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Abstract 

New insights into reaction mechanism for catalytic methane combustion are provided in broad 

operating conditions on Pd/La0.7MnO3 as model natural gas vehicle catalyst. Under lean 

conditions and dry conditions a dual mechanism is suggested with active site combining 

reactive oxygen species from La0.7MnO3 and palladium sites. Aging in wet atmosphere has no 

consequence on the kinetic behavior. On the other hand, in wet atmosphere near the 

stoichiometry, strong accumulation of OH groups on the support would suppress the metal-

support interface. Accordingly, methane combustion would take place only on Pd particles 

.  
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1. Introduction 

 

At short term, the substitution of liquid fuels by natural gas powered engines is 

envisioned and complies with more stringent regulations on atmospheric pollutant emissions 

with lower NOx and nearly no particulates emission. However, more efficient three-way 

catalytic technologies must be developed to avoid unburnt methane emission recognized as 

greenhouse gas. One of the key issue lies in their weak efficacy near the stoichiometry or 

under slightly rich exposure typically under three-way catalytic operating conditions. Up to 

now the kinetics of methane combustion and related model prediction has been investigated 

essentially in lean conditions on bentchmark supported palladium catalysts [1-5]. Numerical 

simulations near stoichiometric conditions from relevant microkinetic analysis are scarce 

[6,7]. A critical factor lies in the preservation of the metal dispersion of PdOx species 

recognized as the active sites in stoichiometric/rich atmosphere [8,9]. At high temperature 

typically encountered in three-way operating conditions, the decomposition of PdOx into less 

active nanometric metallic Pd
0
 species cannot be strictly ruled out causing a loss of efficiency. 

[8]. Presently, there is no clear consensus on the nature and architecture of active sites in 

typical three-way operating conditions. Miller and Malatpure [10] assumed a pair site 

composed of PdO and Pd
0
. New generation of three-way catalysts has arisen in the past two 

decades able for stabilizing the dispersion of precious metals in a broader temperature range 

under switching lean/rich exposure thanks to strong interactions with perovskite structures 

[11-13]. The development of such supported catalysts has also opened the debate with no 

longer unanimity by simply considering PdOx as the active site of the reaction. For instance, 

Lu et al. [14] synthesized hexagonal Pd-YFeO3 structure by flame-spray-pyrolysis, with 

preferential formation of supported Pd
0
 and Pd

2+
 species instead of solid solution. They 

observed a strong rate enhancement in methane conversion after cycling up to 850°C under 

reaction conditions assigned to the formation of metallic particles and the phase transition to 
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orthorhombic YFeO3. Gonzáles-Marcos et al. [15] also observed the coexistence of two 

kinetic regimes from light-off curves on Pd supported on Ce0.68Zr0.32O2 explained by the 

involvement of Pd(+I)-like species at low temperature while metallic Pd
0
 species would act as 

active sites at high temperature. Different kinetic regimes have been also identified on 

Pd/Al2O3-CeO2 assigned to the prevalence of the Pd-Ce or Pd-PdO interface accompanied 

with higher TOF values and lower activation barrier in the former case [16]. The existing 

controversies on the nature of active sites related reaction mechanisms lies also on the 

presence or the absence of water in the inlet feed gas. Steam has currently a detrimental effect 

[17] by hindering oxygen mobility on the support and suppressing the oxygen exchange 

process at the metal support interface [18]. In addition water can originate deactivation 

because of strong accumulation of water of the support weakening the strenght of Pd 

nanoparticles with the support material and then becoming more sensitive to coalescence 

process inducing changes in the particle size and morphology.  

This study reports a kinetic study of the catalytic CH4/O2 reaction in the presence and in 

the absence of steam on pre-reduced and aged Pd/La0.7MnO3 catalysts. Different reaction 

mechanisms have been compared based on combined theoretical and experimental approaches 

that account for single and dual sites involving surface reactive oxygen species form the 

perovskite. It will be found that the richness of the inlet gas composition in the presence and 

in the absence of steam has strong impact on the nature of active sites and related reaction 

mechanism. On the other hand a good stability was found upon aging process. 

 

2. Materials and methods 

 

Two reproducible batches have been prepared by using a classical citrate route for the 

preparation of La-deficient La0.7MnO3 perovskite support material. La-deficiency was found 
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to improve oxygen storage properties [19,20]. Calcination in air led to the formation of the 

pure orthorhombic structure with no discernible bulk impurities due to single oxide 

segregation. 1 wt.% palladium was incorporated through a classical wet impregnation by 

using palladium nitrate as precursor salt. The impregnated solid precursor was subsequently 

dried in air at 100°C and calcined in air at 400°C. Hydrogen titration was performed at 100°C 

according to a pulse technique to measure the metal dispersion assuming H/Pd =1. Prior 

chimisorption measurements, the samples were pre-reduced at 250°C in hydrogen. For the 

two samples comparable Pd dispersions were obtained of 3.1% and 2.1%. 

Catalytic measurements were carried out on the REALCAT plaform in a Flowrence high-

throughput unit supplied by Avantium. Flowrence unit is equipped with 16 parallel quartz 

fixed-bed microreactors (d=2mm) and a sampling system composed of a 16-ports multi 

position valve that enables online gas phase analysis of the products of reaction of each 

reactor using an Agilent 7890 gas chromatograph. Each microreactor were filled with 30 mg 

catalyst with average grain size of 100 m. Steady-state experiments were performed with 

inlet gas mixture composed of 750-3000 ppm CH4 with 5 vol.% O2 in the presence or in the 

absence of 10 vol.% H2O in the temperature range 350-600°C. Two similar series were 

performed first on pre-reduced samples and on aged samples after exposure at 750°C to a 

mixture composed of 5 vol% O2 and 10 vol.% H2O. The second set of steady-state rate 

measurements were performed in the presence of steam with 750-3000 ppm CH4, O2 2000-

6000 ppm O2 and 0.5-2 vol.% H2O. Prior to catalytic measurements, the catalyst was pre-

reduced in hydrogen at 250°C to insure a quasi-complete reduction of PdO to metallic Pd 

species in agreement with H2-Temperature-programmed reduction experiments (not shown). 

For all experiments the space velocity was maintained constant at 10
2
 L.h

-1
.g

-1
. Calculation of 

the Weisz-Prater criterion as detailed in Supplementary Information (SI) suggested that 

kinetic measurements were performed in chemical regime.  
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3. Results and discussion 

3.1. Theoretical approach on model Pd(111) surface 

The unity bond index-quadratic exponential potential (UBI-QEP) is a theoretical method 

suited for straigthforward calculations of heat and activation energies for elementary steps 

involved in a catalytic reaction according to a thermodynamic approach described in SI. This 

method can be considered as a generalization of the bond order conservation Morse potential 

method as described elsewhere [21]. Calculations of activation barrier E and enthalpy of 

reaction H were performed on a closed-packed Pd(111) surface with preferred three-fold 

hollow sites. As explained in SI, only gas phase total bond energy (D) and atomic heat of 

chemisorption (Q) are needed [22]. Numerical values are listed in Fig. 1(a) and account for a 

typical accuracy of 5-15 kJ/mol. These values correspond to the zero-coverage limit when 

free sites are largely available, which is rarely the case when catalytic measurements are 

performed near atmospheric pressure. The heat of adsorptions for not activated adsorption 

processes, i.e.  dissociative and molecular adsorption respectiviely for O2 and CH4, reveal a 

much higher exothermiciticy of oxygen adsorption reflecting a stronger adsorption. 

Subsequent surface reactions have been considered with two different scenarios for the 

dissociation of chemisorbed methane molecules involving a nearest-neigbor vacant Pd site or 

occupied by chimisorbed O atoms. Slightly lower activation barrier is obtained in the former 

case (97 kJ/mol vs. 117 kJ/mol) which emphasizes that chemisorbed O would not a priori 

favor the C-H bond breaking in CH4,ads molecules in these coverage conditions. Previous DFT 

calculations on PdO(101) surface [23] differ from these conclusion showing that hydrogen 

abtraction from methane would occur more readily over a Pdcus-Ocus site pair. As a matter of 

fact such differences were expected as already pointed out by Zhu et al [3] who found 

significant change of the activation energy on Pd metal and PdO for methane combustion 
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suggesting different reaction mechanisms and we must aslo keep in mind the bordeline case 

for  = 0 which does not reflect the adsorbate composition in our operating conditions. The 

intermediate production of CO can be discussed near stoichiometric conditions when the 

surface is oxygen depleted because it also strongly adsorbs and, similarly to Oads and OHads,   

could potentially play the role of inhibitor preventing methane dissociation. Results near zero-

coverage a priori suggest a detrimental effect of oxygen related to inhibiting effect. However, 

the adsorbate coverage dependency of the activation barrier assigned to the C-H bond 

breaking step must be envisioned.  

Reaction 
H 

(kJ/mol)

Ef
a
 

(kJ/mol) 

O2 +2*  2O* -232 0 

CH4 + *  CH4* -90 0 

CH4* + *  CH3* + H* 88 97 

CH3* + *  CH2* + H* 66 104 

CH2* + *  CH* + H* 35 99 

CH* + *  C* + H* -145 21 

C* + O*  CO* + * -174 31 

CO*   CO + * 134 -134 

CO* + O*  CO2 + 2* -36 20 

O* + H*  OH* + * 29 90 

OH* + H*  H2O + 2* -114 0 

2OH*   H2O + O* + * -144 144 

CH4* + O*  CH3* + OH* 117 117 

CH3* + O*  CH2* + OH* 95 102 

CH2* + O*  CH* + OH* 64 93 

CH* + O*  C* + OH* -116 42 

a
 forward reaction  

Fig. 1. Heat of reation and activation barrier calculated on 

Pt(111) at  = 0. (a), surface oxygen and OH coverage 

dependency of enthalpy of adsorption for gaseous O2 (blue) 

and H2O (red) (b) surface oxygen and OH coverage 

dependency of activation barrier of step (13) O coverage 

(blue) and OH coverage (red) 

 

 

 

More representative energetic data can be calculated from the UBI-QEP method upon 

addition of a coadsorbate originates from the fact that the surface metal atoms interact with 

more than one adsorbate. O- and OH-coverage dependencies of the adsorption enthalpy and 

activation barrier are illustrated in Figs 1(a) and 1(b). The decrease in the heat of adsorption at 

increasing coverage is correctly predicted by the UBI-QEP method. In this study, the 
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coverage effect of O ad-atom or OH ad-specie is significant considering their heat of 

adsorption (360 kJ/mol for O ad-atom and 165 kJ/mol for OH ad-specie regardless the surface 

metal Pd atom). This effect becomes significant when the adsorbed species occupied more 

than 40% adsorption sites with a sharp weakening effect of Pd-O adsorption bond. The effect 

of coverage adsorbate can be also quantified on the activation barrier. Particular attention has 

been paid to the following step CH4* + O*  CH3* + OH* characterized by an activation 

barrier higher than step corresponding to C-H bond breaking on a nearest-neighbour vacant 

site. Chemisorbed O atom and OH groups appear as reactant and product respectively. 

Evolution of the activation with respect to O and OH is a key information. Some restrictions 

in the UBI-QEP method lies in the lack of possibility to consider the mutual interactions 

between adsorbed O and OH. Figs. 1(a) and (b) only take the repulsive interaction between 

the same adsorbate, i.e. Oads or OHads, into account. As seen, antagonistic evolutions appear as 

increasing O-coverage induces a lowering of the activation barrier for O above 0.4. This 

tendency emphasizes a clear assistance of oxygen in the the C-H bond scission and seems to 

reconcile previous investigations which privileged a cooperative effect of Pd
0
 and PdO [10]. 

On the contrary, an increase of the activation barrier is observable with a rise of OH which 

clearly shows a detrimental effect. On the basis of these theoretical calculations the classical 

beneficial effect of nearest neighbour O atoms is restored at increasing coverage while he did 

not appear formally at nil coverage.  

 

3.2. Kinetics and related reaction mechanism on Pd/La0.7MnO3 in lean conditions 

Kinetic parameters calculated on pre-reduced and aged catalyst in 750-3000 ppm CH4 

and 5 vol.% O2 at 400°C are reported in Table 2. Their comparison with previous studies 

either on metallic or oxidic Pd surface did not reveal significant discrepancies [4,5,24]. 

Indeed, an increase of the activation energy on metallic surface is noticeable and the kinetics 
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obeys to a positive reaction order with respect to methane. The lowering of TOF values in the 

presence of 10 vol.% H2O is also consistent with a strong inhibiting effect of water on the 

reaction rate. Let us note that comparable specific rates and TOF values are measured on aged 

catalyst still in the absence of water. This observation does not show significant detrimental 

effect of the aging process. As a matter of fact, previous investigations revealed that the 

alteration of the metal-support interaction may depend on the nature of the pretreatment and 

the richness of the reactant mixture with an alteration accentuated in reducing atmophere by 

using perovskite as substrate [25,26]. Indeed, pre-reduction at moderate temperature, i.e. 

250°C would prevent the metal support interface. 

In first approximation, two reaction mechanisms (I(a) and I(b)) have been examined 

based on the UBI-QEP method which account for metallic Pd sites stabilized on La0.7MnO3. 

Mechanism I(b) can be supported due to a combined effect related to a weaker oxygen 

inhibiting effect associated to a lowering of the heat of adsorption and a lowering of the 

activation energy of step (13) at increasing O-coverage as expected in large excess of oxygen. 

 
Mechanism I(a)  

(1) O2(g) + 2  2O


 

(2) CH4(g) +   CH4


 

(3a) CH4


 +   CH3


 + H


 

(4a) CH3


 +   CH + H 

(5a) CH


 +   CH + H 

(6a) CH


 +   C+ H 

(7)   C


 + O


  CO


 +  

(8) CO


 + O  CO2 + 2 

(9)  2OH


  H2O + O


 + 2 

Mechanism II   

(1)   O2(g) + 2  2O


 

(2)   CH4(g) +   CH4


 

(3c) CH4


 + ‘O’  CH3


 + ‘OH’ 

(4c) CH3


 + ‘O’  CH2


 + ‘OH’ 

(5c) CH2


 + ‘O’  CH


 + ‘OH’ 

(6c) CH


 + ‘O’  C


+ ‘OH’ 

(7)  C


 + O


  CO


 +  

(8) CO


 + O


  CO2 + 2 

(10) 2 OH’ H2O + ‘O’ 

Mechanism I(b)  

(1)  O2(g) + 2  2O


 

(2) CH4(g) +   CH4


 

(3b) CH4


 + O


  CH3


 + OH


 

(4b) CH3


 + O


  CH2


 + OH


 

(5b) CH2


 + O


  CH


 + OH


 

(6b) CH


 + O


  C


+ OH


 

(7)   C


 + O


  CO


 +  

(8) CO


 + O


  CO2 + 2 

(9)   2OH


  H2O + O


 + 2 
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As a matter of fact, the aforementioned elementary steps closely mimic those already 

reported in the literature on PdO [13] even though the nature of oxygen can be questioned 

coming from dissociative adsorption into chemisorbed O species on PdO/Pd and/or surface 

oxygen lattice species. Mechanism I(a) and I(b) agree with a single site mechanism only 

composed of Pd atoms with competitive adsorptions of O2 and methane. The positive reaction 

order for CH4 concentration (see Table 1) accounts for the kinetic limiting effect of the first 

C-H bond dissociation [27]. Fujimoto et al. [5] also suggested that subsequent C-H bond 

breaking are kinetically insignificant. By assuming the first C-H bond breaking slow, then all 

the other step would occur much faster and reversible adsorptions can be assumed quasi 

equilibrated leading to Eqs. (11) and (12) corresponding to surface coverages of adsorbed 

methane molecules and O atoms, i.e. 𝜃𝐶𝐻4

∗  and 𝜃𝑂
∗ with 𝜃𝑣

∗ corresponding to the fraction of 

vacant sites based on the hypothesis that Oads, and CH4,ads are the most abundant intermediates 

at the surface.  

𝜃𝑂
∗ =  √KOPO2

𝜃𝑣  (11) 

𝜃𝐶𝐻4

∗ =  K𝐶𝐻4
PCH4

𝜃𝑣 (12) 

with 𝜃𝑣
∗ =  

1

1+K𝐶𝐻4PCH4+√KOPO2

 (13) 

 

The expression of the reaction rate in Eqs. (14) and (15) respectively for mechanism I(a) and 

I(b) can be easily derived in agreement with this set of assumptions. 

 

𝑟 =  𝑘3𝑎𝜃𝐶𝐻4

∗ 𝜃𝑣
∗ =  

𝑘3𝑎𝐾𝐶𝐻4𝑃𝐶𝐻4

[1+K𝐶𝐻4PCH4+√KOPO2]
2 (14) 

𝑟 =  𝑘3𝑏𝜃𝐶𝐻4

∗ 𝜃𝑂
∗ =  

𝑘3𝑏𝐾𝐶𝐻4𝑃𝐶𝐻4√KOPO2

[1+K𝐶𝐻4PCH4+√KOPO2]
2 (15) 

 

The linear transformed of the reation rate Eqs. (14) and (15) allow a graphical 

discrimination. In practice, the set of assumptions for their establishment is valid if the plots 

plots √𝑃𝐶𝐻4
𝑟⁄  and √𝑃𝐶𝐻4√𝑃𝑂2

𝑟⁄  vs. 𝑃𝐶𝐻4
 is linear with a positive slope. As a matter of fact a 
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poor agreement is obtained from the plots in Fig. S1. On the basis of these observations, a 

dual site mechanism II has been suggested as alternative which differs from Mechanism I(a) 

and I(b) by the nature of reactive oxygen species. Indeed, they would no longer come from 

the direct gaseous O2 dissociative adsorption on metallic Pd sites but from surface lattice 

oxygen of the perovskite support at the Pd-La0.7MnO3 interface. Let us note that one cannot 

strictly rule out reactive oxygen species coming from PdO at the vicinity of Pd
0
 site 

eventhough it   accepted that oxidation of metallic Pd particle is a slow process [2]. The 

following Eq. (16) can be derived based on the mathematical development given in SI. 

 

𝑟 = 𝑘3𝑐𝜃𝐶𝐻4

∗ 𝜃𝑂 =  
𝑘3𝑐𝜃𝐶𝐻4

∗ (2𝑘10+4𝑘3𝑐𝜃𝐶𝐻4
∗ )

2𝑘10
[1 ± √1 − (

2𝑘10

2𝑘10+4𝑘3𝑐𝜃𝐶𝐻4
∗ )

2

] (16) 

 

𝜃𝑂 stands for fraction of surface lattice oxygen oxygen species coming   La0.7MnO3, kn stands 

for the rate constant for step (n), 𝐾𝐴𝑖
 and 𝑃𝐴𝑖

 are respectively the equilibrium constants and 

the partial pressures for the reactant Ai. By assuming step (3c) as slow step, i.e. 𝑘10  ≫  𝑘3𝑐, 

then 
2𝑘10

2𝑘10+4𝑘3𝑐𝜃𝐶𝐻4
∗   1, then one can obtain the following simplified Eq. (16). 

 

𝑟 =  
𝑘3𝑐𝐾𝐶𝐻4𝑃𝐶𝐻4

(1+𝐾𝐶𝐻4𝑃𝐶𝐻4+√𝐾𝑜𝑃𝑂2)
[1 +  

2𝑘3𝑐𝐾𝐶𝐻4𝑃𝐶𝐻4

𝑘10(1+𝐾𝐶𝐻4𝑃𝐶𝐻4+√𝐾𝑜𝑃𝑂2)
] (17) 

 

Kinetic and thermodynamic constants in Table 2 have been estimated from a least square 

method through the minimization of the sum of the square difference between predicted and 

experimental reaction rates ∑(𝑟𝑒𝑥𝑝. − 𝑟𝑝𝑟𝑒𝑑𝑖𝑐.)
2 . Only Eq. (17) has been considered for the 

adjustment. The comparison of optimized values obtained on pre-reduced catalyst and after 

aging at 750°C in steam agree with mechanism II. They corroborate previous conclusions 

emphasizing the supply of reactive oxygen from the support [17,18]. The rate constant k3c for 

methane dissociation increases significantly on the aged catalyst which is in agreement with 
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the decrease of the apparent activation energy from 136 kJ/mol to 97.9 kJ/mol on aged sample 

(Table 1). Such evolution could suggest a strenghening of the metal support interface. This 

assumption is supported by comparable values for k10 which still indicate a fast restoration of 

‘O’ reactive species. Such changes also coincide with an alteration of the adsorptive 

properties of palladium because adsorption competition becomes more in favor of oxygen on 

aged sample with sharp increase in O-coverage at the expense of methane coverage as 

illustrated in Fig. 2. Hence, statistically the probability to find adsorbed methane on Pd at the 

vicinity of reactive O species from perovskite would lessen. This inhibiting effect would exert 

a diluting effect and counterbalance the increase observed on the reaction rate constant k3c 

which could potentially explain unchanged specific reaction rate and TOF values on aged 

Pd/La0.7MnO3. Neverthless, the most prominent information given by those data is related to 

the absence of deterioration of the Pd-support interface when the catalyst is exposed to 5 

vol.% O2 and 10 vol.% H2O at 750°C.  

 

3.2. Kinetics and related reaction mechanism on Pd/La0.7MnO3 near the stoichiometry in the 

presence of steam 

 

The kinetics has been studied near stoichiometric conditions in the 1-2 vol.% H2O with 

partial pressure  . Consequently, water adsorption must be considered according to the 

following step (18): 

H2O + O


 +   2OH


 (18) 

By assuming this step quasi at equilibrium then the OH-coverage expression can be expressed 

according to Eq. (19) : 

𝜃𝑂𝐻
∗ =  [K𝐻2𝑂PH2𝑂√KOPO2

]
0.5

𝜃𝑣
∗   (19) 

with 𝜃𝑣
∗ =  

1

1+K𝐶𝐻4PCH4+√KOPO2+[K𝐻2𝑂PH2𝑂√KOPO2]
0.5 (20) 

 



12 
 

Regarding the reaction rate Eqs. (14)-(16) their expression only differ from the denominator 

which includes the following additionnal terms [K𝐻2𝑂PH2𝑂√KOPO2
]

0.5
. By examining the 

reaction order, the positive value with respect to the partial pressure of oxygen seems to 

invalidate Eqs. (14) and (17) (see Fig. S2 in SI). As a matter of fact, the adjustment routine by 

using Eq. (17) converge to KO = 0 when the minimum is reached. The best fit is obtained with 

Eq. (20) with optimized values for the rate constant and equilibrium constant reported in 

Table 2. 

𝑟 = 𝑘3𝑏𝜃𝐶𝐻4

∗ 𝜃𝑂
∗ =  

𝑘3𝑏𝐾𝐶𝐻4𝑃𝐶𝐻4√KOPO2

[1+K𝐶𝐻4PCH4+√KOPO2+[K𝐻2𝑂PH2𝑂√KOPO2]
0.5

]
2 (20) 

 

Hence, near the stoichiometry, in the presence of steam, mechanism I(b) would prevail at 

the expense of mechanism (II). This means that the Pd-La0.7MnO3 interface in these 

conditions would be suppressed and only Pd active sites would run in these operating 

conditions. This could be explained by a strong OH group accumulation onto the support in 

the presence of steam in the inlet gas mixture blocking mobility and reactivity of surface 

oxygen lattice. Indeed, Shwartz et al. found on Pd-based catalyst that OH accumulation on the 

support hinder oxygen mobility and provokes deactivation [17,18]. Despite higher reaction 

temperature, the value for k3b seems to be abnormally low compared to that calculated in dry 

conditions at lower T. The opposite trend observed on the apparent activation energy would 

likely reflect change in the reaction mechanism. By comparing the equilibrium constant and 

the resulting coverages, it seems obvious 𝜃𝑂𝐻
∗  remains below the critical coverage value 

causing a decrease in the rate constant (Fig. 1(c)) and should not exert detrimental effect. The 

comparison of methane- and O- coverage seems consistent with the absence of oxygen 

inhibiting effect in agreement with the positive order with respect to oxygen and the 

prevalence of step (3c) for modeling the reaction rate.  
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In summary, the Pd-La0.7MnO3 interface would occur in the absence of steam and would 

be resistant in severe aging conditions aging, i.e. at 750°C in 5 vol.% O2 and 10 vol.% H2O. 

However, in wet condition, the kinetics is strongly altered due to strong OH accumulation on 

the support. The deterioration of oxygen mobility and the suppression of Pd-support interface 

cause deactivation. These observation pause the question on the strategy to optimize the 

interface of nano-sized Pd particle with support material exhibiting oxygen storage properties 

for methane conversion based on the detrimental effect of steam.  
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Table 1. Kinetic parameters for the CH4/O2 and CH4/O2/H2O reaction on Pd/La0.7MnO3 respectively in lean and near stoichiometric conditions            

Catalyst Thermal treatment p(CH4)/10-3 p(O2)/10-3 p(H2O)/10-3 T (°C) Preexponential  Eapp  Reaction order Specif. rate TOF Reference 

 (atm)  (atm)  (atm)   factor A (s-1) (kJ/mol) CH4 O2 H2O mol.s-1g-1 (s-1)   

1 wt.%Pd/La0.7MnO3 Pre-reduced/250°C 0.75-3.0 50 - 400 1011 136.0 0.7 - - 4.510-8 0.015 This study 

    1 50 100 400     1.7 - - 0.910-8 0.003 This study 

  Ageda 0.75-3.0 50 - 400 108 97.9 0.8 - - 4.410-8 0.015 This study 

    1 50 100 400       - - 2.110-8 0.007 This study 

  Pre-reduced/250°C 0.75-3.0 2.0-6.0 5.0-20.0 460 108 87.6 0.8 0.14  17.410-8 0.088 This study 

0.86 wt.% Pd/ZrO2 Calc./air, 500°C 20 200 1-150 280 - - 1.1 0.1 -1.0  0.015 [5] 

7.7 wt.%Pd/Si-Al2O3 Calc./air, 500°C 20 200 - 280 - 85        0.012 [4] 

Pd foil 

under reaction 

mixture/500°C 0.2 200 0.0125 280 - 125 0.7 0.2 -0.9 

 

0.59 [24] 
a in 10 vol.% H2O in O2 vol.% at 750°C                        

 

Table 2. Kinetic and thermodynamic constants optimized from a least square method at 400°C on Pd/La0.7MnO3 

Operating conditions Thermal 

treatment 

T(reaction) 

(°C) 

k3c
c
               k10

c
               k3b

c
               KCH4

d
 KO

d
 KH2O

d
 

  

750-3000 ppm CH4,    

5 vol.% O2 

Reduced
a
 400 2.510

-6
 5.210

-2
   17.2 0.05     

Aged
b
 400 11.610

-6
 2.310

-2
   5.7 0.8     

750-3000 ppm CH4, 

2000-6000 ppm O2, 

Reduced
a
 460     1.010

-5
 94.8  131.8   0.5 

  
a
 pre-reduction at 250°C - 

b
 aging at 750°C in air with 10 vol.% H2O   

c
 mol.s

-1
g

-1
 - 

d
 atm

-1
         

 

 

Fig. 2. Evolution of surface coverages Ai for methane (red 

curve), oxygen (blue curve) and OH species (green) vs. 

methane partial pressure during the CH4/O2 reaction on pre-

reduced Pd/La0.7MnO3 (bold line), on aged catalyst (- - - -) and 

on pre-reduced catalyst in the absence of steam and in the 

presence of steam (….). 
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