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A two-dimensional multiscale model is developed for complete methane oxidation in a continuous flow

reactor. The model considers mass and heat transfer for a porous alumina supported palladium catalyst

coated on a ceramic monolith substrate and the surface kinetics are described by a first-principles micro-

kinetic model for complete methane oxidation over PdO(101). The temperature dependent conversion for

a synthetic exhaust gas composition shows a delayed ignition but a higher conversion at elevated tempera-

tures when the total pressure is increased from 1 to 10 atm. The simulations reveal a temperature and total

pressure dependent operating point where the methane conversion is maximized. Analysis of the kinetics

shows that the reaction is suppressed by bicarbonates, hydroxyl species and water originating from

adsorbed carbon dioxide and water from the gas phase. The reaction order with respect to water and car-

bon dioxide at 1 atm is −0.94 and −0.99, respectively, and decreases with increasing total pressure. The de-

veloped model paves the way for exploring how design parameters and reaction conditions influence the

complete methane oxidation reaction.

1 Introduction

Natural gas is used for heat and power generation and has re-
ceived increasing interest in the transportation sector.1,2 Nat-
ural gas consists primarily of methane and is combusted with
lower levels of nitrogen oxides, sulfur oxides and particulate
matter compared to diesel and gasoline.3 Methane is the
main component also in biogas which can be produced by
gasification or fermentation of bioorganic waste or by-
products and later be upgraded using scrubbers to remove hy-
drogen sulfide, carbon dioxide and moisture. After upgrading,
the composition of biomethane is similar to the composition
of natural gas and can be used in the natural gas
infrastructure.4–7 The increased use of natural and biogas re-
quires improved after treatment technologies since methane
is a potent greenhouse gas. It is essential that uncombusted
methane is removed before the exhaust is released into the at-

mosphere.8 Methane combustion is generally performed over
supported palladium based catalysts.9–12 Under lean condi-
tions, palladium oxide is reported to be the active phase and
PdO(101) has been identified as the most reactive surface
for methane dissociation due to the presence of
undercoordinated Pd sites.13–16

The possibilities of modelling atomistic behaviour have in-
creased immensely during the last few decades thanks to the
large computational power. As a result, computational fluid
dynamics and first-principles based models have become
more common to describe fluid motion and reaction kinetics,
respectively. The kinetic models can be used to describe the
reactions in detail and pinpoint bottlenecks for the reaction,
allowing the use of a comprehensive optimisation approach
for developing high-performance materials and catalytic
systems.

The present study aims to develop a multiscale reactor
model for complete oxidation of methane over a supported
palladium oxide catalyst where the surface reactions are de-
scribed by first-principles calculations. The reactor geometry
is presented as a monolithic flow reactor with porous alumin-
ium oxide supported palladium using a single-channel mono-
lith model. The interactions with the active palladium oxide
sites are described by first-principles kinetics, and mass and
heat transport effects in the porous catalyst are included in
the model.
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2 Materials and methods
2.1. Reactor model

The reactor model is based on a model in a previous study
where first-principles kinetics are coupled to mass and heat
transport in a porous catalyst layer.17 The model has been ex-
tended to a two-dimensional (2D) monolith reactor model to
include axial variations. The monolith is simulated as a
single-channel reactor model, which has been successfully
used in the past.18,19 The channel geometry represents a
monolith with 400 cpsi. The single-channel monolith is
discretised into 10 tanks-in-series while the porous catalyst is
divided into 12 layers to account for internal mass and heat
transport axially and radially. The length of the tanks and the
thickness of the layers increase successively with 30% from
the inlet and 50% from the catalyst surface, respectively. In
this way a finer resolution is obtained where the gradients
are steeper. An illustration of the single-channel reactor is
shown in Fig. 1. The chosen number of tanks and layers pro-
vides a satisfactory accuracy within a reasonable computa-
tional time. The density of the active sites is calculated,
maintaining the total palladium loading in each tank and
layer, to obtain an even distribution in the coated monolith
substrate.

The mass balance for the bulk gas phase for component i
is described by eqn (1)

F
A

y
x

ak C y ytot

c

i,g
c,i tot i,g i,s

d
d

        0 (1)

where Ftot is the total bulk molar flow rate, Ac is the cross sec-
tional area of the porous catalyst, a is the ratio of the channel
surface area to the channel volume, kc,i is the mass transport
coefficient of component i and Ctot is the total gas phase con-
centration for the bulk gas. yi,g and yi,s are the mole fractions
of component i in the bulk gas and at the porous catalyst sur-

face, respectively. The governing heat transport equation in
the axial direction is

F C
A

T
x

h a T Ttot p

c

g
k g s

d
d
       0 (2)

where Cp is the heat capacity of the bulk gas, Tg is the bulk
gas temperature, Ts is the catalyst surface temperature and hk
is the heat transport coefficient.

The mass balance for component i inside the porous cata-
lyst is described by eqn (3).

D C y C r C Teff,i tot
i
2 i site cat s s

d
d

        
2

0
z

  , (3)

with boundary conditions as follows

z

k C y y D C y
z 

      
0

c,i tot i,g i,s eff,i tot
id

d
(4)

0 
z L

y
z

wc

d
d
i (5)

where Deff,i is the effective diffusivity and νi is the stoichio-
metric coefficient for component i, Csite is the active site den-
sity, ρcat is the density of the porous catalyst, r is the reaction
rate determined from first-principles based microkinetics
and Lwc is the thickness of the porous catalyst. No mass
transport proceeds between the porous catalyst and the cordi-
erite substrate, hence the derivative is set to zero at z = Lwc in
eqn (5). In accordance to Anderson's criterion,20 the porous
catalyst is assumed to be isothermal in the radial direction.
Thus, the generated heat from the exothermic oxidation reac-
tion is transported from the catalyst surface at a temperature
of Ts to the bulk gas phase at a temperature of Tg, or
conducted axially through the solid material. The heat bal-
ance of the porous catalyst is described by eqn (6)
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x

C H
z

z L

k s g s s cs
s

cat site r

d
d
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2
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d 
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(6)

with boundary conditions as follows

z L
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 

      
0

4 42
monolith

s
s

s g
d
d

  (7)

where As is the ratio of the external surface area to the vol-
ume of the porous catalyst, Acs is the ratio of the cross sec-
tional area to the volume of the porous catalyst, λs is the cata-
lyst heat conductivity, ΔHr is the reaction enthalpy, Lmonolith

is the monolith length, ε is the emissivity factor and σ is the
Stefan–Boltzmann constant. The discretized forms of eqn

Fig. 1 An illustration of the discretised monolith reactor. The shown
numbers of tanks and layers do not correspond to the numbers used
in the model. The atomistic model shows a ball and stick model of the
PdO(101) surface. Atoms in the top-most layer are visualised with
smaller balls. The white line indicates the surface cell. Atomic color
code: blue (Pd) and red (O).
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(1)–(7) that were used in the computations were outlined in
the study of Azis et al.21

2.1.1. Calculation of mass and heat transport coefficients.
The transport coefficients kc and hk between bulk gas and
the catalyst surface are determined by Hawthorn's correla-
tions and shown in eqn (8) and (9), respectively.22 The as-
ymptotic Sherwood and Nusselt numbers are given the value
of 2.98:23

k D
xc,i a

iSh
dh

Re Sc dh
   

   









1 0 095 0 45

(8)

h
xk a

gNu
dh

Re Pr dh
   

   








1 0 095 0 45

(9)

where Di is the diffusivity for component i, dh is the open
channel diameter, λg is the thermal conductivity of the bulk
gas and x is the axial position. The value for Di is corrected
according to the Fuller–Schettler–Giddings relationship24

(eqn (10)):

D D T
T

P
Pi ref,i

s

ref

ref

tot






















1 75

(10)

where Dref,i is the diffusion coefficient for component i at the
reference temperature and pressure. Bulk gas diffusion is as-
sumed to be dominant in the porous catalyst layer and Deff,i

is calculated for each component i according to eqn (11)

D Deff,i
p

i



(11)

where εp is the porosity and τ is the tortuosity of the porous
catalyst. The ratio εp/τ is set to 0.1, which is within the range
of reported ratios.25,26

The effectiveness factor is calculated in the axial direction
according to eqn (12)

 






r

r z

L
z

z L
0

0
dwc

wc

(12)

where r0 denotes the reaction rate under bulk gas conditions.
The effectiveness factor includes the external and internal
transport resistances.

2.2. Kinetic parameters

The reaction term in eqn (3)–(6) is determined from a first-
principles based microkinetic model of methane oxidation
on PdO(101). The kinetics is derived from the transition state
theory and based on density functional theory using a dual
site mechanism.27 The reaction network considers 43 differ-
ent surface species and 80 elementary steps. The elementary

steps with corresponding kinetic parameters are given in ref.
17 and 27.

2.2.1. Rate coefficients. Adsorption events are described by
kinetic gas theory. The rate of adsorption, kads, is described
by eqn (13)

k
S S A
m k T

E
k Tads

dyn site

ads B s

a

B s

exp 










0
0

2
(13)

where Asite is the area per adsorption site and set to 10 Å2,
mads is the mass of the adsorbed molecule, kB is the
Boltzmann constant and Ea is the activation energy. The
sticking coefficient is composed of two parts, a sticking coef-
ficient at zero coverage (S00) and a dynamic factor (Sdyn). The
former is calculated from the transition state theory and orig-
inates from the entropy change during the adsorption event.
The dynamic part accounts for the fact that a molecule has to
approach the active site in a favorable orientation in order to
be successfully adsorbed. Sdyn is given a fixed value of 10−2

for methane and unity for all other molecules. Experimental
values for Sdyn for CH4 are reported within the range of 10−4–
10−1 (ref. 28 and references therein).

The surface reaction rate coefficients, k, are calculated
according to the transition state theory29,30 between the reac-
tant (R) and transition state (TS) as described by eqn (14)

k k T
h

Q
Q

E
k T










 









B s TS

R R

TS R

B s

exp


(14)

where h is Planck's constant, Q is the partition functions of
translational, vibrational and rotational motions, which are
assumed to be separable, and ΔETS−R is the electronic energy
between the reactant and transition state.

The reaction rate for each elementary step is determined
by multiplying the rate coefficient, k, with the coverages of
the reacting species. Steady state reaction rates and coverages
are obtained by solving the set of differential equations
shown in eqn (15)

k n

t
t

r t t


      












  i

i
ij i N

( )
1 (15)

where θiĲt) is the coverage of surface species i at time t and vij
is the reaction stoichiometric coefficient for species i and ele-
mentary reaction j. Eqn (15) is solved to find the steady state
coverages, when the rate of change in coverages equals zero,
and reaction rates in each tank k and layer n, using the SciPy
Python package.

2.3. Degree of rate control analysis

The method of degree of rate control analysis is used to ob-
tain information about the surface kinetics at varying temper-
atures and total pressures. The degree of rate control analysis
measures the influence of elementary step i on the catalytic
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cycle, while keeping the equilibrium constant fixed for ele-
mentary step i.31,32 The degree of rate control is determined
according to eqn (16)

i
i

i i















k
r

r
k K

(16)

where (χi) is the degree of rate control, ki is the surface reac-
tion rate constant for reaction step i, r is the calculated turn
over frequency from the microkinetic model and Ki is the
equilibrium constant for reaction step i.

2.4. Reactant conditions and catalyst properties

The methane conversion is simulated through a monolith
channel coated with the porous alumina supported palla-
dium catalyst. The feed gas into the monolith is a simulated
exhaust gas composed of 1000 vol. ppm CH4, 10 vol% O2, 10
vol% H2O, and 5 vol% CO2 balanced with inert Ar. A gas
hourly space velocity (GHSV) of 53 000 h−1 was used for all
simulations. The physical properties of the catalyst are taken
as reported values of porous alumina. The palladium loading
of the catalyst is set to 1 wt% with a palladium dispersion of
25%. The porous catalyst layer is 100 μm thick.

As stated in section 2.1.1, the effective diffusion is taken
as 10% of the bulk diffusion. It is common that the Knudsen
diffusion is accounted for according to the Bosanquet equa-
tion when calculating the effective diffusivity in porous struc-
tures where the molecular mean free path and the pore sizes
are comparable.33 However, the Knudsen diffusion is depen-
dent on the porous material and has been discussed, from
theoretical and experimental perspectives, to exhibit a rela-
tively low significance on the effective diffusion.34–40 The mo-
lecular diffusion has a dominant effect on the effective diffu-
sivity in a mesoporous structure, while in a microporous
structure, the Knudsen diffusion should be considered for a
correct estimate of the effective diffusion coefficient. In the
present study, the porous structure is assumed to populate
meso- and macro-pores, and Knudsen diffusion is hence
omitted from the Bosanquet correlation. For comparison, the
corresponding conversion when Knudsen diffusion is
implemented for a pore size of 10 nm is shown in the ESI.†
Steady state performance is simulated for temperatures of
350–500 °C in a step of 5 °C, and at total pressures of 1, 2, 4
and 10 atm. The monolith has a length of 15 mm and a di-
ameter of 12 mm. Further, to study if palladium usage can be
more efficient, three additional and different scenarios are
included: (1) palladium is unevenly distributed in the axial
direction in the monolith, 70% of the total amount is depos-
ited in the first 30% of the monolith length; (2) the catalyst
layer thickness is reduced to half (50 μm) and the monolith
length is twice its original length (to 30 mm), while keeping
the number and distribution of palladium atoms unchanged;
and (3) a combination of the two previous scenarios, the cata-
lyst layer is reduced to half and the monolith is doubled in

length and 70% of palladium is deposited in the first 30% of
the monolith length.

3 Results
3.1. Ignition characteristics of complete methane oxidation

The effect of varying the total pressure on the conversion of
methane is shown in Fig. 2. With increased total pressure,
the ignition of the reaction proceeds at higher temperature
and the conversion at higher temperatures increases. The
temperature at which 20% of the methane is converted, T20,
is 402, 406, 412 and 421 °C for a total pressure of 1, 2, 4 and
10 atm, respectively. The higher ignition temperature with in-
creasing total pressure correlates with a higher surface cover-
age of bicarbonates (CO3H), hydroxyl species (OH) and
adsorbed water that adsorb on the S1ĲPd) site which hinders
methane adsorption and dissociation. According to the
microkinetic model, dissociative methane adsorption occurs
on the free S1ĲPd) site as a methyl group and a hydrogen onto
a free S2ĲO) site, an S1ĲPd)–OH site or an S1ĲPd)–O site,
depending on the adsorption mechanism. Further, a more
complex effect of the total pressure is observed at intermedi-
ate temperatures of 420–445 °C. Here, the methane conver-
sion increases when the total pressure is raised from 1 to 2
and 4 atm but is shown to decrease when the total pressure
reaches 10 atm. The observed behaviour is explained in
section 4.

3.1.1. Surface coverage dependencies. In Fig. 3, the cover-
age of CO3H (solid line), OH (dotted line) and adsorbed H2O
(circles) on the catalyst surface is shown for varying tempera-
tures and total pressures. The reported coverages are
weighted averages taken over all tanks in the first layer of the
catalyst, i.e. at the surface boundary between bulk gas and
the catalyst. Two distinct regions are apparent at each exam-
ined total pressure. At the lowest temperatures, CO3H is the
most common adsorbate while at higher temperatures
adsorbed water and hydroxyl are the dominant species on the
catalyst surface. The reported surface species are adsorbed
on the S1ĲPd) site and hence hinder methane to adsorb

Fig. 2 Simulated methane conversion profiles over the Pd/Al2O3

catalyst at total pressures of 1 (blue), 2 (red), 4 (yellow) and 10 (black)
atm for gas compositions of 1000 vol. ppm CH4, 10 vol% O2, 10 vol%
H2O and 5 vol% CO2.
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dissociatively. The coverage of free PdO site pairs, i.e. an
unoccupied S1ĲPd) site next to an unoccupied S2ĲO) site, is
shown in Fig. 4. As expected, it is observed that the coverage
of free PdO site pairs increases with increasing temperature.
The low availability of PdO site pairs for dissociative methane
adsorption at lower temperatures is explained here by the
previous observation of the high probability of finding CO3H,
hydroxyl and water on the S1ĲPd) site, hence also lowering the
presence of free site pairs.

3.2. Kinetics of complete methane oxidation for simulated
exhaust gas conditions

To obtain the degree of rate control of the elementary steps,
the rate of each step was raised by 0.001%. The degree of rate
control analysis was performed for the same gas composition
as used in the simulations of the conversion profiles, i.e.
1000 vol. ppm CH4, 10 vol% O2, 10 vol% H2O and 5 vol%
CO2 balanced with Ar. Fig. 5 shows that methyl decomposi-
tion is the step with the highest rate control for all tempera-
tures and total pressures except around 400 °C and 10 atm,
where the dissociative methane adsorption is equally impor-

tant. During methyl decomposition, a hydrogen is transferred
to either S1ĲPd)–OH or S2ĲO) to form CH2 and adsorbed water
or a surface hydroxyl, respectively. After methyl decomposi-
tion, water desorption or dissociative methane adsorption is
the step with the highest rate control depending on tempera-
ture and total pressure. In general, the rate control of disso-
ciative methane adsorption increases whereas the rate con-
trol of water desorption decreases with temperature and total
pressure. This is shown in Fig. 5, where at 1 atm the rate con-
trol of water desorption is more significant than that of
methane adsorption below 475 °C. At 10 atm the rate control
of dissociative methane adsorption is more controlling than
that of water desorption for all examined temperatures. Since
the examined gas composition includes a high concentration
of oxygen, the regeneration of oxygen vacancies shows a low
rate control while oxygen dissociation, S1ĲPd)–O2 to 2 S1ĲPd)–
O, shows a negative rate control. The latter is explained by
slow methane dissociation on S1–O. Further, surface diffu-
sion of CH3 and CH2 from S1ĲPd) to S2ĲO) also shows a small
positive rate control since a free S1ĲPd) site is formed. Bicar-
bonate formation has a low rate control despite the fact that
CO2 adsorption blocks the surface sites. The limiting effect of
bicarbonate formation is not revealed in the degree of rate
control analysis as bicarbonates are not a part of the catalytic
cycle. The effect of bicarbonates is instead seen as a negative
CO2 reaction order in Fig. 6, examined at 350 °C for 1 and 10
atm. The reaction order for methane displays a small positive
total pressure dependency while the reaction orders of both
water and carbon dioxide decrease with increasing total pres-
sures. The observation reinforces the previous results of bi-
carbonate and water species.

3.3. Axial gradients in the monolith channel

Gradients in gas concentration and temperature are evalu-
ated under selected simulation conditions to analyse the
complete methane oxidation reaction along the monolith.
The selected reaction conditions are at temperatures of 390,
425 and 480 °C, which at a total pressure of 1 atm corre-
spond to methane conversions of 8, 53 and 89%, respectively.
The examined total pressures are 1, 2, 4 and 10 atm. The
rows in Fig. 7, from top to bottom, show the average reaction
rate, bulk gas (diamonds) and catalyst surface temperature
(solid line), and the effectiveness factor, respectively, for a to-
tal pressure of 1 (blue), 2 (red), 4 (yellow) and 10 (black) atm.
The columns in Fig. 7, from left to right, show the results for
390, 425 and 480 °C, respectively. The influence of external
and internal mass transport is small and does not induce any
significant effects for the examined reaction conditions.
When the temperature and the total pressure are increased,
the mass transport significance, measured as a comparison
of the reaction time constants to the external and internal
diffusion time constants, increases but the influence is never
strong enough to be reaction rate determining. Further evalu-
ation and discussion of the external and internal mass trans-
port can be found in the ESI.† At 390 °C, the influence of

Fig. 3 The coverages of CO3H (solid lines), OH (dotted lines) and H2O
(circles) at total pressures of 1 (blue), 2 (red), 4 (yellow) and 10 (black)
atm for gas compositions of 1000 vol. ppm CH4, 10 vol% O2, 10 vol%
H2O and 5 vol% CO2.

Fig. 4 The coverage of free PdO site pairs, i.e. an unoccupied S1ĲPd)
site next to an unoccupied S2ĲO) site, at total pressures of 1 (blue), 2
(red), 4 (yellow) and 10 (black) atm for gas compositions of 1000 vol.
ppm CH4, 10 vol% O2, 10 vol% H2O and 5 vol% CO2.
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mass transport is insignificant for all total pressures due to a
slow reaction rate. This is reinforced by an effectiveness fac-
tor of ≈1. The average reaction rate is slow at the lowest tem-
perature and thus the axial variations are small and an in-
creased total pressure suppresses the variations even further.
At 480 °C and 1 atm, the axial variations are more pro-
nounced due to the higher reaction rate which decreases
along the monolith due to the decreasing methane concen-
tration. An axial temperature increase of the catalyst is ob-
served, due to the release of exothermic heat, which in turn
has a positive effect on the average reaction rate along the
monolith, according to the Arrhenius expression. When the

total pressure is increased, temperature dependent total pres-
sure effects are observed. For the simulations at 390 °C, a
negative effect is seen on the average reaction rate through
the monolith, which leads to the lower conversion in Fig. 2.
The reduced reaction rate is explained by the increased cover-
age of bicarbonates and the reduced availability of active site
pairs (Fig. 3 and 4). Further, a reduced temperature increase
of the catalyst surface is displayed as a result of the lower re-
action rate. For the simulations at 480 °C, the conversion is
shown to be enhanced by an increased total pressure, a
higher average reaction rate is observed inside the first part
of the monolith. The increased average reaction rate is

Fig. 5 The degree of rate control for dissociative methane adsorption (solid lines), decomposition of CH3 (triangles), water desorption (squares),
oxygen dissociation over S1ĲPd) (diamonds), S2-vac regeneration (crosses), methyl and CHO surface diffusion from S1ĲPd) to S2ĲO) (stars) and
bicarbonate formation (dotted lines) at total pressures of 1 (blue), 2 (red), 4 (yellow) and 10 (black) atm and varying temperatures.

Fig. 6 The reaction orders for methane, water and carbon dioxide at 350 °C and total pressures of 1 (blue) and 10 (black) atm.
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explained by the availability of active site pairs, where meth-
ane can adsorb dissociatively, even at the increased total
pressure (Fig. 4). The steep gradient in the average reaction
rate along the monolith is explained by the lower methane
concentration as the reaction proceeds. When the total pres-
sure is increased the effectiveness factor is significantly re-
duced as a result of a higher mass transport resistance. The
latter is an effect of a higher reaction rate. Interestingly,
Fig. 3 shows that for the simulations at 425 °C the conversion
increases from 53 to 59% for an increased total pressure
from 1 to 2 atm but then drops to 27% when the total pres-
sure is further raised to 10 atm. This effect can be regarded
as a transition between the low- and high-temperature ef-
fects. Increasing the total pressure from 1 to 2 atm shows
that the average reaction rate increases through the entire
monolith resulting in the higher conversion. For a total pres-
sure of 4 atm the conversion is the same as for 1 atm but the
average reaction rate has leveled out to a steadier value
through the monolith. When the total pressure is further in-
creased to 10 atm the average reaction rate decreases due to
the increased coverage of hindering species on the catalyst
surface, at the cost of a decreased availability of free PdO site

pairs (an unoccupied S1ĲPd) site next to an unoccupied S2ĲO)
site). The bulk gas and catalyst temperatures follow the same
trend as for the average reaction rate where an increased re-
action rate results in an increased temperature of the catalyst
surface, originating from the exothermic heat, and vice versa.
Since the average reaction rate shows a local maximum in to-
tal pressure the effectiveness factor displays a local minimum
at 2 atm due to increased mass transport resistance.

3.4. Effects of varied catalyst dimensions and uneven
palladium distribution

The effects of redistributing the palladium is evaluated by the
three different scenarios described in section 2.4. The methane
conversion is shown in Fig. 8 against temperatures above 425
°C for varying total pressures for the three scenarios. None of
the three scenarios show an affected methane conversion at
temperatures lower than 420 °C but show a positive effect at
higher temperatures. In the first scenario the palladium in the
catalyst is concentrated to the first part of the monolith and
displays a slightly reduced methane conversion at higher tem-
peratures. The largest change is observed at 475 °C and 1 atm

Fig. 7 The axial variations of the average reaction rate, temperature (the solid lines show the catalyst temperature while the diamonds show the
gas temperature) and effectiveness factor in a monolith Pd/Al2O3 reactor for methane oxidation at total pressures of 1 (blue), 2 (red), 4 (yellow)
and 10 (black) atm. Left column: 390 °C. Middle column: 425 °C. Right column: 480 °C.
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where the methane conversion is reduced from 86 to 85%. In
the second scenario, where the catalyst layer is reduced to half
its original thickness while the monolith length is doubled, an
increased methane conversion is observed for all total pres-
sures. The maximum increase is observed at a temperature of
485 °C and 1 atm where the methane conversion increases
from 88 to 90%. This maximum increase is shifted down in
temperature with increasing total pressure since the original
conversion is close to 100% at high temperatures and elevated
pressures and hence cannot be improved any further. In other
words, there exists an optimal operating temperature point
which is between a temperature with a corresponding methane
conversion which has the potential to be increased and a
higher temperature where full conversion of methane is al-
most achieved. The maximum is located at 485, 455, 455 and
450 °C for a total pressure of 1, 2, 4 and 10 atm, respectively.
The third scenario, which is a combination of the two previous
scenarios, shows a similar trend when the catalyst layer is re-
duced in thickness. It is interesting that the third scenario dis-
plays a synergetic effect with the highest potential in enhanc-
ing the methane conversion from 86 to 89, at 445 °C and 10
atm. The temperature of the maximum increase in methane
conversion decreases with increasing total pressure since the
conversion approaches 100% as the total pressure is
increased.

4 Discussion

It is shown that the conversion of methane during complete
methane oxidation over Pd/Al2O3 in a gas composition
consisting of 1000 vol. ppm CH4, 10 vol% O2, 10 vol% H2O
and 5 vol% CO2 can be enhanced by increasing the total pres-
sure. The most important effect of the increased total pres-
sure is the enhanced surface coverage of bicarbonates, hy-
droxyl species and adsorbed water on the active site of the
catalyst. The increased coverage of these species is shown to
decrease the reaction rate at temperatures below 420 °C.
The bicarbonates, hydroxyl species and adsorbed water are,

according to the first-principles microkinetics, adsorbed on
S1ĲPd) sites and compete with the dissociative methane ad-
sorption, which requires a free PdO site pair (an unoccupied
S1ĲPd) next to an unoccupied S2ĲO) site) for facile adsorption.
When the total pressure is increased, the coverages of these
species increase, which results in lower availability of free
site pairs at all examined temperatures. The negative total
pressure dependence on the reaction rate seen at 390 °C dis-
plays the importance of catalyst temperature under the exam-
ined gas conditions to maintain a clean catalyst surface. If
the total pressure is increased under conditions where the
availability of free PdO site pairs is low, a negative effect on
the surface reaction rate is to be expected. As shown in Fig. 4
at 390 °C the coverage of free PdO site pairs is low (0.03) and
an increased total pressure reduces the possibility for meth-
ane to dissociate on the palladium surface close to zero while
the coverage of bicarbonates increases from 0.30 to 0.87, see
Fig. 3. Since the reaction rate is low the released exothermic
heat is not sufficiently high to make a difference to the ad-
sorbate composition. As a result, no positive total pressure ef-
fects are seen at 390 °C where bicarbonates, hydroxyl species
and adsorbed water are dominant on the catalyst surface. At
higher temperatures of above 450 °C (see Fig. 2), a positive ef-
fect of increasing the total pressure is observed up to the
highest examined total pressure of 10 atm. The result is
realised by a high availability of free PdO site pairs in Fig. 4
at all total pressures since thermal energy is supplied to the
surface which increases the desorption rate of bicarbionates,
hydroxyl species and adsorbed water. The developed
multiscale model only considers thermal energy but one may
speculate that any energy source or catalyst feature that re-
duces the coverage of the hindering surface species would
yield a similar effect of the total pressure on the catalyst ac-
tivity. At temperatures between where the negative and posi-
tive total pressure dependence are observed, an interesting
feature is noticed. At the examined temperature of 425 °C a
small increase in total pressure up to 2 atm can enhance the
conversion of methane from 53 to 60%. However, if the total
pressure is further increased to 10 atm, a significantly lower
conversion is seen. The local maximum of methane conver-
sion in total pressure illustrates the interplay between the in-
creased reaction rate and the increased coverage of the hin-
dering surface species bicarbonates, hydroxyl species and
adsorbed water. When the total pressure increases from 1
atm to 2 atm the reaction rate is at first enhanced, but above
2 atm the hindering coverage is too high and the reaction
rate decreases due to low availability of free active sites. To
observe a positive total pressure effect the catalyst surface
must not be overwhelmed with the bicarbonates, hydroxyl
species and adsorbed water, since the total pressure depen-
dent coverages are the most important factors affecting the
reaction rate under the studied reaction conditions. The max-
imum benefit of increasing the total pressure is achieved at a
temperature of 445 °C where the conversion of methane can
be increased from 73 to 90% by increasing the total pressure
from 1 to 4 atm.

Fig. 8 Methane conversion for the standard scenario (solid lines),
concentrated palladium loading to the first part of the monolith
(dashed lines), half the catalyst layer thickness and double monolith
length (dotted lines) and a combination of the two latter scenarios
(diamonds) for temperatures above 425 °C and total pressures of 1
(blue), 2 (red), 4 (yellow) and 10 (black) atm.
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The degree of rate control for the intrinsic reaction rate as
outlined in section 3.2 shows that the surface kinetics of
complete methane oxidation, in simulated exhaust gas com-
positions, is controlled by the methyl decomposition at lower
total pressures while methane adsorption becomes increas-
ingly controlling as the temperature and total pressure are in-
creased. The high gas concentration of H2O enhances the im-
portance of water desorption, due to a high increased
coverage of adsorbed water as seen in Fig. 3, to regenerate a
free S1ĲPd) site. Since the elementary step of bicarbonate for-
mation is not a part of the reaction cycle but contributes to
the formation of a hindering species in an independent par-
allel pathway, its degree of rate control is low. The negative
effects of carbon dioxide are instead revealed in the analysis
of the reaction order. Similarly, a negative reaction order is
present for water. At atmospheric total pressure, methane,
water and carbon dioxide display a reaction order of 0.83,
−0.94 and −0.99, respectively. This is in line with similar work
by other groups.41–43 It should, however, be noted that the ex-
perimental conditions differ from the ones used here, but
the general explanations follow similar arguments. When the
total pressure is increased to 10 atm the reaction order for
methane increases slightly, but more noticeable is the stron-
ger negative effect on the reaction orders of water and carbon
dioxide.

As shown in Fig. 7, the average reaction rate is signifi-
cantly enhanced with increasing total pressure in the first
part of the monolith. The high reaction rate leads to a higher
catalyst temperature, which has a positive feedback effect on
the reaction rate. The higher reaction rate leads to steeper ax-
ial and radial methane concentration gradients in the mono-
lith which can be understood from the effectiveness factors
in Fig. 7. Steeper radial gradients inside the catalyst result in
a less efficient use of the active sites furthest into the catalyst
layer and hence lower effectiveness factors. The results illus-
trate the possibilities and constraints when an increased total
pressure is available for a synthetic exhaust gas composition.
The total pressure can, thus, be used as a design parameter
to find new methane abatement systems for vehicle applica-
tions. Hence, if a Pd/Al2O3 monolith geometry with its desir-
able flow profile and low mass transport resistances is used
for the complete methane oxidation reaction, the conversion
of methane can be enhanced by increasing the total pressure
if the catalyst temperature is sufficiently high to maintain the
necessary availability of free PdO site pairs where the disso-
ciative adsorption of methane occurs. The study also illus-
trates that a low temperature active methane oxidation cata-
lyst should be resistant to water and carbon dioxide
adsorption, in agreement with previous studies.27,44,45

The three scenarios shown in section 3.4 demonstrate one
way on how this multiscale model can be used to optimise a
complex reaction network coupled to mass and heat trans-
port dependencies. Fig. 8 shows that in the first scenario the
effect of concentrating the palladium loading to the first part
of the monolith (70% of the palladium is distributed into the
first 30% of the monolith) only has a minor negative effect

on methane conversion. The explanation is found to be an in-
creased mass transport resistance in the palladium dense
part of the monolith, due to a higher reaction rate. The in-
creased transport resistance allows more uncombusted meth-
ane to slip through into the second part of the monolith with
the lower palladium loading. However, the overall effect on
methane conversion is low since mass transport has a low
impact on the complete methane oxidation reaction under
the stated reaction conditions and reactor geometry, see the
ESI.† In the second scenario, where the catalyst thickness is
reduced and the monolith length is doubled, the methane
conversion increases due to a lower impact of mass transport
along the entire monolith. This is only observed at higher
temperatures since mass transport resistance is insignificant
at low temperatures where the reaction rate is low. In the
third scenario where the two previous scenarios are com-
bined, a synergetic effect is observed because benefits of low-
ering the mass transport resistance by a thinner catalyst layer
mean a more efficient use of the palladium and at the same
time as the length of the palladium dense part of the mono-
lith is made longer. The result is an increased methane con-
version not only due to a higher effectiveness factor but also
due to a faster temperature increase due to the exothermic
heat.

5 Conclusions

A multiscale model based on first-principles surface kinetics
shows that the catalyst performance, in terms of methane
conversion through a monolith, can be enhanced by increas-
ing the total pressure for a simulated exhaust gas composi-
tion from combustion of natural gas. The positive total pres-
sure dependence requires a surface temperature exceeding
420 °C. Below this temperature, a negative total pressure de-
pendence on the methane conversion is displayed. At temper-
atures of 420–450 °C the conversion exhibits a local maxi-
mum in total pressure. The different total pressure
dependencies originate from the pressure effects on the cov-
erage of hindering surface species. Bicarbonates, hydroxyl
species and adsorbed water originating from gaseous carbon
dioxide and water are abundant on the catalyst surface and
must desorb or decompose through surface reactions. Other-
wise the surface bicarbonates, hydroxyl species and adsorbed
water block the active PdO site pairs where methane prefers
to adsorb dissociatively. The hindering surface species are
adsorbed on the S1ĲPd) sites, according to the first-principle
microkinetics, while methane prefers adsorption on free PdO
site pairs. The latter is an unoccupied S1ĲPd) site next to an
unoccupied S2ĲO) site, which are reduced in numbers under
low-temperature conditions where the hindering species are
abundant on the catalyst surface. The total pressure effects
on mass and heat transport are small compared to its effects
on surface kinetics. Axial and radial gradients are present at
higher temperatures where the reaction rate inside the
catalyst is high and the effectiveness factor is lower.
Redistributing the palladium in an uneven manner while
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reducing the thickness of the catalyst layer is shown to ex-
hibit a synergetic positive effect on methane conversion by a
more efficient use of the palladium and catalyst dimensions,
and more so at elevated pressures. We have shown here that
the total pressure should also be regarded as a possible de-
sign parameter to find optimal catalyst geometries and
washcoat thicknesses for complete methane oxidation.

Notations

Ac Cross sectional area of the catalyst (m2)
Acs Ratio of cross sectional area to catalyst volume (m2 m−3)
As Ratio of external surface area to catalyst volume (m2 m−3)
Asite Adsorption site area (Å2)
a Ratio of external surface area to channel volume (m2 m−3)
C Concentration (mole m−3)
Csite Active site density (mole kg−1)
Cp Bulk gas heat capacity (J mole−1 K−1)
D Bulk diffusivity (m2 s−1)
Deff Effective diffusivity (m2 s−1)
Dk Knudsen diffusivity (m2 s−1)
dh Open channel diameter (m)
Ea Activation energy (eV)
F Molar flow rate (mole s−1)
Hr Reaction enthalpy (J mole−1)
h Planck's constant (J s)
hk Heat transport coefficient (W m−2 K−1)
k Rate coefficient for surface reaction (Hz)
kads Adsorption rate constant (s Pa−1)
kB Boltzmann constant (J K−1)
kc Mass transport coefficient (m s−1)
Lwc Porous catalyst thickness (m)
mads Mass of adsorbed molecule (kg)
mcat Mass of porous catalyst (kg)
Nua Asymptotic Nusselt number
P Pressure (Pa)
Pr Prandlt number
Q Partition function
Re Reynolds number
r Reaction rate/turnover frequency (Hz site−1)
Sc Schmidt number
S00 Sticking coefficient at zero coverage
Sdyn Dynamic sticking coefficient
Sha Asymptotic Sherwood number
T Temperature (K)
x Axial direction
y Mole fraction
z Radial direction

Greek letters

ε Emissivity factor
εp Porosity
η Effectiveness factor
Θ Coverage
λ Thermal conductivity (W m−1 K−1)

ν Stoichiometric coefficient
ρ Density (kg m−3)
σ Stefan–Boltzmann constant (W m−2 K−4)

Subscripts

cat Catalyst
g Gas
i Component index
j Elementary reaction index
k Tank index
n Catalyst layer index
R Reactant state
r Reaction
ref Reference
s Solid
TS Transition state
tot Total
wc Washcoat
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