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List of Symbols

Nomenclature
Ai	� Pre-exponential factor for reaction i (kmol/(m2 s)
CPSI	� Cell density per square inch (in−2)
D	� Noble metal dispersion (−)
dD	� Average particle size (nm)
dhyd	� Hydraulic diameter of the channel (m)
EA,i	� Activation energy for reaction i (J/mol)
GSA	� Geometric surface area per reactor volume (m−1)
Gzmass	� The Graetz number for mass transfer
ki	� Rate constant for reaction i (s−1)
kk,m	� Mass transfer coefficient of species k (mol/m2 s)
MGk,g	� Molar mass of gas phase species k (kg/kmol)
ri	� Reaction rate for reaction i (kmol/(m2 s))
Re	� The Reynolds number
Sc	� The Schmidt number
Sh	� The Sherwood number
Ts	� Temperature at catalyst surface (K)
t	� Time (s)
vg	� Gas velocity (m/s)
vi,k	� Stoichiometric coefficient of species k in reaction i 

(−)
wk,g	� Mass fraction of species k in gas phase (−)
yk	� Mole fraction at the reaction layer of species k (−)
yB
k
	� Mole fraction in the gas bulk of specie k (−)

z	� Spatial coordinate in axial direction (m)

Greek Symbols
�i	� Coverage dependence in reaction i (−)
�wall	� Monolith wall thickness (μm)
�wc	� Monolith washcoat thickness (μm)

Abstract  The water inhibition of methane oxidation over 
a bimetallic Pt-Pd on CeO2–Al2O3 catalyst was investigated 
and the experimental data were used to develop a kinetic 
model, consisting of only three reaction steps. In the model, 
the water effect was assigned to the adsorption of H2O 
on surface sites, as well as to the formation and accumu-
lation of surface hydroxyl groups. These two effects were 
accounted by the model, which could well describe the 
experimental data obtained under various conditions.
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�g	� Volume fraction of gas phase in entire system (−)
�k	� Coverage of species k (−)
�g	� Density of gas phase (kmol/m3)
Θ	� Surface site density of storage site (mol/m2)

1  Introduction

In general, noble metal-based materials are considered to 
be efficient catalysts for the oxidation of short chain hydro-
carbons including methane. High activity in methane oxi-
dation has resulted in the implementation of Pd-containing 
materials into the aftertreatment systems utilized for the 
reduction of emissions from natural gas vehicles (NGVs) 
[1–3]. However, the catalytic activity of these systems is 
decreasing with time-on-stream and significant research 
has been addressed to understand the mechanism of Pd-
based catalyst deactivation during the methane oxidation. 
The water inhibition effect has been discussed extensively 
[4–15] and the formation of surface hydroxyls is considered 
to be a key deactivation pathway, which results in the slow 
deactivation of the catalyst due to the continuous formation 
and accumulation of these surface species [8, 16]. Moreo-
ver, it was shown that competitive adsorption between 
methane and water molecules plays a role in the catalytic 
activity loss [5, 9, 15, 17, 18]. However, the precise mecha-
nism of deactivation in the presence of water vapour is still 
unclear.

Kinetic models provide important information to under-
stand reaction mechanisms, as well as the models are used 
for prediction and optimization of chemical processes. 
Trinchero et al. [19] developed a detailed kinetic model for 
methane oxidation over single Pd crystal based on ab  ini-
tio simulations, resulting in 11 reversible reactions. Peskov 
et  al. [20] also performed a theoretical study, in which a 
micro kinetic model for oscillations during methane oxida-
tion was developed. A model for the oxidation/reduction 
cycle over polycrystalline Pd/PdOx was derived by Wolf 
et  al. [21]. There are also a few kinetic models available 
for methane oxidation in the presence of water vapour. For 
methane oxidation most commonly the Langmuir–Hinshel-
wood–Hougen–Watson (LHHW) type of the rate equations 
is used in literature [22–28]; however, Mars-van Krevelen 
(MVK) based equations can also be used to describe mech-
anism of methane oxidation [29, 30]. The oxidation of CH4 
over PdO is strongly inhibited by H2O, with a negative reac-
tion order (−1) [15]. Groppi et al. [22, 23] used a pseudo 
LHHW kinetic model 

(
Rw = KrCCH4

∕
(
1 + KH2O

CH2O

))
 

to describe methane oxidation over PdO/Al2O3. The 
model could adequately describe the steady state conver-
sion of methane when varying methane and water con-
centrations. Fernández et  al. [24] and Abbasi et  al. [25] 
have also successfully used this rate expression for their 

methane oxidation simulations over Pd– and Pt–Pd-based 
catalysts, respectively. Moreover, detailed modelling work 
on methane oxidation with a focus on water inhibition was 
performed by Hurtado et  al. [29]. Various rate equations 
based on Langmuir–Hinshelwood (LH), Eley–Rideal (ER), 
and MVK mechanisms were investigated and it was con-
cluded that experimental data obtained on Pd/alumina can 
be successfully modelled by the MVK mechanism. In this 
study, modelling of steady state data was also performed. 
Specchia et  al. [30] examined different models for steady 
state methane oxidation under dry conditions over Pd/
CexZr1−xO2, including the above mentioned mechanism, 
and found that MVK is the best mechanism to describe the 
experimental data. Inhibiting effect of water on methane 
oxidation under transient conditions has been also studied 
by Kikuchi et al. [4] and recently by Alyani and Smith [31]. 
Kikuchi et al. [4] demonstrated experimentally that the Pd/
Al2O3 catalyst has been deactivated by water, and derived 
rate parameters for the system. However, these parameters 
were not used to model any experimental data [4]. Based 
on a simplified kinetic model of methane oxidation in the 
presence of water Alyani and Smith [31] demonstrated the 
Ce-promoting effect on the Pd/Al2O3 catalyst. The data 
showed that the equilibrium constant for water adsorption 
was lower and that the water desorption rate was higher on 
the Ce-containing sample resulting in lower loss in cata-
lytic activity.

Thus, there are a few kinetic models that describe meth-
ane oxidation over palladium containing catalysts in the 
presence of water, but these models mostly focus on steady 
state reaction conditions. The recent modelling study by 
Alyani and Smith [31] accounts transient inhibition by 
water at different temperatures. However, there is still lack 
of data on methane oxidation under complex conditions. 
To our knowledge, there are no transient kinetic models 
that describe variation in concentrations of different gases 
such as water and NO during methane oxidation, which is 
the objective of this study. In greater details, a well-char-
acterized Pt–Pd-based catalyst was used to experimentally 
investigate the activity and selectivity in methane oxidation 
varying concentrations of gas phase components: CH4, NO, 
CO, O2 and H2O. Based on these data, a kinetic model was 
developed that is capable to simulate features of the tran-
sient experiments over time.

2 � Experimental Part

2.1 � Sample Preparation and Activity Measurements

Powder of a catalyst synthesized by an impregna-
tion method was washcoated on a ceramic monolith 
(diameter = 21  mm, length = 20  mm; 400  cpsi, mass of 
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washcoat = 500  mg). The catalyst contained 0.6  wt% 
Pt, 3.2 wt% Pd and 20 wt% CeO2 on δ-Al2O3. Details on 
the catalyst synthesis can be found in [32]. The monolith 
sample was placed into a quartz flow reactor using insula-
tion around the monolith to avoid gases bypassing. First, 
the sample was pre-treated at 500 °C in 2% H2 in Ar flow 
for 30  min. The temperature was then increased up to 
700 °C in Ar flow to perform a degreening of the sample 
in order to ensure stability during the different experi-
ments. At this temperature, the monolith was treated twice 
for 60 min under lean conditions (500 ppm CH4, 500 ppm 
NO, 300 ppm CO, 8% O2, 5% H2O, balanced by Ar) with 
a treatment under rich conditions (2% H2, 5% H2O, Ar) for 
20 min in-between lean steps. Thereafter, the sample was 
purged by Ar for 10 min and was pre-treated using 8% O2, 
5% H2O in Ar flow for 30 min at 700 °C. The sample was 
then cooled down to 150 °C in Ar flow and catalytic activ-
ity tests were performed.

The activity of the sample was measured ramping up 
and down the temperature in the range of 150–700 °C at 
a ramp rate of 5°/min under lean conditions. The follow-
ing gas compositions were used: Ramp 1: 500  ppm CH4 
and 8% O2, Ramp 2: 500  ppm CH4, 8% O2 and 5% H2O 
and Ramp 3: 500 ppm CH4, 500 ppm NO, 300 ppm CO, 
8% O2 and 5% H2O. The total gas flow was held constant 
at 3500 ml/min (GHSV 30,000 h−1) and was balanced by 
Ar. The outlet gas composition was monitored by an MKS 
MultiGas 2030 HS FTIR gas spectrometer. The sample was 
pre-treated at 700 °C for 30 min using 8% O2, 5% H2O in Ar 
flow and thereafter cooled in Ar only prior to Ramp 1 and 
Ramp 2, which resulted in a clean Pt–Pd surface. However, 
Ramp 3 was conducted directly after Ramp 2, without any 
pre-treatment, resulting in adsorbates left on the surface 
from the previous Ramp 2.

The same set-up was used to perform experiments at 
constant temperature where concentrations of CH4, NO, 
CO, O2 and H2O varied step-by-step as shown in Fig.  1. 
Prior to each isothermal activity test, the catalyst was pre-
treated using 8% O2 and 5% H2O in Ar flow for 30 min at 
700 °C and cooled down to 350 or 450 °C, respectively, in 
Ar only flow.

2.2 � Catalyst Characterization

The dispersion of noble metals was measured by CO chem-
isorption using a pulse flow technique at room temperature 
[33] in the same set-up as described in Sect. 2.1. Prior to 
the measurement, the sample was subjected to a thermal 
pre-treatment which involved a reduction at 500 °C under 
2% H2 in Ar flow for 30  min followed by fast cooling to 
25 °C in the same gas flow. After flushing with Ar flow for 
10 min, the sample was exposed to a mixture of 100 ppm 
CO and 0.5% CO2 (to avoid CO adsorption on ceria [34]) in 

Ar for 20 min to measure the CO adsorption. Physisorbed 
CO was then flushed away with 0.5% CO2 in Ar for 10 min 
and a second pulse of 100  ppm CO and 0.5% CO2 was 
performed to quantify the weakly bonded CO. The overall 
noble metal dispersion was determined using temperature 
programmed desorption of CO in Ar flow (CO-TPD) per-
formed at a ramp rate of 10º/min up to 500 °C. During CO 
adsorption and CO-TPD measurements, a total gas flow 
of 1000 ml/min was used. For the estimation of the noble 
metal dispersion, adsorption stoichiometry of 1:1 for both 
CO:Pd and CO:Pt was assumed [35–38].

A transmission electron microscopy (TEM) analysis 
was performed to examine the particle size of the bimetal-
lic catalyst Pt–Pd/CeAl2O3, as well as to study if any alloys 
between Pt and Pd had been formed. After the catalytic 
activity tests, a portion of catalyst powder was scraped off 
from the washcoat layer of the monolith for TEM analysis. 
The sample was pestled in an agate mortar and then placed 
on a carbon film using TEM Cu grids. The particles were 
imaged using an FEI Titan 80–300 TEM with a probe Cs 
(spherical aberration) corrector operated at 300  kV. The 
images were recorded using a high angle annular dark field 
(HAADF) detector in the scanning TEM imaging mode 
(STEM), providing a Z number contrast. The electron 
probe size for this study was about 0.2 nm. The chemical 
characterization of particles was performed by energy dis-
persive X-ray (EDX) spectroscopy.

3 � Kinetic Modelling

3.1 � Reactor Model

The kinetic model for methane oxidation activity of 
Pt–Pd/CeO2–Al2O3 was developed using a commercial 
software, AVL BOOST. The catalyst parameters applied 
into the model development are shown in Table 1 and the 

Fig. 1   Changing the inlet gas composition stepwise during the meth-
ane oxidation over Pt–Pd/CeO2–Al2O3 catalyst at constant tempera-
ture
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temperature measured in the middle of the monolith was 
used in the simulations. One dimension (1D) single channel 
model was applied and the channel was discretized in the 
axial direction using 20 grid points with a grid shape factor 
equal to unity.

Mass transfer through the boundary layer was accounted 
for by the Hawthorn correlation, according to [39]:

which is based on the definition of the dimensionless 
Graetz numbers for mass (Gzmass) transfer:

where Sh is the Sherwood number, Re is the Reynolds 
number, and Sc is the Schmidt number. For channel shaped 
monoliths, d represents the hydraulic channel diameter and 
l is the channel length.

Metkar et al. [40], found an average washcoat thickness 
of about 35 μm for a loading of 0.15 g/cm3 and in addition 
that doubling the washcoat gave ca double washcoat thick-
ness [41]. Based on these data it was estimated that a mon-
olith of 20 mm in length and 21–22 mm in diameter with a 
washcoat mass of 500 mg, which is the case of our sample, 
would yield a washcoat thickness of 15–17 μm. In the cur-
rent model, the mass transfer in the washcoat was therefore 
simulated using five grid points and 17 μm for the washcoat 
thickness (�wc). The mass balance equation was:

where the coverage of component k on the surface was 
given by:

with the geometric surface area per unit reactor volume 
(channel wetted perimeter), GSA, derived from:

(1)Sh = 3.66 + (1 + 0.095 × Gzmass)
0.45

(2)Gzmass = Re × Sc ×
d

l

(3)

�g

��g × wk,g

�t
= �g

��g × wk,g × �g

�z
+MGk,g

nr∑

i

�i,k × ri
(
yk, Ts, �k

)
,

(4)
��k

�t
(� × GSA) =

nr∑

i

�i,k × ri
(
yk, Ts, �k

)
,

(5)
GSA

dhyd
= 4 × (CPSI),

The external mass transport from the gas bulk to the sur-
face was described by the film model, using the following 
equation:

The effective diffusion coefficient was evaluated accord-
ing to a modified Wakao–Smith random pore model for 
monolith catalysts used in selective catalytic reduction 
(SCR) of NOx as reported by the Tronconi group [42, 43], 
where they determined the value to 5  ×  10−6  m2/s [42, 
44]. This value was successfully used in several models 
reported in literature [45–47]. The washcoat in our sample 
was intentionally thin, in order to minimize mass transfer 
in the washcoat and indeed simulations with and with-
out mass transfer in the washcoat demonstrated the same 
results. However, mass transfer in the washcoat was any-
way included in all simulations for completeness.

3.2 � Kinetic Model

To simulate and capture the temperature dependence in the 
kinetic model, the Arrhenius Eq. (7) was used for rate con-
stants ki, according to:

where Ai is the pre-exponential factor, EA, i is the activation 
energy, R is the gas constant (8.314 J/(mol K)), and Ts is the 
absolute temperature of the catalyst surface (K).

The developed kinetic model consists of three reactions, 
which are shown below with their corresponding rate equa-
tions and parameters placed in Tables  2 and 3. The first 
reaction (R1) is a global step for CH4 oxidation.

The conventional LHHW type of rate equation was tuned 
to the experimental data. It was assumed that adsorbed CH4 
species are rapidly consumed resulting in zero coverage 
of active sites by methane molecules. Additionally, it was 
taken into account that methane oxidation is zero order in 
respect to CO2 and O2. This resulted in methane reaction 
rate expression where competitive adsorption of H2O and 
NO on active sites are taken into account:

The reaction rate is first order with respect to methane con-
centration, which is consistent with several models in the lit-
erature [22–24, 29, 30]. The model also contains a water inhi-
bition term in the same way as the pseudo LHHW model that 

(6)GSA × kk,m ×
(
yk − yB

k

)
=

nr∑

i

�i,k × ri
(
yk, Ts, �k

)

(7)ki = Ai × e
−EA, i

R×Ts ,

(R1)CH4 + 2 O2 → CO2 + 2 H2O

(8)r =
k1 × yCH4

1 + kinhib
H2O

× yH2O
+ kinhib

NO
× yNO

Table 1   The parameters for the monolith sample (square cell type 
specification) used in the simulations

Parameter name and unit Value

Cell density, CPSI (in−2) 400
Wall thickness, �wall (μm) 101.6
Monolith diameter (mm) 21
Monolith length (mm) 20
Washcoat porosity (%) 0.5
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Groppi et  al. [22, 23] have described. However, this model 
could not account for the slow deactivation observed dur-
ing transient experiments. In addition, this model could not 
describe the difference in light-off curves during cooling and 
heating, which will be discussed in the Sect. 4. In our earlier 
study it was proposed that there are two deactivation modes 
from water; the first one is fast deactivation relating to water 
adsorption and the second one is slow deactivation caused 
by hydroxyl species formation [32]. Our experimental data 
suggest that methane oxidation depends on active sites S*, 
which will be blocked by these species (S*–OH), resulting in 
that methane oxidation is hindered. These sites were added 
to model, resulting in that methane oxidation rate depends on 
active sites S* (θ(S*) = 1 − θ(S*–OH)) which are affected by 
slow formation and accumulation of –OH groups according 
to the reaction R2. As can be seen in Fig. 2, the addition of 
active sites S* improves the slope of the modelling data that 
approaches the slope of the experimental results (see Sect. 4). 
The rate expression used in the model presented in this paper 
is therefore.

(9)rR1 =
k1 × yCH4

× �S∗

1 + kinhib
H2O

× yH2O
+ kinhib

NO
× yNO

The LH water term in the denominator will account 
for the fast water deactivation and the addition of �S∗ will 
account for the slow water deactivation, and thereby both 
deactivation modes observed experimentally [32] are pre-
sent in the model.

The formation and decomposition of surface hydroxyl 
groups are added to the model by Reaction R2.

The reaction has the same form as was used in a detailed 
kinetic model for ammonia SCR over Cu/ZSM-5 [48] and 
the same formalism was found to be useful in this study, 
despite the significant differences between the systems 
under study. The importance of surface hydroxyl species is 
proposed based on the first-principle calculations [49].

(R2)2 S∗ + H2O + 0.5 O2 ⇄ 2 S∗ − OH

Table 2   Equations and kinetics parameters for methane oxidation based on activity experiments accompanied with data of the sensitivity analy-
sis

a Calculated from experimental data. kinhib
H2O

 has the form of Ainhib
H2O

× e

ΔHinhib
H2O

R×Ts , where Ainhib
H2O

 and ΔHinhib
H2O

 were tuned to the experimental data, resulting 
in 0.68 and 40 kJ/mol. kinhib

NO
 is a constant tuned to the experimental data, resulting in 10,500

# Equation/reaction rate Pre-exponential factor 
(kmol/(m2 s))

Activation 
energy (kJ/mol)

Change in S (%) 
Figs. 6 and 7

Change in S (%) Fig. 8

R1 rR1 =
k1×yCH4

×�S∗

1+kinhib
H2O

×yH2O
+kinhib

NO
× yNO

1.33 × 105 102a Pre-exp: 0.37 Pre-exp: 1.14

Act.En: – Act.En: –
R2 rR2 = k

2
× �S∗ × y

H2O
× y

O2
− k−2 × �S∗−OH Forward: 3.82

Backward: 7.38 × 10−2
130 Pre-exp: 0.41 Pre-exp: 0.67

Act.En: 5.64 Act.En: 43.44
158 Pre-exp: 0.33 Pre-exp: 0.02

Act.En: 8.95 Act.En: 0.47
R3 rR3 = k

3
× y

NO
× y0.5

O2

−
k3

Keq

× y
NO2

Forward: 0.1 30 Pre-exp: 0.06 Pre-exp: 0.27

Act.En: 0.11 Act.En: 1.12

Table 3   Additional parameters accompanied with data of the sensi-
tivity analysis

Tuned parameter Value Change in S (%) 
Figs. 6 and 7

Change 
in S (%) 
Fig. 8

Ainhib
H2O

0.68 0.29 0.41

ΔHinhib
H2O

40 kJ/mol 1.95 3.08

kinhib
NO

10,500 0.06 0.24

0 60 120 180 240 300 360 420
0

20

40

60

80

100
no S*

C
H

4 c
on

ve
rs

io
n 

(%
)

Time (min)

 R1 modified with fraction of S*
 R1 without fraction of S*
 experimental data

with S*

Fig. 2   Comparison of the modelling results taking into account 
active sites S* (blue curve) and excluding S* (red curve) from the 
reaction rate equation of the reaction R1
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Finally, reaction R3 describes a step for the reversible NO 
oxidation to NO2.

NO oxidation is an equilibrium reaction and the equilib-
rium constant Keq is calculated from the change in Gibbs free 
energy (ΔG) according to:

where

The values of the enthalpy and entropy changes were cal-
culated based on the values of standard enthalpy and standard 
entropy according to

where coefficients were taken from the open thermody-
namic database [50].

The kinetic parameters, except the activation energy 
for methane oxidation, were obtained by manual tuning in 
AVL BOOST software. The activation energy was retrieved 
by Arrhenius plot. In total, ten parameters were tuned in 
the model. In addition, optimization of the manually tuned 
parameters was performed in AVL design of experiments and 
optimization tool by Nelder-Mead method where a square 
difference between model and experimental data was used 
as a response parameter. However, the optimization did not 
result in further improvements of the model.

A sensitivity analysis of the kinetic parameters was per-
formed using the transient experiments in Figs. 6, 7 and 8 in 
order to evaluate the relative sensitivity (S) of each parameter 
on the simulation data. This analysis was performed using 
the same method presented in the study by Shwan et al. [51]. 
All the parameters have been increased and decreased by 1% 
where the residuals between the measured and simulated val-
ues of CH4 and NO were calculated and summarized. The 
sensitivity (S) for each parameter was calculated using sum of 
square errors (SSE) according to

where the upper and lower limits are shown in Tables 2 and 
3 according to

(R3)NO + 0.5 O2 ⇄ NO2

(10)Keq = e
−ΔG

R×Ts ,

(11)ΔG = ΔH − T × ΔS

(12)
H◦ − H◦

298.15
= At + Bt2∕2 + Ct3∕3 + Dt4∕4 − E∕t + F−H,

(13)S◦ = A ln(t) + Bt + Ct2∕2 + Dt3∕3 − E∕
(
2 t2

)
+ G,

(14)SSE =
∑[

(NOmeas − NOsim)2 + (CHmeas
4

− CHsim
4

)2
]

(15)S =
||||

SSEoriginal − SSEchanged

SSEoriginal

||||
× 100

4 � Results and Discussion

4.1 � Kinetic Model for Methane Oxidation Under Dry 
and Wet Conditions

The CO chemisorption data resulted in an average disper-
sion of 6.7%. The dispersion is a measure of the exposed 
particle surface, rather than an exact measurement of the 
number of active sites for the CH4 oxidation reaction. 
However, since the exact number of the active site is dif-
ficult to predict, the number of surface sites based on the 
dispersion value (6.7%) was used in the model develop-
ment. Moreover, the average particle size was calculated 
from TEM results (Fig.  3) assuming that the spherical 
metal particles were equally distributed over the support. 
Based on the particle size, noble metal dispersion was 
derived using a relation (16) given in the study by Grem-
minger et al. [35]:

where D is the noble metal dispersion (0 < D < 1) and dD is 
the average particle size (expressed in nm). This resulted 
in a dispersion of 6.2%, which is in an excellent agree-
ment with the data from CO chemisorption (6.7%) used 
in the model. Furthermore, the EDX analysis showed both 
Pt and Pd in the examined particles, which indicates alloy 
formation.

(16)D =
1.11

dD
,

Fig. 3   Scanning TEM image of the model catalyst Pt–Pd/CeO2–
Al2O3 taken after catalytic activity measurements
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The apparent activation energy for methane oxidation 
(R1, Table 2) was estimated from the slope of the Arrhe-
nius plot (Fig. 4) based on experimental results, when the 
Pt–Pd/CeO2–Al2O3 sample was exposed to merely CH4 
and O2 containing mixture. The data were collected under 
10% of methane conversion during the heating ramp of the 
experiment and resulted in an activation energy of 102 kJ/
mol, which was used for all the simulations performed. 
The activation energies presented in the literature for meth-
ane oxidation over Pd-based catalysts span across a broad 
range from 60 to 190 kJ/mol depending on the water pres-
ence and the type of support [15, 16, 29, 30, 52–54]. The 
three reactions and their corresponding rates shown in 
Tables 2 and 3 were used to simulate the methane oxidation 
experiments. The resulting parameters (Tables  2, 3) were 
obtained by tuning the model to the experiments performed 
both under temperature programmed conditions and at con-
stant temperature, in addition to the data from the Arrhe-
nius plot (Fig. 4), and were used for all simulations shown 
in this study.

The catalyst was first exposed to a CH4–O2 gas mixture, 
and the resulting conversion is depicted in Fig. 5. A some-
what higher catalytic activity was found during the cooling 
than during the heating step, where e.g. the temperatures 
of 50% methane conversion (T50) were 335 °C and 319 °C 
for heating and cooling, respectively. In Fig.  5 are also 
shown the results from the kinetic model. The model gen-
erally describes the activity for methane oxidation under 
dry conditions, without describing the temperature differ-
ence of 16 °C for the cooling case. In the model, the cool-
ing has slightly higher T50 compared to the heating due to 
minor water inhibition from water produced during meth-
ane oxidation according to the reaction R1. The reason for 
the hysteresis observed experimentally under the dry case 
was the formation and decomposition of palladium oxides. 

However, the current model focuses on the substantial 
water inhibition effect and in order not to further complicate 
the model, steps for reoxidation of Pd were not introduced 
at this stage. The presence of water in the gas flow drasti-
cally lowered the activity resulting in T50 of 433 and 500 °C 
for heating and cooling, respectively. Compared with T50 
obtained under dry conditions, the increase was as dramati-
cal as 98 and 181 °C for the heating and cooling cases. The 
reaction rate for the methane oxidation (R1, Table 2) con-
tained an inhibition term for water, in a similar way as was 
shown in the study by Groppi et al. [22, 23] and Fernández 
 et al. [24]. This term provided an immediate effect of water 
and only depended on water concentration without chang-
ing over time. Analyzing the data in Fig. 5, one can observe 
that the ramp curve during heating under water presence 
was shifted by 98 °C and this shift was possible to explain 
with a kinetic model consisted only the water inhibition 
in the denominator. However, during cooling the water 
effect became even more dramatical, resulting in a T50 
increase of 181 °C compared with the dry conditions. The 
kinetic model could not simulate such a large T50 increase 
simultaneously with 98 °C T50 growth for the heating step 
using only one water inhibition term. In a similar experi-
ment (data not shown here), when the temperature ramp 
was repeated in the presence of water, the heating step of 
the second ramp demonstrated slightly higher T50 than 
the cooling in the first ramp and thereafter similar value 
for the second cooling [32]. Thus, two water effects were 
observed: first, an immediate catalytic activity loss and, 
secondly, a slow deactivation originating from the hydroxyl 
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Fig. 4   Calculation of apparent activation energy from the Arrhenius 
plot

Fig. 5   Data of methane oxidation (solid line) accompanied by data of 
kinetic model (dashed line) under heating (red) and cooling (cyan) in 
a temperature range of 150–700 °C using the following gas mixture: 
500 ppm CH4, 8% O2, Ar without and with 5% H2O addition marked 
as ‘dry’ and ‘wet’, respectively
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groups that were gradually built up. This mechanism will 
be further supported by the data shown in Sect. 4.3.

The initial activity loss may be related to the competitive 
adsorption of CH4 and H2O on active sites. In the model, 
this suggestion is described by the inhibition term included 
in the rate of reaction R1. Moreover, the significantly lower 
activity during the cooling step may be attributed to the 
hydroxyl species formation that was previously suggested 

for Pd-based catalysts [6, 8, 32, 55]. We suggest that this 
formation has a low rate and quite high energy barrier, 
resulting in that the water inhibition by the hydroxyl group 
formation is a slow process and therefore seen more clearly 
during the cooling step compared to the first heating ramp. 
Indeed, when adding Reaction R2 to the model describ-
ing the hydroxyl species formation and decomposition, the 
model is able to simulate the experimental features very 
well, as seen in Fig.  5, and helps to understand that less 
activity was obtained during the cooling step of the experi-
ment performed under wet conditions.

4.2 � Influence of NO and CO

The next set of experiments was performed to test the activ-
ity of the Pt–Pd/CeO2–Al2O3 catalyst in methane oxidation 
using a complex gas mixture including CO and NO gases. 
The resulting methane conversion is shown in Fig. 6. The 
addition of CO and NO, under wet conditions, resulted in 
a T50 of 480 °C for the heating step compared with 433 °C 
for the case without the presence of CO and NO. For the 
cooling step, T50 remained almost the same around 498 °C 
(compare with 500 °C for the experiment without CO and 
NO). It should be noted that this experiment was conducted 
directly after the ramping experiment in the presence of 
CH4+O2+H2O, without any pre-treatment. Thus, signifi-
cant amount of surface hydroxyls is already present at the 
start of the experiment shown in Fig. 6, which explains the 
low activity in this experiment. In the modelling, these two 
experiments were simulated directly after each other in the 
same way as the experiment was conducted. During this 
experiments CO was fully oxidized to CO2 and since no 
effect of varying the CO concentration was observed (see 
Figs. 8, 9) no terms for CO were added to the reaction rates. 
However, a clear NO inhibition effect was observed during 
transient experiment at constant temperature (see Fig.  8) 
and this experiment was mainly used to tune the NO inhi-
bition term. In a recent work [32] it was observed a posi-
tive effect of NO addition to the ramping experiment and 
it was proposed that this effect was relating to interactions 
between NO and hydroxyl species. This could be the reason 
for that T50 is lower for the heating ramp for CO and NO 
case compared to the cooling ramp in the foregoing experi-
ment. However, reaction steps for the promoting role of NO 
was not added at this stage to the model.

During the experiment with NO present, the NO oxida-
tion was examined and the conversion based on NO2 outlet 
concentration is reported in Fig. 7. The conversions during 
the temperature ramp up and down reached almost the same 
maximum values and were 37 and 38% for heating and 
cooling, respectively. NO conversion continued to increase 
with the temperature until ca. 340 °C, where the NO2 dis-
sociation to form NO started to become increasingly 

Fig. 6   Data of methane oxidation (solid line) accompanied by data 
of the kinetic model (dashed line) under heating (red) and cooling 
(cyan) in a temperature range of 150–700 °C using the following gas 
mixture: 500 ppm CH4, 500 ppm NO, 300 ppm CO, 8% O2, 5% H2O, 
Ar

Fig. 7   Data of NO to NO2 oxidation (solid line) accompanied by 
data of the kinetic model (dashed line) under heating (brown) and 
cooling (green) in a temperature range of 150–700 °C using the fol-
lowing gas mixture: 500 ppm CH4, 500 ppm NO, 300 ppm CO, 8% 
O2, 5% H2O, Ar
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important, due to thermodynamic equilibrium [56]. Step 
R3 (Tables 2, 3) was added to the kinetic model in order 
to describe the NO oxidation during methane oxidation 
and the resulting model is shown in Fig. 7. The model can 
adequately describe the overall NO oxidation capacity and 
the decrease in NO2 formation at higher temperatures due 
to thermodynamic equilibrium.

4.3 � Hydroxyl Species Accumulation

Kinetic parameters of the model described in Tables 2 and 
3 were also adapted to transient experiments when keeping 
the temperature constant. In the experiments at 450 °C, the 
catalyst was exposed to the inlet gas mixture composed of 
CH4, NO, CO, O2 and H2O in Ar. Every 15  min the gas 
composition was changed according to Fig. 1, as mentioned 
in the experimental part of the paper.

The results in Fig. 8 demonstrate both methane conver-
sion with time-on-stream and modelling results. During 
the first 90  min (Region A) when only CO concentration 
stepwise varied (Table 4), no large fluctuations in methane 

conversion were detected which means that CO did not 
affect the methane oxidation. No CO was detected at the 
reactor outlet because of the full conversion to CO2. These 
results are consistent with the study by Ribeiro et al. [15], 
in which no effect of CO2 with concentration below 0.5% 
on methane oxidation was observed. Moreover, the green 
crosshatched areas represented regions where the same ini-
tial gas concentrations were used. Interestingly, when com-
paring the steps with the same gas concentrations there was 
a gradual decrease in methane conversion from 85 to 75% 
with time-on-stream during the first 90 min of the experi-
ment. In addition, the conversion continued to decrease 
during the whole experiment and as low a conversion as 
43% was recorded during the final section of the experi-
ment. It was proposed that this gradual decrease was due 
to catalyst deactivation in the presence of water by form-
ing surface hydroxyls. A straight trend line, representing 
the slope of the deactivation was also inserted into Fig. 8. 
It became clear that the deactivation was rather linear over 
time and that the kinetic model was capable of describing 
this deactivation well.

During the next 90  min (Region B), the sample was 
exposed to a gas mixture with different concentration of 
methane while the concentrations of other gas components 
were kept constant. The higher methane concentration was 
introduced into the gas mixture, the higher CH4 conver-
sion was observed. It should be noted that the increased 
concentration of methane resulted in an increased cata-
lyst temperature (not shown) due to the exothermic effect 
of the reaction. The increased temperature in the catalyst 
explains why the conversion was increasing. Furthermore, 
at the same time less NO2 was formed, which was probably 

Fig. 8   Gradual deactivation of the Pt–Pd/CeO2–Al2O3 catalyst under isothermal conditions at 450 °C with an inlet gas composition (cross-
hatched area) of 500 ppm CH4, 500 ppm NO, 300 ppm CO, 8% O2, 5% H2O and Ar

Table 4   Concentrations of gas components used in the experiments 
at constant temperature in connection to Figs. 8 and 9

Step Region A Region B Region C Region D Region E
CO (ppm) CH4 (ppm) O2 (%) NO (ppm) H2O (%)

0–inlet 300 500 8 500 5
I 700 1200 14 1100 11
II 500 800 5 800 9
III 100 200 0.14 200 2
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related to the temperature increase resulting in an equilib-
rium shift to NO2 decomposition.

As demonstrated in Fig. 8, Region C, the change in O2 
concentration did not affect catalyst activity during CH4 
oxidation, which was in agreement with literature data 
on CH4 oxidation, which was zero order with respect to 
O2 [15]. In Region D (Fig.  8), the effect of changing the 
NO concentration was shown. The conversion rapidly 
decreased when increasing NO concentration and subse-
quently increased when the NO concentration was low-
ered. The NO inhibition was well described by the model 
due to the inhibition term in Reaction R1 (Table 2). In the 
last part of the experiment, the H2O concentration changed. 
A large activity loss was observed when feeding a higher 
water amount into the gas flow. However, the activity could 
be recovered at the same level when the H2O concentration 
switched back from, for example, from 11 to 5%, i.e. to the 
initial level. This observation supported the suggestion that 
there were two effects from water, which are accounted for 
by the model. First, the inhibition due to the water adsorp-
tion on active sites resulted in an immediate decrease in 
methane conversion, which was seen when changing the 
water concentration in Region D of Fig.  8. Second, the 
inhibition due to formation of surface hydroxyl groups and 
their accumulation on the surface resulted in the gradual 
decrease of activity over time, which was clearly seen by 
comparing the areas marked with green crosshatches. The 
model developed in this study described these experimental 
features well.

The same type of experiment was also conducted at 
350 °C and the results from the experiment and model 
are depicted in Fig. 9. In Region A, the CO concentration 

varied and its effect on methane conversion was minor. 
Thereafter, the methane concentration differed (Region 
B) and at a lower temperature, an inhibition by methane 
was observed. Since this inhibition was not observed at 
higher temperature and in order not to further compli-
cate the model no extra reaction steps were added. In 
the next region (Region C, Fig. 9) the NO concentration 
varied and it can be concluded that an inhibition by NO 
was more significant at high temperature, which can be 
observed by comparing the results in Figs. 8 and 9. The 
model well described the effect of changing the NO con-
centration. In the last region (Region E) the water concen-
tration changed and the model simulated the immediate 
decrease in methane conversion as the water concentra-
tion increased. Moreover, as shown in Fig.  9, there was 
only a minor deactivation of the catalyst with time-on-
stream which was noticeable mostly for the 270  min; 
thereafter, methane conversion reached the steady-state 
level of 5%. Thus, it was proposed that the formation of 
surface hydroxyl species may be an activated process, 
resulting in that it is significant at 450 °C but the forma-
tion only occurs to a minor extent at 350 °C. The sensitiv-
ity analysis of the parameters are shown in Tables 2 and 
3. It can be seen that the most sensitive parameters are 
those relating with the hydroxyl species formation and 
decomposition as well as the water inhibition term in R1.

The developed kinetic model well described the water 
inhibition effect observing both during the changing gas 
concentration, as well as during the slow deactivation 
occurring at higher temperature due to the formation of 
surface hydroxyl species.

Fig. 9   Gradual deactivation of the Pt–Pd/CeO2–Al2O3 catalyst under isothermal conditions at 350 °C with an inlet gas composition (cross-
hatched area) of 500 ppm CH4, 500 ppm NO, 300 ppm CO, 8% O2, 5% H2O and Ar
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5 � Conclusions

Kinetic modelling was used in combination with tempera-
ture programmed experiments to investigate methane oxi-
dation under lean conditions using Pt–Pd/CeO2–Al2O3 as a 
catalytic system. The catalyst was significantly deactivated 
by the presence of water, resulting in a 98 °C increase of 
the light-off temperature (T50: 50% of methane conversion). 
Moreover, the catalyst demonstrated differential activity 
during heating and cooling steps, in which the T50 during 
cooling increased by as much as 181 °C in the presence of 
5% H2O compared with dry conditions. In addition, tran-
sient experiments at constant temperature were used for 
the model development, where concentrations of CH4, NO, 
O2, CO and H2O were varied. Water inhibition is an impor-
tant deactivation mode during methane oxidation, in which 
two types of deactivation were observed: (i) immediate 
decrease in CH4 conversion when increasing the water con-
centration and (ii) slow deactivation during time-on-stream 
observed during ramping experiments and during the iso-
thermal experiment where the conversion dropped from 85 
to 43% over the 7.5 h at 450 °C. Furthermore, only a minor 
effect on methane conversion was observed when changing 
the CO and O2 concentration, whereas increasing the NO 
concentration resulted in decreased methane conversion.

The experiments were used as a base to develop a kinetic 
model for methane oxidation, containing only three reac-
tion steps. First, a global step for CH4 oxidation was intro-
duced, which included inhibition terms for both water and 
NO. The water inhibition term accounts for the effect of 
water adsorption on the active sites and is critical in order 
to describe the rapid changes in methane conversion when 
changing the water concentration. However, in addition to 
this immediate effect, it was also observed a slow deacti-
vation with time-on-stream which suggested that inactive 
hydroxyl species may be formed on the catalyst surface 
during water exposure, which is the reason for the observed 
decreased activity. This effect was clearly observed at 
450 °C, but only to a minor extent at 350 °C, suggesting 
that this process is activated. Due to these observations a 
reaction R2 was added to the model to account for the for-
mation and decomposition of surface hydroxyls. Finally, a 
reversible reaction R3 for NO oxidation was added to the 
model. The model developed in this study well described 
the experiments under a variety of conditions.
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