures above 750 ◦C [222]. In contrast, rich 
conditions benefit catalyst regeneration at lower temperatures by pro
moting not only the reduction of palladium sulfate, but also of 
support-related surface and bulk sulfates [187,218,252–256]. As sug
gested by Arosio et al. [255], rich pulses at 600 ◦C can adequately 
restore the catalytic activity of sulfur-poisoned Pd/Al2O3, whereas lower 
temperatures only allow for partial recovery. Bimetallic Pd-Pt catalysts 
with high Pt loading show a lower tendency to form sulfates at low 
temperature during SO2 poisoning and form a larger amount of species 

Fig. 13. Impact of SO2 on the performance of a Pd-Pt/Al2O3 (a) and of a Pd-Pt/CeO2-ZrO2 (b) methane oxidation catalyst. Reprinted with permission from ref. [222]. 
Copyright 2020 Elsevier. 
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with low decomposition and desorption temperatures than bimetallic 
catalysts with high Pd content [234]. However, the overall regeneration 
efficiency during temperature-programmed reduction (TPR) or desorp
tion (TPD) is lower and the sintering during the regeneration is more 
pronounced for Pd-Pt catalysts with high Pt loading [232,233]. Irre
spective of the noble metal type or loading, rich regeneration at mild 
temperatures typically does not efficiently remove all S-containing 
species formed on the catalyst support. Remaining sulfates such as 
Al2(SO4)3 can cause a re-poisoning of the active noble metal species 
[257]. Similarly, also ceria-containing catalysts remain poisoned to 
some extent, exhibiting a dynamic transformation during lean-rich 
cycling, with Ce2(SO4)3 as predominant species in the presence of 
excess oxygen [238,239] and Ce2O2S during reducing periods [239, 
240]. Nevertheless, replacing alumina by ceria-zirconia as support ma
terial can reduce the sulfur spillover tendency and hereby mitigates the 
need for full decomposition and desorption of sulfur compounds on the 
catalyst [221,258], which is a particularly vital aspect for the long-term 
operation of methane oxidation catalysts. 

With respect to the noble metal state under dynamic poisoning and 
regeneration cycles, recent studies reported the formation of several 
phases depending on the reaction conditions. For elucidating the effect 
of reductive treatment on sulfur-poisoned palladium species, Nissinen 
et al. [259] used powder XRD for investigating a model 4 wt.-% 
PdSO4/Al2O3 catalyst. While the decomposition of PdSO4 in inert at
mosphere yielded metallic palladium, the authors observed a trans
formation of PdSO4 into Pd4S upon exposure to a H2-containing gas 
atmosphere. Notably, Pd4S formation has previously been reported in 
the context of Pd-based hydrogen purification membranes and was 
found to form during a reaction between H2S and metallic palladium 
[260]. Similarly, PdS formation was found during rich regeneration by 
means of XAS measurements [222,258], which was explained by the 
reaction between the noble metal and sulfur-containing species like SO2, 
COS, CS2, and H2S that evolve during the reductive regeneration of 
sulfur poisoned Pd-Pt methane oxidation catalysts [222]. Furthermore, 
during continuous heating in a reductive gas atmosphere, in situ XAS 
revealed the gradual transformation of PdSO4 species to metallic 
palladium around 200 ◦C, followed by the formation of PdS, which 
remained stable in a considerable amount up to 750 ◦C under rich 
conditions [222]. In contrast, excess oxygen transforms PdS immedi
ately into PdO [258], possibly due to the formation and immediate 
spillover of SO2 and SO3 species to the support. This restoration of the 
active PdO species is accompanied by the regain of the catalytic activity. 
Notably, these results underscore that in situ and operando spectroscopic 
studies of the catalyst structure under reaction conditions can be of great 

help for identifying the appropriate conditions for catalyst regeneration. 

3.5. Poisoning by metals and phosphorous 

As underscored by the large number of scientific studies dealing with 
sulfur poisoning, it is consensus that sulfur is the most relevant catalyst 
poison for methane oxidation catalysts. However, apart from sulfur 
there are also other trace compounds in the engine exhaust that can 
cause catalyst deactivation, namely phosphorous (P), silicon (Si), iron 
(Fe), nickel (Ni), zinc (Zn), lead (Pb), calcium (Ca), or magnesium (Mg) 
[20,214,261–264]. Among these species that can originate from lubri
cants, the fuel itself, or in the case of iron from the engine and exhaust 
tailpipe parts, phosphorous and silicon are of major concern. In contrast, 
the significance of other species dropped in the past years, primarily due 
to advances in lubricant design allowing the replacement of harmful 
substances by less critical ones. Although the majority of studies 
addressing metal and phosphorous poisoning were conducted for diesel 
oxidation catalysts, the phenomena can essentially directly be trans
ferred to methane oxidation catalysts in natural gas engine exhausts, 
since in both cases the exhaust gas is lean and the oxidation catalyst is 
frequently based on the noble metals Pd and Pt. Similarly, a number of 
findings from studies on TWC deactivation are also relevant for methane 
oxidation catalysts and are therefore discussed in the following. 

Phosphorous is a common additive in lubricating oils and can react 
with ceria and alumina in the catalyst washcoat, thereby forming 
phosphates such as CePO4 and AlPO4 [20,262,265–267], but can also 
react with other contaminants such as Ca or Zn to form Ca3(PO4)2 or 
Zn2P2O7, respectively [262,268,269]. In contrast to other species such 
as sodium (Na) or potassium (K), which are frequently found evenly 
distributed throughout the entire catalyst washcoat [270,271], P seems 
to accumulate predominantly at the inlet zone of the catalyst sample and 
on the washcoat surface [262,272–276]. The reaction of the washcoat 
with P and the P-containing deposits can not only result in the formation 
of an overlayer that decreases the surface area and masks or blocks 
active sites and noble metal particles, respectively, but can also reduce 
the oxygen storage capacity, change the redox properties, and influence 
the interactions between the noble metal and the support [267,269,272, 
277–280]. Notably, the P-induced (approximately 2.5 wt.-% P) decrease 
of the noble metal reducibility was recently reported to strongly affect 
NO oxidation over an engine-aged Pt-Pd/Al2O3 diesel oxidation catalyst 
(Pt:Pd ratio of approximately 5:2), whereas CO and HC oxidation 
remained mostly unaffected [280]. Moreover, in situ X-ray absorption 
near edge structure (XANES) measurements of P-poisoned 1.2 wt.-% 
Pt-Pd bimetallic oxidation catalysts (Pt:Pd mass ratio of 3:1) by Bergman 

Fig. 14. Correlation of acidity/basicity of the support material with the sulfur content after sulfation and the temperature of 90% CH4 conversion over palladium 
catalysts supported on doped alumina. Reprinted with permission from ref. [250]. Copyright 2022 Elsevier. 
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et al. [271] uncovered that the co-localization of phosphorous and the 
noble metal decreases the reducibility of the catalytically active material 
and hereby influences the conversion of pollutants. 

The continuous replacement of fossil natural gas by sustainable 
biomethane increases the relevance of Si poisoning. While the levels in 
farm biogas are comparably low, especially sewage and landfill digester 
gases that are sources of biomethane and that enjoy growing popularity 
contain significant amounts of organic silicon compounds, typically in 
the form of siloxanes [281–284]. These cannot only damage the com
bustion engine due to the formation of solid Si-based deposits [285], but 
can also accumulate in the catalyst. It is well known that Si from biogas 
can act as a strong catalyst poison for a variety of reactions and pro
cesses, e.g. during catalytic dry reforming [286] and steam reforming 
[287] of biogas over Ni-based catalysts. However, so far only few studies 
in the field of emission control investigated the distribution of Si in 
catalytic converters. Rokosz et al. [262] investigated catalysts from high 
mileage taxis, namely monolithic Pd-based catalysts exhibiting a 
two-layer washcoat with ceria as a bottom layer and alumina as a top 
layer by means of electron probe microanalysis (EPMA) combined with 
wavelength-dispersive X-ray spectroscopy (WDXS). The authors found a 
thin layer of silicon on the washcoat, which was covered by another 
overlayer consisting of engine oil-related contaminants like P, Ca, Zn, 
and Mg. It was assumed that silicone elastomer engine sealants that 
out-gas early in the life of the vehicle caused the deposition of silica or 
silicates. Analogously, Winkler et al. [264] found Si deposits on an 
engine-aged DOC mainly between the washcoat and the P- and 
Zn-containing contaminant overlayer; as a consequence of the 
poisoning, the activity for NO and propene conversion was substantially 
shifted to higher temperatures. In the same study, an EDXS analysis of a 
vehicle-aged TWC uncovered an island-like, non-uniform distribution of 
Si that strongly resembled the distribution of Ca and Mg on the TWC, but 
with an only minor effect on CH4 conversion [264]. 

Regarding regeneration, washing of deactivated catalysts with weak 
acid solutions such as acetic acid [288], citric acid [289–292], and 
oxalic acid seems to be a promising approach to remove P, S, Ca, and Zn 
[262,292,293]. When washing Pd/Rh-based TWCs containing 1.9 wt.-% 
P for 30 min in an oxalic acid solution (followed by a distilled water 
rinse), Darr et al. [293] were able to remove approximately 82% of P, 
whereas only 54% were removed when using a citric acid washing so
lution and essentially no P removal was achieved with acetic acid. In 
contrast, the results by Angelidis et al. [288] suggest that the regener
ation works also with mild acetic acid as long as the leaching conditions 
such as acid concentration, solution feed rate, and temperature are 
optimized. However, frequently only a partial regain of the catalytic 
activity can be achieved and contaminant traces remain on the catalyst 
even after acidic washing [293,294]. Equally important, the acidic 
treatment can induce changes of the physicochemical properties of 
cordierite substrates [295] that can be considered irreversible. There
fore, weak acids should be preferred over stronger acids whenever 
possible. 

All in all, the most effective measure to avoid poisoning by metals 
and phosphorous is to completely avoid these species in the exhaust or at 
least to keep their levels as low as possible. While a careful choice of 
lubricating oil is a direct engine-related measure, the purification of 
(bio)gas can particularly help alleviating sulfur and silicon poisoning. In 
this regard, a variety of promising techniques that mostly rely on effi
cient absorbers or adsorbers for removing sulfur species and siloxanes 
from biogas have been developed [7,296–300]. Since phosphorous can 
hardly be avoided completely, innovative washcoat technologies are 
necessary to mitigate P-poisoning [301]. For instance, a controlled 
modification of the support with phosphorous during catalyst synthesis 
can enhance the P-tolerance of noble metal-based oxidation catalysts. As 
recently demonstrated by Zhang et al. [302], Pd supported on a 
phosphate-modified alumina maintains the catalytic activity under 
conditions relevant to stoichiometrically operated natural gas engines. 
In addition, Jianjun et al. [303] observed a stabilization of palladium in 

its active PdO form, which they suggested is due to the electronic 
interaction between the Pd particles and the P additive. 

3.6. Implications for modern catalytic converters and operation 
procedures 

The previous sections, which provide an overview on fundamental 
aspects of palladium-based methane oxidation catalysts, emphasize that 
both activity and durability heavily depend on manifold factors like 
catalyst formulation, noble metal state, gas composition, and tempera
ture. Since with transient engine operation also catalysts can undergo 
highly dynamic changes, tracking the state of the active sites is a pre
requisite for further developing catalytic converters and for tuning the 
operation conditions to ensure long-lasting and efficient methane con
version. Besides applying high-temperature regeneration procedures 
once the activity decreased considerably, more recent studies showed 
that periodic regeneration under milder conditions is a promising 
approach for maintaining a high methane conversion. Reductive pulsing 
on a regular basis can alleviate the severe yet reversible water inhibition 
on palladium-based catalysts and does not only ensure high CH4 con
version during long-term operation as first demonstrated by Ciuparu 
et al. [138] and later confirmed by Petrov et al. [150], but also repre
sents an efficient in situ activation strategy for Pd-based catalysts. 
During and after reductive pulsing, Karinshak et al. [188] reported a 
higher activity compared to that of a fully oxidized catalyst and 
explained this observation by a threefold effect. First, rich conditions 
remove surface adsorbates such as hydroxyls from the catalyst, which 
restores surface sites making them available for adsorption of reagents. 
Second, at least at the noble metal surface short phases of oxygen defi
ciency facilitate the reduction of PdO to metallic Pd, which is less prone 
to adsorption of hydroxyl species. However, this is just an interim state, 
as Pd can rapidly reoxidize to surface PdO once the operation switches 
back to lean conditions. And third, catalysts are dynamic, particularly 
under dynamic oxidation-reduction cycles. Hence, reductive pulsing can 
influence the noble metal particle size and morphology, hereby ampli
fying phenomena like surface roughening and slight particle sintering, 
which can ultimately promote methane conversion over Pd-based cat
alysts. By means of operando XAS data during dynamic operation of a 
Pd/Al2O3 catalyst by applying short reducing pulses (SRP), Franken 
et al. [189] confirmed these findings and demonstrated the suitability of 
reducing pulses for reactivating Pd/Al2O3 samples that have been sub
ject to harsh thermal aging at 800 ◦C for 60 h or to hydrothermal aging 
at 600 ◦C for 24 h. Fig. 15 summarizes the great potential of transferring 
insights gained by comprehensive testing and characterization to 
application-relevant real-world conditions. Similar oxidizing/reducing 
pulses were previously used to tune the noble metal particle size and 
state, and thus the performance of diesel oxidation catalysts [304]. 

Analogously, the periodic reductive treatment is a feasible strategy 
to overcome catalyst deactivation caused by sulfur species. Engine test 
bench runs conducted under lean conditions for a Pd-Pt/CeO2-ZrO2 
catalyst by Gremminger et al. [221] demonstrate the feasibility of short 
reducing pulses on a regular basis for maintaining sufficient methane 
conversion at a moderate exhaust temperature of approximately 450 ◦C 
in the presence of 0.3 ppm SO2 (Fig. 16). Similarly, during continuous 
engine operation at 550 ◦C under lean conditions, Lehtoranta et al. 
[305] report regeneration by switching the engine driving mode to 
stoichiometric conditions for several minutes per day as a suitable 
approach for preserving the catalytic activity of a Pd-Pt methane 
oxidation catalyst in a gas stream containing 0.5 ppm SO2. Notably, the 
bimetallic oxidation catalyst ensures formaldehyde conversion rates of 
more than 95%, irrespective of the aging state of the catalyst [221]. This 
underscores that for the abatement of HCHO emissions diffusion limi
tation as discussed below (cf. Section 4) is the decisive factor rather than 
catalyst deactivation. 

Exploiting interactions between real-world exhaust gas components 
can open up additional opportunities for diminishing undesired 
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deactivation effects. While the presence of steam was found to intensify 
sulfur poisoning compared to a dry gas stream [223,224], the presence 
of water vapor in a reductive gas mixture facilitates desulfation of 
poisoned noble metal catalysts. Steam did not only reduce the onset 
temperature of sulfur desorption [306], but also increased the total 
amount of desorbed sulfur species, hereby restoring the catalytic activity 
more efficiently than a dry oxygen-free gas mixture [222]. Possible ex
planations range from a lower desorption energy in the presence of 
water, since support-related sulfates in the form of (Al3O3)SO can react 
with water and form (Al2O2)SO(OH) [307], to a steam reforming reac
tion between methane and water that results in the formation of H2 
species, which ultimately contribute to a surface regeneration via H2S 
release [222]. 

With respect to the gas atmosphere, several recent studies report a 
lower SO2-induced deactivation rate of Pd-Pt methane oxidation cata
lysts if NOx is present in the gas stream [197,258,308]. Sadokhina et al. 
[197] suggest that under these conditions an increased tendency of 
surface sulfite formation and a lower sulfate formation rate are 
encountered. Similarly, Auvinen et al. [308] propose a strong compe
tition for active sites among SO2 and NOx. Noble metal sites temporarily 
blocked by NOx could enforce a spillover of SOx to the support, hereby 
leading to Al2(SO4)3 formation instead of catalytically inactive PdSO4. 

Despite these promising observations on the effect of the gas mixture 
composition, the results point to the need for more fundamental insights 
into these processes for a rational usage. In this regard, studies that 
consider different length- and time-scales are of special value. A series of 
studies on CO oxidation over Pt/CeO2 catalysts, which is frequently used 
as a model system for investigating catalyst dynamics, profoundly 
demonstrated the feasibility of exploiting dynamic operation conditions 
for maximizing the catalyst performance in lab-scale setups, i.e. as 
achieved by well-defined temporary lean-rich cycling that offers an 
elegant way for tuning the particle size, structure, and oxidation state of 
oxidation catalysts [304,309–312]. Notably, spatiotemporal insights 
from IR thermography and spatially resolved XAS measurements on 
model-like powder catalysts could recently be transferred to realistic 
monolithic samples [313]. Herein, spatial profiling (also known as 
SpaciMS or SpaciPro [188,314,315]) allowed the presence of different 
reaction zones and noble metal particle size gradients along the mono
lithic oxidation catalyst to be uncovered, which may ultimately be the 
basis for generating highly efficient reaction zones for a variety of pol
lutants along a single catalyst. 

3.7. Alternative design options for the exhaust gas after-treatment 
architecture 

Apart from the endeavor to optimize conventional catalyst formu
lations and operation procedures, also additional technical elements in 
the tailpipe design have been proposed for ensuring high and long- 
lasting methane conversion. Kinnunen et al. [316] demonstrated the 
potential of combining existing technologies by placing a traditional 
Pd-Rh three-way catalyst upstream of a methane oxidation catalyst. The 
TWC with its at least temporary good sulfur storage ability did not only 
increase the sulfur tolerance of the overall catalyst system during lean 
operation, but also produced reducing agents under rich conditions, 
hereby promoting the regeneration of the downstream Pd-Pt methane 
oxidation catalyst. Similarly, also an upstream diesel oxidation catalyst 
(DOC) can substantially increase the catalytic methane conversion 
performance and durability [317]. While this approach provides 
impressive results at a model-like synthetic gas test bench with respect 
to methane conversion, secondary emissions due to the formation of 
undesired by-products like N2O or NH3, particularly during regenerative 
periods, represent a major challenge [317]. Hence, a careful control of 
the exhaust gas composition and regeneration timing is necessary to 
minimize secondary emissions. Current EURO VI emission legislation for 
a lean-operated natural gas engine [318], for instance, can be met by a 
well-harmonized after-treatment system. Notably, the upcoming EURO 
VII regulations [319,320] will add even more complexity to the tailpipe 

Fig. 15. a) Methane conversion and phase content of Pd/Al2O3 as followed by operando XAS during dynamic operation and b) comparative light-off measurements 
under static and dynamic conditions with reductive pulsing equalizing hydrothermal aging. Adapted with permission from ref. [189]. Copyright 2021 American 
Chemical Society. 

Fig. 16. CH4 conversion as function of time over a monolithic Pd-Pt/CeO2-ZrO2 
catalyst operated behind a natural gas engine running at λ = 1.68 (2680 ppm 
CH4, 660 ppm CO, 7.5 vol.-% CO2, 7.7 vol.-% O2, approximately 0.3 ppm S- 
species) with temporary switches to λ < 1. Reprinted with permission from ref. 
[221]. Copyright 2017 Elsevier. 
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design and operation procedures, since the emission limits will also 
comprise exhaust species that remained unregulated so far. Particularly 
avoiding the formation of the strong greenhouse gas N2O, which does 
not only form during regeneration of the aforementioned catalyst system 
[317], but which can also form over Pd-Pt oxidation catalysts as a 
consequence of interactions between hydrocarbons and NOx [321,322], 
is crucial. 

In search of an efficient and low-cost method for CH4 reduction, 
Keenan et al. [323] suggested the use of ozone (O3) rather than oxygen 
for oxidizing methane, resulting in up to 60% CH4 conversion at 220 ◦C 
over an iron-containing zeolite (Fe-BEA). Although the gas composition 
of 200 ppm CH4, 150 ppm CO, and only 3 vol.-% H2O contains unreal
istic low methane and water levels, the concept of exploiting ozone as an 
enabler for low-temperature methane oxidation appears interesting, 
particularly for stationary large-bore engines. More recently, Yasumura 
et al. [324] exploited a computer-based automated reaction route 
mapping to design main-group element-based catalysts containing Si 
and Al for low-temperature CH4 combustion with O3. The developed 
proton-type beta zeolite was demonstrated to be water- and 
sulfur-tolerant and was found more active than a 5 wt.-% Pd/Al2O3 
benchmark catalyst at temperatures between approximately 100 ◦C and 
300 ◦C, whereas at higher temperatures the Pd-based catalyst was more 
active. When considering an upscaling to real-world applications, the 
ozone generation itself needs to be embedded into a holistic process 
design, since in addition to the energy consumption for ozone genera
tion, also NOx formation needs to be minimized by choosing a suitable 
generator design [325]. 

4. Formaldehyde emission control 

Removal of formaldehyde is important not only because its high 
reactivity can lead to ozone formation [326], but especially due to its 
classification as carcinogenic and toxic compound [35,327]. In addition 
to indoor sources, the outdoor emission of formaldehyde and other 
carbonyl compounds due to industrialization, increased mobility, and 
energy consumption has become of major environmental concern [328]. 
Recent studies show that formaldehyde emissions potentially can be 
generated from both conventional and renewable fuels used for trans
portation and in power plants for energy production [329–332]. In the 
following the formation and catalytic conversion of formaldehyde is 
discussed in detail for natural gas applications. 

4.1. Formaldehyde formation 

Despite formaldehyde being suggested as an intermediate compound 
during methane combustion, its formation as a product is not thermo
dynamically favored during homogeneous combustion of premixed CH4- 
air mixtures under lean conditions (<1 ppb, [333,334]). Hence, the 
presence of this partial oxidation product in the exhaust of most natural 
gas engines (over 50 ppm [334,335]) indicates that other factors 
contribute to HCHO generation. According to Mitchell and Olsen [32], 
formaldehyde formed in the upstream part is consumed in the down
stream region of a self-propagating flame leading to no emissions. At the 
same time, the authors claim that partial oxidation at sufficiently low 
temperatures to prevent further conversion could lead to formaldehyde 
emissions, as for instance present at cold walls, crevices [334], or cold 
regions of the flame (400 – 800 K, [33]) due to incomplete fuel-air 
mixing zones. Several studies have shown that the engine type and 
operating parameters such as air-to-fuel ratio, ignition timing, 
compression ratio, and engine speed can significantly affect formalde
hyde emissions [33,37,336]. When completely switching a dual-fuel 
marine engine from diesel fuel to natural gas, a remarkable reduction 
of PM, NOx, and CO2 concentrations was detected of about 93%, 92%, 
and 18%, respectively [337]. However, this occurred along with a 
simultaneous increase in formaldehyde and carbon monoxide emissions 
by factors of 6 and 4, respectively, and CH4 increased from less than 

0.002 g/kWh to 11.5 g/kWh. Similarly, Zavala et al. [338] reported 
formaldehyde emissions of up to 9 g/kWh, depending on the operation 
mode (reactivity-controlled compression ignition or conventional 
dual-fuel combustion) for a dual-fueled natural gas-diesel engine 
equipped with a dual-loop EGR system. With respect to the air-to-fuel 
ratio, Bauer and Wachtmeister [33] showed a clear increase in HCHO 
emissions at higher lambda values that correspond to leaner conditions. 
Furthermore, Van Roekel et al. [339] found that implementing an 
exhaust gas recirculation system to a stoichiometric natural gas engine 
results in higher formaldehyde emissions due to the lower combustion 
temperatures. 

Fuel composition has as well an effect not only on the formaldehyde 
concentration in the exhaust gases but also on the formation of further 
aldehydes and ketones. By sampling the exhaust gases of vehicles 
operated exclusively on natural gas and of dual-fueled vehicles running 
on natural gas or gasohol/alcohol/diesel, Correa and Arbilla [340] 
correlated the increase of formaldehyde emissions with the increased 
use of compressed natural gas. Moreover, when using biomethane 
containing 98.69 vol.-% CH4 and 1.31 vol.-% CO2 for a stoichiometric 
natural gas engine, Lee et al. [331] found higher concentrations of 
formaldehyde and acetaldehyde in the engine-out gas stream in com
parison to the values measured for the corresponding engine fueled with 
compressed natural gas (CNG; 91.33 vol.-% CH4, 8.45 vol.-% 
C2-C5-species, 0.22 vol.-% N-species). Investigations by Karavalakis 
et al. [341,342] on the influence of high methane and/or high Wobbe 
number fuels on the emissions of lean-burn and stoichiometric natural 
gas heavy-duty vehicles showed that fuels with lower methane content 
and lean-burn vehicles produce higher aldehyde emissions, but for all 
vehicles tested formaldehyde was the aldehyde emitted most, followed 
by acetaldehyde. The authors assigned the formation of formaldehyde 
not only to methane but also to ethane presence. The formation of 
formaldehyde as a by-product of hydrocarbon oxidation was reported to 
occur even over NH3-SCR catalysts, as previously observed for 
V2O5-based [343–346] as well as for Fe-zeolite and Cu-zeolite catalysts 
[347,348]. For all emission cases, finding a catalyst formulation suitable 
to remove formaldehyde over a broad temperature range is mandatory. 

4.2. Oxidation catalysts and reaction mechanism 

As formaldehyde is emitted also by various household and industrial 
indoor pollution sources, its removal by complete oxidation according to 
Eq. 28 at low temperatures has been highly desired in recent years 
[349–357].  

HCHO + O2 → CO2 + H2O                                                           (28) 

Numerous non-noble metal and noble metal-based catalysts have 
been reported, which are discussed in detail in the review papers by 
Yusuf et al. [358] and Guo et al. [359]. Among the non-noble metals, 
Mn, Co, Ce, Sn, and their combination were considered as suitable cat
alysts; among the noble metals, Au, Ag, Pt, Pd, and Rh on various sup
ports were investigated at low temperatures. While the majority of these 
catalysts was mostly studied under simplified reaction conditions, a 
number of studies was conducted also for combustion engine applica
tions running on liquid [42,336,360–364] or gaseous [38,42,340,343, 
360,365,366] fuels that considered HCHO as relevant pollutant. 

Mehne and Kureti investigated commercial α-Fe2O3 catalysts with 
respect to their activity for CH4 and HCHO conversion [335]. Despite the 
poor performance for methane oxidation, these catalysts showed a 
promising activity for formaldehyde conversion above 300 ◦C via a re
action mechanism involving OH surface groups, which was confirmed 
by tests on a stationary biomethane engine. In contrast, the participation 
of support lattice O was suggested to contribute to formaldehyde 
oxidation for a Mn-doped CeO2 catalyst upon formaldehyde adsorption 
and C-H bond cleavage in a Mars-van-Krevelen mechanism [367,368]. 
This does not exclude O2 adsorption at ceria-oxygen-vacancy/defect 
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sites next to Mn, leading to a Langmuir-Hinshelwood-like mechanism 
according to DFT calculations [368]. 

The possibility of using NH3-SCR catalysts for 2-way SCRonDPF ap
plications [369–371] represented one of the driving forces for investi
gating the activity of this class of catalysts for hydrocarbon removal, 
including also formaldehyde oxidation. In a study of Zheng et al. [344], 
it was shown that a promising formaldehyde conversion can be achieved 
with a conventional V2O5-WO3-TiO2 catalyst. However, the oxidation 
process is not highly selective towards CO2 formation and leads to CO 
emissions. Additionally, through a reaction involving NH3, formalde
hyde is converted also to highly toxic HCN [372], as discussed in detail 
in the following sections. 

For further increasing the formaldehyde oxidation to CO2 and H2O at 
lower temperatures and under more demanding reaction conditions, 
noble metal-based catalysts seem to be the most suitable systems, 
especially when platinum is chosen as active component [373–375]. 
When comparing a series of noble metal catalysts supported on TiO2, 
Zhang and He [375] found Pt/TiO2 as the most efficient in comparison 
to Rh-, Pd-, and Au-based samples, converting formaldehyde already at 
room temperature in a model gas mixture containing 100 ppm HCHO 
and 20 vol.-% O2 in balance He. A simplified mechanistic scheme was 
proposed based on DRIFTS measurements with dioxymethylene, 
formate, and adsorbed CO species as reaction intermediates for HCHO 
oxidation, and with the conversion of formate to adsorbed CO as the rate 
determining step. Based on results from XPS and kinetic performance 
tests, Huang et al. [351] claimed that metallic platinum rather than PtOx 
results in high HCHO conversion rates over Pt/TiO2, which is supported 
by later investigations on similar Pt catalysts by means of XAS mea
surements [246]. McCabe and McCready [376] proposed formaldehyde 
decomposition via dissociative adsorption on platinum sites leading to 
hydrogen abstraction from HCHO and a subsequent reaction with oxy
gen adsorbed on the surface. Similarly, a surface science study by Attard 
et al. [377] combining low-energy electron diffraction (LEED), XPS, and 
temperature-programmed reaction spectroscopy (TPRS) reports a HCHO 
split into hydrogen atoms and CO over a clean Pt(110) surface, whereas 
the presence of surface oxygen changes the mechanism. Particularly in a 
highly lean atmosphere (excess oxygen), microkinetic modeling sug
gests HCHO decomposition via an oxygen-assisted mechanism, in which 
surface oxygen acts as the most abundant reaction intermediate (MARI) 
and CO is oxidized via a Langmuir-Hinshelwood mechanism [378,379]. 
These possible reaction paths were summarized by Torkashvand et al. 
[379] (shown here in Fig. 17) and were included in a numerical model 
based on 30 elementary-like-steps among six gas phase and ten surface 
species. 

The formaldehyde oxidation mechanism on the Pt/TiO2(101) surface 
was further investigated by Li et al. [380] using DFT calculations. For 
this system containing highly dispersed Pt atoms, the dehydrogenation 
of formaldehyde is suggested to occur at Pt-5cTi (5-fold-coordinated 
titanium atoms) bridged sites with the reaction pathway in the presence 
of oxygen including HCHO → HCOOH → HCOO → CO2 as intermediates. 

Replacing TiO2 with another support may lead to variations in Pt 

particle size and oxidation state, which directly affects the catalyst 
performance. Moreover, a strong interaction with the support is ex
pected to prevent strong sintering during exposure to high temperatures. 
For a rather inert support like γ-Al2O3, over 90% conversion of form
aldehyde was found by Sodhi et al. [361] for a 5 wt.-%Pt/γ-Al2O3 
catalyst at an oxygen-to-formaldehyde ratio over 2 in a dry gas mixture. 
Recently, the influence of a γ-Al2O3 support was directly compared with 
that of TiO2-SiO2 (9:1 wt. ratio) for a 0.5 wt.-% Pt catalyst [246]. In a 
model gas mixture containing 80 ppm HCHO, 10 vol.-% O2, 12 vol.-% 
H2O, and 6 vol.-% CO2 balanced in N2, after an initial activation by a 
slight reduction of Pt species, 75% formaldehyde conversion could be 
reached at 160 ◦C for the alumina-supported catalysts, whereas the same 
conversion was obtained at 180 ◦C for the TiO2-SiO2-supported sample. 
The difference in activity was explained by the lower dispersion of Pt 
particles on the TiO2-SiO2 support in comparison to that attained on the 
high surface area alumina. By doping a Pt/nanosized Al2O3 catalyst with 
sodium (Na), the concentration of the noble metal could be further 
reduced to only 0.05 wt.-% while maintaining a very high formaldehyde 
conversion at room temperature via a mechanism involving surface OH 
groups [381]. 

Although the corresponding Pd-catalyst shows an inferior low- 
temperature activity and full conversion is achieved only above 
300 ◦C, the use of a typical Pd-Pt bimetallic methane oxidation system 
supported on alumina (3 wt.-% total noble metal loading, Pd:Pt = 5:1) 
results in a good formaldehyde conversion above 175 ◦C when choosing 
a model gas mixture containing 12 vol.-% O2, 12 vol.-% H2O, 6 vol.-% 
CO2, 3000 ppm CH4, 1000 ppm NO, and 100 ppm HCHO in balance N2 
(Fig. 18) [49]. Hence, using bimetallic Pd-Pt oxidation catalysts may be 
the technically and economically most attractive approach to simulta
neously cope with CH4 and HCHO emissions in lean natural gas engine 
exhausts. 

The influence of the gas mixture on the activity of monometallic Pt- 
catalysts was systematically investigated by Schedlbauer et al. [246]. 
Irrespective of the catalyst support (Al2O3 or TiO2-SiO2), the addition of 
700 ppm CO to the model gas mixture containing 80 ppm HCHO, 
12 vol.-% H2O, 10 vol.-% O2 in balance N2 shows two effects: an activity 
decrease at temperatures lower than the CO oxidation ignition temper
ature and an improvement of the formaldehyde conversion at higher 
temperatures. At low temperatures when no CO conversion takes place, 
platinum catalysts suffer from strong inhibition by carbon monoxide, 
presumably due to a stronger adsorption tendency compared to form
aldehyde [49,246,382]. In line with the HCHO conversion mechanism 
over platinum involving CO surface species [350,376–379], this ulti
mately causes a negative reaction order with respect to formaldehyde 
conversion [49]. However, with an increasing temperature the presence 
of CO promotes the reduction of platinum particles to metallic platinum 
sites [383], which are considered the most active for HCHO oxidation 
[351]. 

In contrast to the monometallic Pt/Al2O3 catalyst, a Pd/Al2O3 sam
ple does not seem to be affected by CO presence, whereas a slight in
hibition is shown over a bimetallic Pd-Pt/Al2O3 catalyst (Fig. 18). If NOx 
(350 ppm NO and 200 ppm NO2) is added to the gas mixture, a signif
icant decrease of the low-temperature activity is observed. Analogous to 
previous findings on CO and propylene (C3H6) oxidation over Pt/Al2O3 
diesel oxidation catalysts [384], NOx strongly competes with HCHO for 
surface sites and particularly NO2 could oxidize platinum sites, which 
explains the observed inhibition [246]. The inevitable exhaust gas 
component water, on the other hand, which poses a major challenge for 
methane oxidation over palladium, does not show a negative impact on 
formaldehyde conversion over platinum catalysts [49]. 

4.3. Realistic conditions and related challenges 

Considered as a compound posing the greatest concern to human 
health, formaldehyde concentration has been monitored for decades in 
the exhaust of different lean or stoichiometric combustion engines 

Fig. 17. Reaction scheme of formaldehyde conversion over platinum. Reprin
ted with permission from ref. [379]. Copyright 2018 Springer Nature. 
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fueled with gasoline, diesel or alternative fuels including natural gas. 
For both stationary and mobile sources, a clear positive effect of 
commercially applied technologies ranging from oxidation catalysts and 
three-way catalysts to EURO IV or SULEV vehicles has been observed, as 
summarized by Zhu et al. [385] for the time frame until 2003. In gen
eral, the extent of formaldehyde removal increased over time with up to 
95% conversion when increasing the complexity of the catalytic after
treatment system. For fulfilling newer and more stringent emission 
regulations the possibility of using stoichiometric CNG engines for 
heavy-duty applications has been explored by several manufactures 
[386,387]. The work of Hesterberg et al. [44] directly compares the 
emissions from vehicles fueled with diesel or CNG (lean and stoichio
metric engines) relative to the catalyst technology used. Up to 98% of 
the formaldehyde emissions were reduced over an oxidation catalyst 
under lean conditions and complete conversion was achieved with a 
TWC. Analogous, by using a more advanced TWC technology, the 
formaldehyde concentration is decreased to levels found in background 
air [388], which is in line with another similar study by Lemel et al. 
[336]. Furthermore, Badrinarayanan et al. [389] evaluated five different 
commercial oxidation catalysts for their ability to reduce emissions of 
partial combustion products (CO, HCHO, and VOCs (volatile organic 
compounds)) of a lean-burn natural gas engine used for power genera
tion. Different activity profiles were revealed with a maximum formal
dehyde conversion of 90–96% but limited activity at low temperatures 
for most tested catalyst technologies, which is also in agreement with 
similar investigations [390]. Most of these catalysts are based on 
different loadings of one or two noble metals among Pt, Pd, and Rh 
[385]. Even more advanced or structured catalysts contain at least one 
noble metal-based component [364]. For all these catalyst formulations 
catalyst deactivation may occur due to catalyst poisoning and thermal 
aging under the exhaust conditions of a natural gas engine. Especially 
sulfur poisoning is known to severely affect Pd- or Pd-Pt-based catalysts, 
as described in detail in the previous sections. For state-of-the-art 
Pt-only oxidation catalysts, long-term lean operation, i.e. 100 h, at 
500 ◦C under sulfur-free synthetic exhaust gas conditions does not 
considerably affect their formaldehyde conversion ability, which was 
maintained at around 95% above 200 ◦C [391]. 

However, although sulfur affects platinum significantly less than 
palladium [228], sulfur poisoning has been observed also in the context 
of platinum-based oxidation catalysts operated in lean atmosphere [230, 
392–394]. As already comprehensively discussed in the section on 
bimetallic methane oxidation catalysts, platinum efficiently oxidizes 
sulfur species to SO2 and finally SO3, which is then transferred to the 
support material. Schedlbauer et al. [391] investigated the effect of low 
and high SO2 concentrations (1.75 ppm versus 7 ppm) in the gas mixture 
under steady-state and transient reaction conditions for a series of 

commercial platinum catalysts. It was found that only the 
low-temperature activity for formaldehyde oxidation is affected if the 
catalyst is poisoned at 500 ◦C for 100 h; herein, the deactivation extent 
increased with the SO2 concentration in the gas stream. A more pro
nounced deactivation was observed upon SO2 poisoning under transient 
conditions, i.e. a light-off shift towards higher temperatures and a 
decrease of the maximum conversion at 500 ◦C by 5–10%, which sug
gests sintering of the noble particles and morphological changes that 
commonly occur during long-term operation of noble metal catalysts as 
described by Hansen et al. [395]. Notably, the transient lab-scale aging 
cycles resulted in a similar conversion profile to that obtained after 
approximately 200 days of field aging at a block heat and power plant 
operated with biogas (approximately 3.5 ppm S) [391]. The same trends 
were observed during field aging of a commercial Pt-Al2O3 catalyst in 
the exhaust of a stationary two-stroke lean-burn natural gas engine 
supplied with fuel directly from the city pipeline [396]. In addition to 
uniform sulfur deposition over approximately two months of continuous 
operation, phosphorous (P) and zinc (Zn) originating from lubrication 
oil were found to accumulate first at the front and then in the middle and 
rear of the periodically analyzed catalyst core. As illustrated in Fig. 19, 
the light-off temperature for formaldehyde conversion increased by 
about 50 ◦C, accompanied by a drop in the maximum reduction effi
ciency to approximately 80%, which for a pre-catalyst concentration of 

Fig. 18. Formaldehyde conversion over alumina-supported Pt, Pd, and Pd-Pt catalysts and the influence of CO addition to the reaction gas mixture. The CO oxidation 
light-off profile is given in blue. Reprinted with permission from ref. [49]. Copyright 2020 Elsevier. 

Fig. 19. Temperature-dependent HCHO reduction efficiency of a Pt/Al2O3- 
based catalyst (containing dopants) at different aging stages. Reprinted with 
permission from ref. [396]. Copyright 2018 ASME. 
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60 ppm HCHO is already close to the lowest acceptable limit to fulfill the 
applied emission standards. 

For stoichiometric natural gas engines, aging of a three-way catalyst 
under realistic application conditions leads as well to thermal and 
chemical deactivation. Upon simulating the real-world aging conditions 
at a natural gas burner rig facility for a commercial Pt-Pd-Rh TWC 
supported on CeZrOx, thermal aging was identified as the main material 
degradation mechanism leading to a pronounced decrease of the catalyst 
surface area [397,398]. Additionally, the contamination with S and P 
was detected at the inlet positions. While the sulfur amount can be 
reduced significantly by applying a dithering procedure at 700 ◦C or by 
thermal programmed decomposition up to 950 ◦C, phosphorous cannot 
be removed from field-aged catalysts by thermal treatment. Some of 
these effects have been already implemented in TWC aging models to 
predict emission profiles during driving cycles for CO, THC (total hy
drocarbons), and NOx [399]. However, to the best of our knowledge, no 
experimental or modeling results have been reported with respect to 
HCHO emissions for state-of-the-art TWC catalysts upon deactivation. 

In addition to the catalytic reaction and deactivation aspects, heat 
and mass transfer in the catalytic converter are decisive factors to be 
taken into account when designing efficient exhaust gas after-treatment 
systems. Kinetic testing of both model-like powder catalysts and com
mercial monolithic samples as well as spatially resolved concentration 
profiles within a monolithic catalyst substrate consistently point to a 
pronounced external mass transfer limitation of HCHO oxidation, which 
impedes full formaldehyde conversion [246,379,391]. Notably, these 
observations regarding mass transport phenomena are in line with 
earlier findings by Wang et al. [400] on HCHO conversion at room 
temperature over a Pd/γ-Al2O3 catalyst for controlling indoor pollut
ants. In the end, the high intrinsic reaction rate of noble metal-catalyzed 
formaldehyde oxidation results in transport limitation, because mass 
transport is slow at very low HCHO levels due to a small concentration 
gradient between the gas phase and the boundary layer. Under consid
eration of the upcoming ultra-low emission limits for combustion en
gines, achieving near-to-zero HCHO emissions appears critical. 
Although longer monoliths with a higher cell density could mitigate the 
mass transfer limitation, the generated backpressure restricts the use of 
smaller channel diameters. Related, higher temperature or platinum 
loading increase the intrinsic reaction rate, but also the diffusive mass 
transfer, which becomes dominant and process limiting at about 300 ◦C 
[401]. Therefore, in the context of engine operation and process control, 
only reduced mass flow rates that result in higher residence times in the 
catalytic converter could offer the prospect to at least partly mitigate the 
transport limitation. As demonstrated by the simulated 
three-dimensional HCHO concentration distribution in Fig. 20, a 

non-uniform washcoat distribution additionally hampers the 
diffusion-limited HCHO conversion. In contrast, a uniform and thin 
catalyst layer along with sophisticated channel shapes that prevent 
ineffective thick washcoat deposits in the channel corners of the sub
strate have been identified as key factors governing high formaldehyde 
conversion rates [53]. 

Last but not least, the ongoing progress in additive manufacturing 
and 3D-printing allows to design more and more advanced geometries 
for modern catalytic converters [402–405]. Creating non-linear flows 
and inducing turbulences by advanced substrate design are feasible 
approaches to enhance the interactions between the washcoat and the 
pollutants [406], which may also be exploited for catalytic formalde
hyde decomposition. 

5. NOx control by selective catalytic reduction (SCR) 

Since the relatively low combustion temperatures during lean engine 
operation cause only comparably low NOx emission levels [42,46] and 
allowed meeting past emission standards solely by tuning engine oper
ation parameters [407–411], commonly low-temperature methane 
oxidation and the removal of very low HCHO levels with an oxidation 
catalyst are considered the most relevant hurdles within an exhaust gas 
after-treatment system for lean-burn gas engines. However, the current 
and upcoming stricter NOx emission limits make the use of a more 
complex exhaust gas after-treatment system that includes a NOx removal 
catalyst mandatory. In addition to a short summary on the origin of NOx 
formation, the following sections point out which issues need to be 
addressed for efficient NOx removal from natural gas engine exhausts. 

5.1. NOx formation 

While the emission of HCs, HCHO, or CO is a predominant conse
quence of non-ideal combustion, i.e. due to non-homogeneous fuel-air 
mixtures in the combustion chamber, the origin of NOx is commonly 
considered threefold [412].  

1. At combustion temperatures well above 1000–1300 ◦C, nitrogen and 
oxygen can react to form thermal NOx according to the so-called 
Zeldovich mechanism [47,413,414]. 

2. Fast reactions between fuel-born hydrocarbon radicals and molecu
lar N2 from air form so-called prompt NOx [415,416].  

3. Nitrogen species in the fuel itself are oxidized during the combustion 
process, resulting in the formation of fuel NOx [417–419]. 

Although the formation pathways vary depending on the combustion 
conditions such as fuel composition, design of combustor and combus
tion chamber, flame propagation, and degree of fuel-air mixing [412, 
420–423], thermal and prompt NOx are commonly considered most 
relevant [424]. Nevertheless, the relevance of fuel-bound nitrogen will 
further increase with a more widespread biofuel usage in the future. For 
instance, biogas contains up to 0.05 vol.-% NH3, which can increase the 
engine-out NOx emissions [425]. That the N-content in the fuel de
termines the NOx (and N2O) levels in the engine-out raw emissions is 
known already since the late 1980 s [426]. Several later publications 
further emphasized the relevance of the nitrogen content in solid 
biomass and liquid bio-based energy carriers for the emission of NOx 
[427–429]. Analogously, generally higher NOx emissions were reported 
when operating combined heat and power plants with biogas instead of 
natural gas [430]. Therefore, along with sulfur and other impurities, the 
removal of N-containing species prior to biogas combustion has expe
rienced growing attention [431,432]. Moreover, a more widespread 
usage of biofuels requires a careful optimization of both the combustion 
process and the exhaust gas after-treatment system [330,433]. For 
instance, although its presence decreases the calorific power, the CO2 
content in the biogas has been reported to suppress NOx formation 
during the combustion itself [434,435]. In addition to an efficient 

Fig. 20. Simulated 3D concentration distribution of HCHO along a sinusoidal- 
shaped monolith channel assuming a non-uniform coating with porous wash
coat. 
Reprinted with permission from ref. [53]. Copyright 2018 Elsevier. 

P. Lott et al.                                                                                                                                                                                                                                      



Applied Catalysis B: Environmental 340 (2024) 123241

20

catalytic exhaust gas after-treatment system, exploiting such effects is an 
integral part during the design of near-zero emission combustion 
engines. 

5.2. Catalytic NOx removal 

NOx emissions of a stoichiometric natural gas engine are efficiently 
controlled by means of a TWC, which is able to convert CO, CH4, and 
NMHC simultaneously. As mentioned in the previous sections, the cat
alysts tested so far contain Pd, Rh, and/or Pt typically supported on 
doped CeZrOx or Al2O3 [24]. Often in a combination with an EGR sys
tem, near-zero NOx emissions have been achieved for various mobile 
and stationary applications such as refuse trucks [436,437], city buses 
[331], and passenger cars [438], some in line with EURO VI regulations. 
However, a careful control of the air-to-fuel ratio is necessary to main
tain both NOx and CH4 conversion high. As recently shown by Gong et al. 
[439] for a Pd-based commercial TWC, NO is converted over a broader 
temperature range under slightly fuel-rich conditions, whereas at higher 
lambda values the high-temperature NOx conversion drops significantly. 
The same impact of lambda variation was reported by several research 
groups and was correlated with the formation of more active metallic Pd 
species under fuel-rich conditions [104,440,441]. With respect to 
methane oxidation under the same conditions, an effect of the Pd 
oxidation state was identified as well, most probably combined with a 
water deactivation process at higher lambda values [439]. Lambda 
dithering/modulation conditions as present during real operation show 
also the potential to further improve NOx conversion when carefully 
selecting the dithering amplitude to minimize the effect on other emis
sions [439,442,443]. 

For lean-operated gas engines, commonly the selective catalytic 
reduction of NOx with NH3 has been considered a feasible and well- 
established technology to efficiently reduce NOx emissions in gas at
mospheres that contain excess oxygen [444,445]. In diesel engine 
after-treatment systems, the exhaust stream typically passes the oxida
tion catalyst first before flowing through a deNOx catalyst that converts 
NOx into nitrogen and water by using ammonia as reducing agent [446]. 
Similarly, for the emission control of lean-burn natural gas engines, the 
NH3-SCR catalyst is usually located downstream the methane oxidation 
catalyst. The most applied SCR catalysts for NOx removal are the 
vanadia-tungsten-titania (V2O5-WO3-TiO2) and copper/iron-zeolite 
systems, which are preferentially selected for different applications 
based on their specific characteristics. 

V2O5-WO3-TiO2 enjoys great popularity especially for stationary 
applications where commonly a high sulfur-tolerance is required 
[446–449]. Due to the early industrial implementation, this less costly 
catalyst has been thoroughly investigated. As drawbacks, vanadia-based 
SCR catalysts exhibit limited low-temperature activity and moderate 
thermal stability, and the toxicity of the potentially volatile vanadium 
species triggered the development of more environmentally friendly 
alternatives. In contrast, iron- and copper-containing zeolites such as 
Fe/BEA or Cu/SSZ-13 show a better thermal stability and are preferred 
for applications involving a broader temperature window such as road 
transport [446,449–451]. Herein, Fe-zeolites that are mostly active at 
higher temperatures and Cu-zeolites that show high SCR activity already 
below 250 ◦C [452] can also be combined, e.g. by dual-layer or 
dual-brick concepts [453]. Over these catalysts, the SCR reaction 
strongly depends on the NO/NO2-ratio and proceeds via the following 
reaction equations (Eqs. 29–31).  

Standard-SCR: 4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O                        (29)  

Fast-SCR: NO + NO2 + 2 NH3 → 2 N2 + 3 H2O                              (30)  

NO2-SCR: 6 NO2 + 8 NH3 → 7 N2 + 12 H2O                                   (31) 

As shown in a study by Olsen et al. [454], the NO2/NOx ratio is 
significantly higher (possibly >0.5) for lean-burn natural gas engines in 

comparison to other internal combustion engines, and can be further 
amplified by an oxidation catalyst. Hence, the fast-SCR and even the 
NO2-SCR reaction become highly important when evaluating the 
NH3-SCR performance. While we refer to the wide variety of literature 
with regard to mechanistic and general aspects of NH3-SCR as suitable 
deNOx process in lean exhausts, we particularly discuss the specific 
challenges of NH3-SCR that arise when implementing SCR catalysts into 
the exhaust tailpipe of lean-burn gas engines, typically after an oxidation 
catalyst. 

5.3. Impact of other exhaust gas species on the deNOx efficiency 

As summarized in a recent review article by Gramigni et al. [455], it 
is well-known that hydrocarbons can poison and deactivate Cu-zeolite, 
Fe-zeolite, and V2O5-based SCR catalysts due to competitive adsorp
tion between HCs and NH3, the formation of surface intermediates and 
concomitant blockage of active sites, physical blockage of pores 
particularly by large HCs or coke formation, or parasitic reactions be
tween HCs and NH3. Overall, vanadia-based SCR catalysts exhibit a 
slightly higher HC tolerance. Considering the composition of natural gas 
or biogas as well as the typical exhaust gas composition of natural gas 
engines (c.f. Table 1), heavy HCs are essentially irrelevant and only light 
NMHCs as well as CH4 are expected to interact with the SCR catalyst if 
their full conversion is not achieved in the upstream oxidation catalyst. 

In a recent study by Lehtoranta et al. [456], the efficiency of a 
V2O5-WO3-TiO2 NH3-SCR catalyst was evaluated in combination with an 
upstream Pt-Pd methane oxidation catalyst or by integrating the 
V2O5-catalyst into the noble metal-based oxidation catalyst. While be
tween 350 ◦C and 400 ◦C both systems showed over 90% conversion, at 
higher temperatures a lower NOx conversion was measured in a gas 
mixture mimicking the emission levels of a power plant due to the 
competing oxidation/reduction reactions occurring in the integrated 
system. 

Investigations on commercial Fe-BEA and Cu-SAPO SCR catalysts by 
Villamaina et al. [457] suggest a negligible influence of methane con
version on the selective catalytic reduction of NOx. By combining the 
two catalytic systems in a serial arrangement but maintaining the total 
volume, about 90% NOx reduction was obtained under standard-SCR 
conditions (Eq. 29) over a broad temperature range (200–550 ◦C). 
Only above 400 ◦C and under NO2-SCR conditions (Eq. 31) the authors 
observed competing reactions with oxidation of methane to CO and CO2. 

Comparably good NOx removal activities were reported for similar 
industrial SCR catalysts for heavy-duty vehicles running on compressed 
natural gas [458], sanitation trucks [459], or marine applications [460]. 
However, a series of challenges still needs to be considered in addition to 
the efforts necessary to further improve the SCR catalyst performance. 
Several studies reported recently the effect of small amounts of 
unreacted exhaust gas components or oxidation by-products on the 
deNOx efficiency. For instance, formaldehyde presence severely affects 
the NOx conversion of both vanadia- and zeolite-based catalysts by 
inducing undesired side reactions [344,372,461,462]. This is illustrated 
in Fig. 21 for a Cu-SSZ-13 NH3-SCR catalyst, which shows a dramatic 
drop in the low-temperature NOx conversion combined with the for
mation of toxic by-products. 

The mass transport-limited formaldehyde oxidation over noble metal 
catalysts as reported above frequently impedes complete HCHO con
version over the oxidation catalyst and makes an interaction between 
the gas mixture, formaldehyde, and the SCR catalyst inevitable. Under 
SCR conditions, formaldehyde readily reacts with ammonia to form 
hydrogen cyanide (HCN) [372,461,463], which is a side-reaction that 
detrimentally counteracts the purpose of a complex exhaust gas 
after-treatment system in two ways. First, the formation of HCN com
petes with the NH3-SCR since it consumes the reducing agent and hereby 
retards the SCR activity by up to 20% as reported by Elsener et al. [461]. 
Second, hydrogen cyanide is an extremely poisonous substance for 
humans and environment [464]; short-time exposure to 300 ppm of 
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gaseous HCN, for instance, is considered lethal [465]. While there is 
consensus on the need for abatement of HCN emissions, it is not yet clear 
which of the formation pathways and chemical routes toward HCN that 
are summarized in Fig. 22 is the dominating one. 

According to the DRIFTS investigations conducted by Zengel et al. 
[372] on Fe-ZSM-5, at low temperatures the oxidation of formaldehyde 
to formate species is followed by the reaction with ammonia to form 
formamide (HCONH2), which finally converts to HCN after dehydration. 
A similar mechanism was suggested by Ngo et al. [463] for a V2O5-based 
SCR catalyst. In contrast, the study of Elsener et al. [461] on the HCN 
formation mechanism for a vanadia-based catalyst suggests that 
particularly at higher temperatures the decomposition of formic acid 
into CO and H2O is favored. Therefore, the authors suggest an alterna
tive formation path derived from well-known chemical reactions. Ac
cording to Elsener et al. [461] and Nuguid et al. [466], the first step is 
rather a direct reaction between gas phase HCHO and pre-adsorbed NH3 
to form methanolamine (HO-CH2-NH2) and subsequently the dehydra
tion of methanolamine yields HCN, either via formamide (HCONH2) or 

via highly unstable methylene imine (H2CNH). 
In this context it should be noted that investigations on the mecha

nism of propene poisoning on Fe-ZSM-5 SCR catalysts uncovered the 
formation of formate (HCOO-) species as a consequence of C3H6 
oxidation [467]. Under consideration of the HCN formation pathways 
presented in Fig. 22 that involve formic acid, future research should 
clarify in detail to what extent and under which reaction conditions the 
presence of light hydrocarbons promotes HCN formation over the SCR 
catalyst due to a higher surface concentration of formates. A recent 
study by Zengel et al. [346] on the effect of various HCs on SCR catalysis 
uncovered that the conversion of 200 ppm C3H6 over a V2O5-WO3/TiO2 
SCR catalyst operated under standard-SCR conditions resulted in a 
maximum emission of 18 ppm HCN and 9 ppm HCHO at 550 ◦C and 
1 bar. 

Depending on the reaction conditions, namely temperature, catalyst 
composition, and HCHO inlet concentration, HCN concentrations of up 
to 90 ppm were found in model gas mixtures mimicking engine exhausts 
of lean-operated natural gas engines [463]. Considering that the 

Fig. 21. NOx and NH3 conversion over Cu-SSZ-13 during standard-SCR with and without 80 ppm HCHO (left) and HCHO conversion and product selectivity towards 
CO, HCN, and HCOOH (right); HCOOH formation not observed. Reprinted with permission from ref. [372] under the terms and conditions of the Creative Commons 
Attribution (CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/). Copyright 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

Fig. 22. Reaction pathways of HCHO conversion under SCR conditions with potential HCN formation; based on data from Zengel et al. [372], Ngo et al. [463], 
Elsener et al. [461], and Nuguid et al. [466]. 
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NO2/NOx-ratio in natural gas engine exhausts can exceed 0.5 [454] and 
that a recent study by Schönberger Alvarez et al. [462] reported a 
significantly lower HCN formation tendency at high NO2 levels, opti
mized engine operation along with a careful adjustment of the NO2/NOx 
ratio via the oxidation catalyst may mitigate HCN formation to some 
extent. Nevertheless, the high toxicity of HCN necessitates additional 
measures for HCN removal already for very low levels. 

One possible solution to remove the toxic HCN emissions could be 
the use of ammonia slip catalysts (ASCs), which are commonly placed 
downstream of the SCR catalyst. ASCs are supposed to oxidize NH3 that 
remains unreacted after the SCR catalyst to selectively form N2 and they 
frequently contain both, a noble metal-based oxidation functionality 
and a SCR functionality with a composition similar to conventional SCR 
catalysts [468–471]. Although noble metal-based catalysts containing 
platinum or palladium [472,473] as well as non-noble metal-modified 
zeolites [474] have been evaluated for HCN abatement and showed 
promising conversion rates, these catalyst formulations exhibit only 
poor selectivity toward nitrogen. Instead, large amounts of N2O or NOx 
were formed, hereby counteracting the efforts of NOx abatement by 
complex and expensive exhaust gas after-treatment systems. 

5.4. Further SCR catalyst poisons 

Since poisoning-related phenomena of SCR catalysts were reviewed 
recently in the context of diesel applications or coal- and biomass-fired 
power plants [475–479] and the challenges are similar for natural gas 
engine exhausts, this section only summarizes the main aspects in SCR 
catalyst poisoning and gives reference to recent research and review 
articles for more details. In addition to deactivation and side-reactions 
due to the presence of hydrocarbons [455] as discussed in the previ
ous section, previous research considered especially poisoning of SCR 
catalysts by sulfur, phosphorous, and alkali and alkaline earth metals as 
particularly critical [476,477,480]. Although natural gas is a compa
rably clean fuel and the exposure to catalyst poisons is commonly higher 
for the oxidation catalyst because it is placed upstream of the SCR 
catalyst, poisonous species can pass the oxidation catalyst or evolve 
during its regeneration, e.g. COS, SO2, or H2S [222], eventually resulting 
in an accumulation in the downstream SCR catalyst. 

A severe decrease in activity at temperatures below 300 ◦C was re
ported by Hammershøi et al. [481] for a Cu-CHA catalyst during expo
sure to SO2- and especially to SO3-containing gas mixtures, as generated 
over an upstream oxidation catalyst. When studying the effect of 
ammonium sulfate versus other S-containing species, a different 
response of Cu sites towards poisoning but also to catalyst desulfation 
was found by Jangjou et al. [482] for a series of Cu-SAPO-34 catalysts 
with different Si-Al ratios. The authors concluded that SO2 directly in
teracts with ZCuOH species ([CuOH]1+ charge-balanced by one zeolite 
framework Al atom with Z indicating an anionic site on the zeolite) 
leading to the formation of highly thermally stable copper bisulfi
tes/bisulfates, whereas poisoning of Z2Cu sites (Cu2+ charge-balanced 
by two anionic sites from the zeolite structure with Z indicating an 
anionic site on the zeolite) requires the presence of NH3 and ammonium 
sulfate formation. Furthermore, Zhang et al. [483] found that sulfur 
species compete with NOx for adsorption sites during SCR over a 
Cu-SAPO-34 catalyst, hereby inhibiting the SCR reaction predominantly 
in the low-temperature regime. By combining DRIFTS analyses of 
S-poisoned SCR samples with TPD experiments, the authors uncovered 
the formation of ammonium sulfate species. As underscored by a recent 
review by Guo et al. [484], ammonium bisulfate (NH4HSO4) formation 
can occur especially in the low-temperature regime below 300 ◦C as a 
consequence of SOx-NH3 reactions on the catalyst, which in addition to 
chemical poisoning results in physical deactivation, i.e. by coverage of 
the catalyst surface, blockage of active sites, and reduction of the spe
cific surface area. 

Due to the lower affinity of Fe for SOx, Fe-zeolite SCR catalysts have 
been shown to be more resistant to sulfur poisoning and also to require 

lower temperatures for catalyst desulfation compared to Cu-zeolites 
[485]. Analogous, vanadia-based SCR catalysts are generally known to 
be more sulfur tolerant than zeolite-based formulations [486]. In fact, 
the presence of low SO2 concentrations was reported to slightly increase 
the NOx conversion of state-of-the-art V-based SCR catalysts between 
200 ◦C and 300 ◦C, however, significant deactivation was observed at 
low temperatures due to the formation of ammonium sulfate species 
[487]. In this respect, (NH4)2SO4 formation was observed also by Zengel 
et al. [346] during SO2 poisoning of a V-based catalyst at temperatures 
below 250 ◦C and high-pressure conditions (5 bar), as present if the 
catalyst is located at pre-turbine position. 

Regeneration of sulfur-poisoned SCR catalysts is possible and 
essentially relies on a high temperature treatment that ensures a 
decomposition of ammonium sulfates [346,483]. For instance, 
Hammershøi et al. [488] were able to restore the activity of a Cu-CHA 
catalyst to 80% of its fresh activity level after 120 h of rapid aging 
with SO2. Based on their results, the authors suggested frequent regen
eration as a feasible method for overcoming SO2-poisoning, similar to 
the procedures discussed in the previous sections of this review article 
on regenerating methane oxidation catalysts. Note however, that the 
required temperature for SCR catalyst regeneration strongly depends on 
the catalyst formulation as well as the extent of poisoning. Kumar et al. 
[489] proposed an alternative strategy for sulfur removal from 
Cu-zeolites and suggested to induce a locally reducing reaction envi
ronment under net oxidizing conditions by dosing reductants such as 
NH3, C3H6 or C12H26, which supposedly changes the oxidation state of 
Cu sites, weakens the Cu-SOx interaction, and hereby promotes the 
release of sulfur. 

Although the upstream oxidation catalyst can protect the down
stream SCR catalyst from poisoning to some extent, e.g. by capturing 
phosphorus as reported by Dahlin et al. [490], in addition to sulfur 
deactivation, phosphorous poisoning can occur not only in oxidation 
catalysts, but also in SCR catalysts. While the contamination of 
Cu-zeolite catalysts with P traces was shown to result in mild effects, a 
pronounced decrease in activity and hydrothermal stability was 
observed after accumulation of high P concentrations on the surface of 
Cu-SSZ-13 catalysts [491,492]. In particular, Guo et al. [493] reported a 
P-induced inhibition of the NH3-SCR activity of a Cu-SSZ-13 catalyst, 
which they explained by a loss of active sites along with a restricted 
dynamic motion of Cu species especially in the low-temperature regime 
that caused an inhibition of the Cu1+/Cu2+ redox cycle. The formation of 
various species was reported to occur during P-poisoning on the catalyst 
surface or due to the interaction with the zeolite framework of Cu spe
cies, including phosphorous oxide, metaphosphate/phosphates, AlPO4, 
as well as the formation of P-O-Cu bonds [494]. Furthermore, P was 
observed to physically block the pores and poison the acidic sites, and 
also suppresses the NH3 and NO oxidation activity. 

Similar as observed for Cu-zeolites, the formation of deposits and 
direct interaction with Fe-species upon P-poisoning results in catalyst 
deactivation for Fe-zeolite SCR catalysts as well, especially at low tem
perature [495]. Phosphorus was found to accumulate also over V-SCR 
catalysts, leading to a decrease of the ammonia storage capacity and a 
blockage of catalyst pores [496,497]. 

In order to remove phosphorous from spent catalysts, Chen et al. 
[498] washed a phosphated Cu-SSZ-13 catalyst with hot water for 1–5 
days and hereby achieved a recovery of the acid sites and active Cu2+

ions, particularly when combining the washing treatment with hydro
thermal treatment. Similarly, Guo et al. [499] recently reported a 
regeneration of P-poisoned Cu-LTA after hydrothermal aging. In 
contrast, the same study also found that P-poisoning of a Cu-CHA 
catalyst decreases the hydrothermal stability, which confirms earlier 
results by Xie et al. [494] who observed faster degradation during hy
drothermal aging for P-poisoned Cu-SSZ-13 catalysts than for 
non-poisoned catalysts. 

Last but not least, alkali and alkaline earth metals have been 
recognized as strong poisons for all classes of SCR catalysts [476,500]. 
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While Cu-SSZ-13 was found resistant to the addition of low amounts of 
alkali metals that even showed a beneficial effect on the SCR activity 
[501,502], higher loadings deactivate the catalyst due to the conversion 
of isolated Cu2+ into CuO clusters [503–505]. Moreover, higher loadings 
of Na+ and K+ have been suggested to diminish the hydrothermal sta
bility of Cu-SSZ-13 catalysts, especially K+ due to the small hydration 
diameter and strong binding ability [505]. 

The contamination of a Fe-BEA catalyst with K leads to an activity 
decrease especially between 200 ◦C and 300 ◦C due to the replacement 
of Fe by K, the formation of larger iron clusters, and a decrease of the 
NH3 storage capacity [495,506]. In addition to Na and K, Kern et al. 
[507] found a negative impact of Ca and Mg on both activity and 
NH3-storage of Fe-MFI catalysts. For V-based SCR catalysts, poisoning 
with alkali and alkaline earth metals was suggested to be due to the 
bonding of the alkali metal to V-OH sites, which are the Brønsted acidic 
sites responsible for NH3 adsorption during the SCR process but also the 
redox active species [508,509]. Herein, the polymeric metavanadates 
seem to be more tolerant to the alkali poisons compared with the iso
lated vanadyl groups [510]. 

Although the poisoning resistance can be increased by doping with 
metals like Ce and Zr [511,512] or by optimizing the catalyst structure 
by introducing core-shell functionalities [513], regeneration frequently 
remains mandatory for catalysts used in real-world applications. Similar 
as applied for oxidation catalysts, washing with solutions of weak acids, 
e.g. acetic acid, or diluted solutions of strong acids like sulfuric acid has 
been applied for the regeneration of V-based SCR catalysts [500, 
514–516]. However, also alternative approaches such as the regenera
tion by means of electrophoresis were suggested, which allowed Peng 
et al. [517] to remove approximately 95% of K or Na ions from an 
alkali-poisoned V2O5-WO3/TiO2 catalyst. 

6. Pre-turbine applications 

The application of a turbocharger offers the potential to increase the 
engine efficiency, especially for heavy-duty and large-bore gas engines, 
and can be combined with a catalytic converter that is placed upstream 
of the turbocharger. Utilization of such a pre-turbo system is a 
comprehensive measure that impacts engine performance, emissions, 
fuel economy, and the catalytic converter and therefore requires an 
overall concept for the entire process [518]. With respect to emission 
control, pre-turbine positioning of the catalyst allows to utilize the 
comparably high upstream temperatures and the increased pressure in 
front of the turbocharger. Under the assumption of a constant mass flow, 

a higher pressure level results in a higher density and consequently in a 
lower space velocity that increases the residence time of pollutants. In 
addition, the rate of pressure-dependent reactions can increase upon an 
increasing pressure in the exhaust tailpipe. In the context of removing 
pollutants from lean exhausts, not only methane oxidation catalysts can 
benefit from higher exhaust gas temperatures and residence times in 
case of pre-turbine positioning [51], but also NOx reduction by SCR 
[519]. Ultimately, the increase of the efficiency of the emission control 
system by pre-turbine positioning offers the possibility of reducing the 
size of the catalyst system or its (noble) metal loading, which is of both 
technical and economic interest. 

However, catalyst placement upstream the turbocharger also results 
in a higher partial pressure of water, which enhances the inhibitory 
effect of steam over Pd-based catalysts [52]. By using multiscale models 
based on first-principle surface kinetics, Florén et al. [520–522] refined 
the mechanistic understanding of methane oxidation over Pd/Al2O3 at 
different pressure. The model predicts that an increasing pressure causes 
a declining reaction rate especially at temperatures below 420 ◦C, as 
active sites are covered by adsorbed surface species, e.g. hydroxyls or 
bicarbonates. As derived from the multiscale model, Fig. 23 underscores 
that the fraction of available surface sites decreases with increasing 
pressure, hereby reducing the probability of CH4 dissociation that occurs 
most easily on free Pd-O site pairs. Once the temperature exceeds 
450 ◦C, the thermal energy efficiently promotes the desorption of hin
dering surface species and thus enhances methane conversion. Experi
mental investigations confirmed the trends predicted by multiscale 
modeling, but also pointed to a high relevance of external mass transfer 
effects and residence times [522]. Since the bulk gas diffusion is 
inversely proportional to the total pressure, the external mass transfer 
resistance increases with increasing pressure. At the same time, the 
higher residence time usually increases the conversion at the same rate. 
In line with an earlier study by Rammelt et al. [523] on NH3-SCR in front 
of the turbocharger for NOx reduction of heavy-duty diesel off-gas, 
Florén et al. [522] conclude that “increasing the total pressure creates 
a trade-off between the positive effect of a longer residence time and the 
negative effect of a decreased bulk diffusion“, resulting in 
pressure-dependent conversion profiles as shown in Fig. 23. Earlier 
research by Gremminger et al. [221] underscores that this conclusion is 
also highly relevant in the context of catalyst poisoning, since the au
thors observed a higher sulfur uptake if Pd-Pt bimetallic methane 
oxidation catalysts were operated at a moderate temperature of 450 ◦C 
in the presence of SO2 and under pressure up to 5 bar compared to 
operation at ambient pressure. 

Fig. 23. Experimentally measured pressure-dependent CH4 light-off over Pd/Al2O3 (left) and corresponding fraction of palladium (S1(Pd)) and oxygen (S2(O)) sites 
available for methane adsorption and conversion according to multiscale modeling (right). Reprinted with permission from ref. [522] under a Creative Commons 
Attribution-NonCommercial 3.0 Unported Licence (CC BY-NC 3.0; https://creativecommons.org/licenses/by-nc/3.0/). The Royal Society of Chemistry 2020. 
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In addition to heterogeneously catalyzed reactions over methane 
oxidation and SCR catalysts, temperature and pressure conditions in pre- 
turbo applications allow for gas phase chemistry, which is particularly 
relevant for the conversion of unburnt hydrocarbons with NOx. As 
elucidated by numerous fundamental studies, NOx can promote the 
homogeneous oxidation of light alkanes [524–531], presumably due to 
an increased formation rate of OH radicals that induce the abstraction of 
H-atoms from CH4 [527,528]. Exploiting this intricate gas phase 
chemistry as demonstrated by a number of recent studies [532–535] 
may offer an elegant strategy for overcoming obstacles of heterogeneous 
catalysis such as sulfur poisoning or water inhibition, since typical 
strong catalyst poisons such as SO2 do not negatively impact homoge
neous gas phase oxidation of methane under pre-turbine conditions 
representative for lean-burn gas engines [536]. Although homogeneous 
gas phase oxidation can supplement heterogeneous catalysts, its overall 
conversion rates are insufficient for a catalyst-free exhaust gas 
after-treatment system. Consequently, an optimized process considering 
temperature, pressure, space velocity, gas composition, and the impact 
on homogeneous and heterogeneous catalysts is imperative, in partic
ular for suppressing the formation of undesired side-products such as 
HCHO or N2O [534,536] or for suppressing the consumption of critical 
components needed for heterogeneous reactions [534,537]. 

For instance, SCR catalysts at pre-turbine position can only effi
ciently remove NOx if gas phase reactions do not consume the major 
share of ammonia or NOx, since this would influence the NH3/NOx ratio. 
In this respect, homogeneous gas phase reactions in lean gas mixtures 
promote the oxidation of NO to NO2 and cause a pronounced over
consumption of NH3 [346,347]. Furthermore, hydrocarbons that are not 
converted over the oxidation catalyst and that end up in the SCR catalyst 
can cause undesired side-reactions. Over representative zeolite-based 
catalyst formulations, i.e. Fe-ZSM-5 and Cu-SSZ-13, Zengel et al. [346, 
348] observed an incomplete conversion of hydrocarbons that leads to 
the formation of undesired by-products, among which HCHO and HCN 
were found. Although the higher pressure increased both NOx conver
sion and hydrocarbon oxidation and consequently decreased the for
mation of toxic HCN compared to experiments at ambient pressure, 
sufficiently low by-product levels were only found at high temperatures 
[348]. 

7. Conclusions and perspectives 

Using natural gas with its main component methane as a fuel for 
modern internal combustion engines is a concept that has already been 
used for decades and which still enjoys growing popularity. The existing 
natural gas infrastructure allows a fast and wide-ranging transition from 

established gasoline and diesel engines towards a progressive gas-based 
technology and offers great potential for reducing anthropogenic carbon 
dioxide emissions from combustion engines, particularly in the sta
tionary and heavy-duty sector. In addition, the continuous replacement 
of fossil feedstock by renewable methane originating from biogas or 
power-to-gas processes will further increase the sustainability of gas 
engines. In the light of upcoming ultra-low emission limits, we outlined 
the main challenges that arise in the context of lean-operated natural gas 
engines, namely complete oxidation of the greenhouse gas methane, 
conversion of potentially carcinogenic formaldehyde, efficient NOx 
control, and abatement of secondary emissions. This review shines light 
on the fundamentals of all these aspects and underscores how the tuning 
of the catalyst composition, the optimization of the operation procedure, 
and the combination of different well-harmonized technologies can 
create advantageous synergies. 

As illustrated in Fig. 24, comprehensive knowledge allows the design 
of complex emission control systems that exhibit very high pollutant 
conversion rates, which were far beyond imagination back in 1956, 
when the patent for the very first exhaust gas catalyst was granted to 
pioneer Eugene J. Houdry and his Oxy-Catalyst Company [538]. Based on 
the previously presented literature review, the first element in an 
exhaust gas after-treatment system for lean-burn gas engines will be an 
oxidation catalyst that is capable of sustaining high hydrocarbon con
version over a broad range of operating conditions and during long-term 
use. Possibly, this catalytic converter will exhibit different zones, for 
instance a first zone that is coated with a three-way catalyst and a second 
zone that consists of an oxidation catalyst for methane and formalde
hyde oxidation, as exemplary described in previous studies that aimed at 
improving sulfur tolerance and regeneration properties of the oxidation 
catalyst [316,318]. As a matter of course, secondary emissions such as 
SOx, N2O, or NH3 must be considered adequately when planning 
long-term operation procedures including different operational points 
for regeneration purposes [317], as these will impact the consecutive 
catalytic systems in the exhaust tailpipe. Analogous to diesel engines, a 
system for selective catalytic reduction (SCR) removes NOx by using NH3 
as reducing agent, e.g. provided by thermo-catalytic decomposition of a 
urea-water solution, and finally the entire system is complemented by an 
ammonia slip catalyst (ASC). Although so far only a limited number of 
studies specifically investigated the coupling of a noble metal-based 
oxidation catalyst with an SCR system for lean-burn gas engines, the 
outcome of these investigations is encouraging. On a synthetic gas test 
bench scale, Adouane et al. [458] combined a palladium-platinum 
oxidation catalyst with a SCR catalyst originally developed for diesel 
exhaust gas after-treatment and achieved almost full CO conversion, 
40% CH4 conversion, and approximately 70% NOx conversion at 415 ◦C. 

Fig. 24. Vision of a modern emission control system for lean-operated natural gas engines that combines an oxidation catalyst, a catalyst for selective catalytic 
reduction, and an ammonia slip catalyst. 
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Similarly, Keenan et al. [318] describe the outcome of the EU-funded 
HDGAS project (Heavy Duty Gas Engines integrated into vehicles), 
recommending the combination of a Pd-Rh three-way catalyst with a 
Pd-Pt methane oxidation catalyst, an urea injector, and a sequence of Fe- 
and Cu-zeolite-based SCR catalysts for medium and high temperature 
NOx control, finally supplemented with an ammonia slip catalyst. Sim
ulations of the world harmonized transient cycle (WHTC) suggest that 
such a complex and expensive system can remove pollutants very effi
ciently, hereby complying with current emission regulations [318]. 

Overall, the system proposed in Fig. 24 strongly resembles the 
concept used for emission reduction of diesel engines and its adaption 
for lean-burn gas engines poses only moderate technological hurdles for 
widespread use. Despite this rather high degree of market-readiness, 
meeting upcoming emission limits for combustion engines aiming at 
near-zero emissions will be challenging. Particularly an efficient con
version of methane at low temperatures in the presence of steam and 
sulfur species and the removal of very low formaldehyde levels over the 
oxidation catalyst requires additional research efforts, whereas a careful 
operation of state-of-the-art deNOx systems allows current and future 
regulations to be met. Moreover, the importance of thermal manage
ment in such increasingly complex future exhaust gas after-treatment 
systems will grow, especially for large-bore engines as frequently used 
in stationary applications. For instance, low exhaust temperatures and 
disadvantageous placement of heat exchangers for exhaust cooling can 
lead to exhaust gas condensation [539,540]. In the context of gas en
gines, the reaction between SO3 and water vapor can result in H2SO4 
formation, which is particularly problematic since its condensation 
promotes corrosion and reduces the longevity of the catalytic converters 
and materials. After all, not only technological but also economic con
siderations will be of paramount importance when designing efficient 
exhaust tailpipe configurations. 

The gain in fundamental knowledge and its efficient transfer into 
real-world applications is a prerequisite for designing the next genera
tion of catalytic converters and operation procedures. Since monitoring 
catalysts at work and the detailed description of the complex 
multiphase-processes is vital for understanding the heterogeneous cat
alytic processes on the nano-, meso-, and macro-scale as well as their 
implications for technical full-scale converters, the steady advancement 
in the field of operando techniques as well as in the field of multiscale 
modeling will reveal novel and invaluable facets in the future [69,541]. 
Especially transient engine operation can change the reaction environ
ment rapidly, e.g. during lean-rich cycling as discussed above for (re-) 
activating methane oxidation catalysts. Only profound knowledge on 
the most active (surface) sites and catalyst structures under realistic 
working conditions allows the derivation of structure-activity relations 
of highly dynamic catalyst systems that are not only the basis for a 
rational catalyst synthesis, but also mandatory for establishing opera
tion procedures ensuring high activity and durability. 

Comprehensive spatiotemporal investigations of the temperature 
and structure of an oxidation catalyst could pave the way for generating 
individual zones within a single catalyst bed, in which each zone ex
hibits maximum activity for one specific pollutant [313]. Recent ad
vances in the field of operando X-ray spectrotomography allowed 
gradients in oxidation state and coordination environment in copper 
SCR catalysts to be uncovered, which are a consequence of chemical 
species interactions with the catalyst as well as mass transport phe
nomena, hereby providing direct three-dimensional information during 
catalyst operation under realistic conditions [542]. Such non-invasive 
approaches provide three-dimensional structure-activity relationships 
that are not accessible by conventional characterization techniques 
[543]. 

Moreover, since the reliable prediction of the behavior of the catalyst 
over a wide range of conditions by means of mathematical models is the 
basis for a cost-efficient design of technical devices and processes, the 
development and refinement of detailed reaction mechanisms becomes 
more and more important. Performing numerous expensive density 

functional theory calculations will surely remain a powerful approach 
for developing first-principle kinetic models that can be exploited for 
describing adsorbate thermochemistry and kinetics within an uncer
tainty range, e.g. as successfully used to describe CH4 oxidation over 
PdO(101) surfaces [100]. However, the ongoing progress in the field of 
automated mechanism generation and optimization can substantially 
accelerate mechanism development even for complex reaction net
works, for instance as recently demonstrated for methane oxidation over 
PdO [544] or for the conversion of vehicle pollutants over Pt(111) 
surfaces [545,546]. In this respect, digitalization and unified (research) 
data infrastructures [547–550] as well as the continuous advancement 
in developing dynamic kinetic and multiscale models [69,551–553] can 
build the foundation for more powerful theoretical tools that facilitate 
the design and development of novel materials, catalytic converters, and 
application strategies, hereby covering all time and length scales rele
vant in exhaust gas after-treatment. 

Last but not least, high-throughput synthesis and screening ap
proaches can efficiently sustain the material development, as lately 
resulted in the development of a palladium-containing denary multi- 
element oxide catalyst exhibiting high and stable methane conversion 
for 100 h [77]. Such high-throughput preparation techniques facilitate a 
time- and cost-efficient development of increasingly complex catalyst 
formulations whose design is guided by the continuous experimental 
and theoretical progress that allows a better understanding of catalysts 
at work. In summary, all these advances that were only possible due to 
concerted efforts in synthesis, testing, advanced operando characteriza
tion methods, and modeling are encouraging with regard to modern 
emission control for lean-burn natural gas engines and their widespread 
application. 
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[8] M. Götz, J. Lefebvre, F. Mörs, A.M. Koch, F. Graf, S. Bajohr, R. Reimert, T. Kolb, 
Renewable power-to-gas: a technological and economic review, Renew. Energy 
85 (2016) 1371–1390, https://doi.org/10.1016/j.renene.2015.07.066. 

[9] H. Blanco, A. Faaij, A review at the role of storage in energy systems with a focus 
on power to gas and long-term storage, Renew. Sustain. Energy Rev. 81 (2018) 
1049–1086, https://doi.org/10.1016/j.rser.2017.07.062. 

[10] K. Ghaib, F.Z. Ben-Fares, Power-to-methane: a state-of-the-art review, Renew. 
Sustain. Energy Rev. 81 (2018) 433–446, https://doi.org/10.1016/j. 
rser.2017.08.004. 

[11] A. Varone, M. Ferrari, Power to liquid and power to gas: an option for the German 
Energiewende, Renew. Sustain. Energy Rev. 45 (2015) 207–218, https://doi.org/ 
10.1016/j.rser.2015.01.049. 
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