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A multiscale methodology combining three different reactor length-scales is presented to investigate the role of the cata-
lyst internal pore structure and metal loading and dispersion on the catalyst layer and full-scale reactor performances.
At the catalyst level, the methodology involves pore-scale simulations in the three-dimensional mesopore and macropore
space. The information gathered at the catalyst level is delivered to the full-scale reactor model. The methodology is
applied to a honeycomb reactor performing methane partial oxidation considering reaction kinetics described through a
detailed multistep reaction mechanism. Realistic mesopore and macropore structures were reconstructed and combined
to form specific bidisperse porous washcoat layers. The study shows that species effective diffusivities vary significantly
but not in the same proportion for different structures. For structures featuring poor transport characteristics, the inte-
gral methane conversion and hydrogen selectivity are strongly affected while the reactor temperatures increase substan-
tially. VC 2017 American Institute of Chemical Engineers AIChE J, 64: 578–594, 2018
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Introduction

Catalytic partial oxidation (CPOx) of methane has been rec-

ognized as a competitive reaction route for synthesis gas (mix-

ture composed by H2 and CO) production. Synthesis gas

generated from methane CPOx can be used as feedstock for

liquid fuel (Fischer-Tropsch), methanol and ammonia synthe-

ses,1,2 as well as for (CO–tolerant) fuel cells (SOFC).3,4 High

purity H2 production can also be obtained by forwarding the

synthesis gas stream to downstream upgrading and purification

stages.2,4 Partial oxidation of methane can be carried out in

small, compact, and simple (structured or unstructured) reac-

tors, with high throughputs and low thermal inertia and, conse-

quently, low start-up times and fast dynamic responses.3,5,6

Furthermore, due to the global reaction exothermicity, it can

be performed autothermally, that is, without external heat sup-

ply.2,6 The overall reaction characteristics have turned it a

promising technology for decentralized, stationary or on-

board, small- to medium-scale applications.3,4

Several catalytic formulations have been proposed for per-

forming methane CPOx.2,7,8 Rh and Pt supported noble metals

present the best performances due to its high activity and sta-

bility against coke deposition (deactivation).9,10 Extensive

kinetic and mechanistic studies have been performed, in par-

ticular for methane CPOx over Rh=Al2O3, and several reac-

tion schemes (global and detailed multistep) and kinetic rate

expressions have been proposed for a global and elementary
chemical description of methane CPOx.11–13

Porous heterogeneous catalysts are composed by active
metal particles dispersed onto the surfaces of highly porous
structures (catalyst carriers/supports—e.g., Al2O3, ZrO2, or
SiO2) in such a way that a high contact area between reactants
and active sites is attained per unit of catalyst volume/mass.14

In packed-bed reactors, porous catalysts can be used directly
as catalyst pellets. In structured reactors, porous catalysts are
usually applied onto the walls of substrate structures, such as
honeycomb or foam monoliths, as a thin layer commonly
referred to as the washcoat. Along the complex and tortuous
pore structure of porous catalysts some species react and due
to the finite rates of mass (and heat) transport, concentration
(and temperature) gradients are observed in the catalytic layer.
As a consequence, a poorer utilization of precious metals is
obtained in relation to that achieved for an infinitely fast trans-
port scenario. Generally, along the pore network of washcoat
structures the transport of species is mainly governed by diffu-
sion (advection is negligible).15–17 Although, depending on
the local pore size and operating conditions, different domi-
nant diffusion regimes are observed (molecular or Knudsen
diffusion).18 For modeling purposes, the effect of internal
transport limitations on the catalyst performance can be con-
sidered implicitly in reaction kinetics (macrokinetics) or
through reaction-diffusion models in which intrinsic (trans-
port-free) reaction steps (microkinetics) are treated indepen-
dently of transport processes.19

For solving the reaction-diffusion problem in catalyst
porous layers, spatially one-dimensional (1D) to three-
dimensional (3D) fully distributed reaction-diffusion
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mathematical models, considering a pseudohomogeneous
(continuum or effective-medium) approach for the pore struc-
ture description have been proposed and applied in the litera-
ture. The application of 3D models (accounting for
simultaneous diffusion and reaction in axial, radial and angu-
lar directions) has been less considered because the species
diffusion in the washcoat layer along the reactor main flow
(axial) direction is largely acknowledged as negligible.14,20,21

Moreover, for the sake of model performance, 2D models
(neglecting axial diffusion) are commonly replaced by 1D
models even for a nonuniform washcoat thickness around the
honeycomb channel periphery. This approach becomes accept-
able for thin washcoat layers.17 For thick layers, different
authors have purposed several strategies to reduce the 2D
problem into a 1D approximation.20,22,23 As the 1D reaction-
diffusion problem only has analytical solution for a specific
set of requirements that are hardly observed in practice,14,18

the numerical solution should be addressed or approxima-
tions—generalized or simplified effectiveness factors—have
to be developed.21,24,25

The effect of the catalyst pore structure and metal dispersion/

loading on the overall catalyst performance is a relevant issue

for the design of improved catalytic reactors. In particular, for

hierarchically structured porous catalysts, Coppens and cow-

orkers26–28 have performed a series of parametric studies with

continuum reaction-diffusion models on several morphological

parameters (porosity, pore position, pore size, and pore network

geometry) to identify optimal structures for different applica-

tions. However, due to the simplifying assumptions behind the

formulation of continuum models (volume-averaging approach),

a meticulous description for all geometrical and topological

details of the pore network cannot be expected, particularly con-

sidering unsuitable effective transport coefficients. To address

this issue, pore-scale (heterogeneous) reaction-diffusion models

are increasingly being applied. For monodisperse porous struc-

tures, pore-scale diffusion simulations have been performed for

determining the overall transport characteristics of electrode

porous layers in the fuel cell engineering field.29 For bidisperse

porous media, multiscale methodologies are commonly consid-

ered as frameworks for pore-scale diffusion and reaction-

diffusion modeling at the different length-scale levels.
In the last few years, several washcoat multiscale diffu-

sion30–33 and reaction-diffusion30,32,33 approaches have been

developed. In particular, multiscale diffusion (or reaction-

diffusion) methods applied to 3D reconstructed porous struc-

tures enable the determination of effective transport proper-

ties (or average reaction rates) taking into account the pore

structure representation, as well as the dominant regimes for

species transport at each relevant length-scale level. Through

the application of multiscale models, the effect of different

structural and catalytic parameters in Pt/c2Al2O3 coatings

for CO oxidation has been extensively investigated at both

microscale and macroscale levels.30,33–35 Multiscale models

have also been applied for determining effective transport

properties in assemblies of microporous layers—gas diffu-

sion layers36 and for evaluating the performance of a micro-

structured methane steam reformer.32 The application of

multiscale models for the evaluation of effective transport

coefficients has shown to provide a closer agreement with

experimentally measured values than considering the theoret-

ical random pore model.33,37

To investigate the effect of internal diffusion limitations on

the overall reactor performance, two main upscaling strategies

have been suggested for coupling washcoat models (micro-
scale model) with full-scale reactor models (macroscale
model): (i) the application of pre-computed look-up tables
with average reaction rates – tabulation, mapping, or storage
and retrieval approach; and (ii) the direct (iterative) linking
between the washcoat model and the full-scale reactor model.
The tabulation technique is only readily applied for a priori
well-defined operating range and considering kinetic models
dependent on a small number of mixture properties.30,35,38

Conversely, the direct coupling may become extremely com-
putationally demanding, namely for a washcoat 3D multiscale
model iteratively called at each macroscale model position
(even considering a 1D macroscale model). For this approach,
as a compromise between predictability behavior (reliability)
and computational workload, less demanding washcoat mod-
els are generally preferred. In particular, the direct coupling
between a 1D macroscale model and a 1D pseudohomogene-
ous reaction-diffusion model—the so-called 1D 1 1D
model—has been largely applied in the literature to account
for the washcoat effect on the catalytic combustion of hydro-
gen39 and carbon monoxide,16,40 NOx storage/reduction and
selective catalytic reduction processes,41,42 and also on the
performance of CPOx reactors.1

The aim of this work is to develop and apply a multiscale
methodology (MSM) capable of transferring the effects of the
washcoat pore structure and catalyst conditions from lower
length-scales to the full-scale reactor operation. The methodol-
ogy is applied to investigate the performance of methane cata-
lytic partial oxidation in a honeycomb monolith reactor. For
realistic bidisperse porous washcoats, the effect of the internal
pore structure on the species transport performance is first
addressed. Thereafter, the role of washcoat pore structure and
catalyst loading/dispersion is investigated under reactive con-
ditions at the washcoat and full-scale reactor levels. The
results from the application of the overall multiscale method-
ology are compared against those evaluated with a commonly
adopted reactor model.

The remainder of this article is organized as follows. The
mathematical modeling formulation is presented next, being
followed by a section dedicated to the numerical modeling
procedures. The succeeding section is devoted to the digital
reconstruction of washcoat layers. Thereafter, the results are
presented and discussed, and finally, the article ends with sum-
mary conclusions.

Mathematical Modeling

The detailed morphological representation of realistic wash-
coat samples with bimodal pore-size distributions is taken into
account on the full-scale reactor model performance with the
current multiscale methodology. Figure 1 illustrates the over-
all multiscale methodology across the three length-scales of
interest: nanoscale level (representing the mesopore network
structure), microscale level (macropore network structure),
and macroscale level (honeycomb channel).

The structure of the microscale level corresponds to a repre-
sentative section of the washcoat layer that is deposited onto
the channel walls of a honeycomb monolith reactor. The phys-
ical model of the microscale level consists of a void fraction,
with a pore diameter (dp) range characteristic of macropores
(dp > 50 nm) and porous microparticles. The internal structure
of microparticles is considered in detail at the nanoscale level.
At this length-scale level, the microparticle internal structure
is described by a cubic representative elementary volume
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composed with solid (nonporous) nanoparticles and mesopores

(pores with a diameter range in between 2250 nm).
The current multiscale methodology is composed by a set of

mathematical models developed to embody the relevant phe-

nomena at each length-scale level. These models are coupled

in such a way that information gathered at a lower length-

scale level is successively transported to the next (upper)

length-scale level. Figure 2 shows the models considered in

this study, as well as their length-scale range of applicability

and the relation between them—hierarchical modeling struc-

ture. All models are applied for a steady-state reactor opera-

tion. Isothermal conditions are considered on the washcoat

modeling formulation. The isothermal washcoat operation is

supported by negligible temperature gradients1,32,43 that are

observed due to the typically small washcoat thickness and

high effective conductivity.17,43 The mathematical models and

coupling procedures are introduced next.

Washcoat 3D multiscale diffusion and reaction-diffusion

models

For the evaluation of washcoat transport properties, 3D

pore-scale diffusion simulations are performed sequentially at

each washcoat length-scale level, according to a bottom-up

approach. Transport coefficients calculated at the nanoscale

level are considered as effective values for a pseudohomoge-

neous species transport description in the microparticles

domain at the next modeling level—microscale level. At the

microscale level, a similar averaging procedure of that con-

ducted at the nanoscale level is performed to extract overall

effective diffusivity values along the whole bidisperse porous

Figure 2. Multiscale methodology: models, range of applicability, and hierarchical structure. MS – multiscale; PH –
pseudohomogeneous; H – heterogeneous.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 1. Overall (washcoat and full-scale reactor) multiscale methodology.
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layer. Under reactive conditions, the role of the mesoporous
and macroporous structures and catalyst distribution (loading
and dispersion) on the overall washcoat performance (average
reaction rates) is considered through the application of the dif-
fusion model at the nanoscale level, and the reaction-diffusion
model at the microscale level—see the hierarchical structure
of the washcoat multiscale reaction-diffusion methodology in
Figure 2.

Nanoscale diffusion model. The diffusion of species in
the 3D mesopore domain is mathematically described through
Eq. 1, considering that at this length-scale level the continuum
approach is an acceptable assumption.44 In Eq. 1, c corre-
sponds to the mixture molar concentration (evaluated with the
ideal gas law), Dm

k to the (local) species diffusion coefficients,
and Xk to the mole fraction of species k

r: cDm
k rXk

� �
50 (1)

At the nanoscale level, due to the small pore sizes, molecules col-
lide more often with the pore walls than with themselves and for
that reason, the species transport becomes primarily governed by
Knudsen diffusion than by the molecular diffusion regime.
Therefore, the species diffusion coefficients required in Eq. 1 are
calculated with Eq. 2 (Knudsen diffusivity equation), where rp

xmð Þ is the pore radius at the location xm of the mesopore space
and R, T, and Wk correspond to the ideal gas constant, tempera-
ture, and molecular weight of species k, respectively

Dk,K5
2

3
rp xmð Þ

ffiffiffiffiffiffiffiffiffi
8RT

pWk

r
(2)

A dominant direction for species transfer in the mesopore net-
work is imposed through the application of proper boundary
conditions. Eq. 1 is subjected to Dirichlet boundary conditions
on the two opposed (parallel) z-direction boundaries of the
computational domain, while zero-diffusive molar fluxes
(homogeneous Neumann boundary conditions) are considered
on the remaining four boundaries.

After a converged solution is achieved for the species concen-
tration fields, the average diffusive molar flux for each species
along the dominant mass-transfer direction is evaluated through
Eq. 3, where Vm

T ð5dm
x 3dm

y 3dm
z Þ corresponds to the total vol-

ume of the mesoporous structure representative elementary vol-
ume and Vm

p corresponds to the total mesopore (void) volume

Jm,avg
k 5

1

Vm
T

ð
Vm

p

2cDm
k

@Xk

@z
dV (3)

Finally, the effective diffusion coefficients for each species at
the nanoscale level are computed with Eq. 4 that corresponds
to the Fick’s first law of diffusion considering a molar flux
applied to a pseudohomogeneous planar medium with constant
(effective) diffusivity. In Eq. 4, c X1

k2X0
k

� �
is the concentration

difference imposed by the boundary conditions and dm
z corre-

sponds to the thickness of the mesoporous sample in the z-
direction (dominant mass-transfer direction)

Dm,eff
k 52Jm,avg

k

dm
z

c X1
k2X0

k

� � (4)

Microscale diffusion and reaction-diffusion models. The
governing equation of the microscale diffusion model corre-
sponds to the steady-state formulation of Fick’s second law
(Eq. 1). The species diffusion coefficients for the microscale
diffusion mathematical model (DM

k ) can take two different val-
ues depending on the local position in the microscale physical

model (xM), as Eq. 5 presents. In macropores, molecular diffu-

sion prevails over Knudsen diffusion as the molecular mean

free path is typically much smaller than the pore sizes. In Eq.

5, Dk,b corresponds to the species bulk diffusion coefficients

and Dm,eff
k to the species effective (spatially independent) dif-

fusion coefficients in the mesoporous microparticles (evalu-

ated through the nanoscale diffusion model)

DM
k xM
� �

5
Dk,b if xM 2 Macropore space

Dm,eff
k if xM 62 Macropore space

(
(5)

The molecular diffusion coefficients are computed with the

correlation45 presented in Eq. 6, considering multicomponent

diffusion coefficients approximated by binary diffusion coeffi-

cients for each species in a bath mixture of N2

Dk,b5
0:00143T1:75

P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2= 1=Wk11=WN2
ð Þ

p
Rvð Þ1=3

k 1 Rvð Þ1=3
N2

h i2
(6)

The same set of boundary conditions employed for the nano-

scale diffusion model is applied for the microscale diffusion

model. For calculating the overall (microscale) effective diffu-

sion coefficients (DM,eff
k ), a similar procedure of that presented

for the nanoscale model is considered.
Under reacting conditions, the evaluation of the washcoat

layer performance is performed with Eq. 7 that corresponds to

the governing equation of the microscale reaction-diffusion

model. The local diffusion coefficients required in Eq. 7 are

determined according to Eq. 5

r: cDM
k rXk

� �
1 _xMSM

k 50 (7)

In Eq. 7, _xMSM
k corresponds to the species molar production/

destruction rates on a volume basis due to surface reactions.

According to Eq. 8, surface reactions are only accounted for in

the microparticles’ domain (mesoporous structure). In this

equation, _sk corresponds to the species net production rates on

an active surface basis, Fm
cat=geo denotes the ratio between the

catalytic active surface area and the geometrical surface area

of the mesoporous structure, and am
V is the geometrical surface

area per unit volume of the mesoporous structure

_xMSM
k ðxMÞ5

0 if xM 2 Macropore space

_sk xMð ÞFm
cat=geoam

V if xM 62 Macropore space

(

(8)

For each species, Eq. 7 is subjected to zero-flux boundary con-

ditions in the x- and y-directions, and on the surface z 5 0—

interface between the washcoat layer and the monolith support

structure (substrate). A Dirichlet boundary condition is imposed

on the microscale structure top-surface (z5dM
z ) to represent the

mixture composition at the external washcoat surface.
The solution of the microscale reaction-diffusion model is

applied for the determination of spatially averaged species net

production rates through Eq. 9, where VM
T ð5dM

x 3dM
y 3dM

z Þ cor-

responds to the total volume of the microscale physical model

_xMSM,avg
k 5

1

VM
T

ð
VM

T

_xMSM
k xM

� �
dV (9)

For determining the extent of internal diffusion resistances in

a specific washcoat layer, the internal effectiveness factor for

the creation/depletion rates of each reacting species is calcu-

lated according to Eq. 10, where �M is the porosity of the

AIChE Journal February 2018 Vol. 64, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 581



microscale (macroporous) structure and _xMSM,bnd
k corresponds

to the species net production rates evaluated with Eq. 8 at a
position xM5 x,y,dM

z

� �
belonging to the microparticles’

domain

gMSM
k 5

1

12�Mð Þ
_xMSM,avg

k

_xMSM,bnd
k

(10)

Washcoat 1D pseudohomogeneous reaction-diffusion
model

The 1D pseudohomogeneous reaction-diffusion model
(PHM) considers species transport only along the washcoat
thickness (z-direction), as stated in Eq. 11

d

dz
cDM,eff

k

dXk

dz

� �
1 _xPHM

k 50 (11)

According to a recent study,33 the predictive capability of this
model is significantly improved by providing effective trans-
port properties evaluated through the application of multiscale
diffusion models. Therefore, the effective diffusion coeffi-
cients required in Eq. 11 are calculated through the washcoat
multiscale diffusion model rather than being computed with
unsuitable semitheoretical correlations. The species source
term is given by Eq. 12, where aM,T

V 5am
V 12�Mð Þ

� �
denotes

the total specific surface area of the bimodal porous structure.
The product Fm

cat=geoaM,T
V corresponds to the total catalytic sur-

face area per unit volume at the microscale level—aM,T
V,cat

_xPHM
k zð Þ5 _sk zð ÞFm

cat=geoaM,T
V (12)

Equation 11 is subjected to the same set of boundary condi-
tions as the microscale reaction-diffusion governing equation
(Eq. 7) in the z-direction. Once a converged solution for the
species concentration fields is obtained, the species average
production/destruction rates and the species effectiveness fac-
tors can be determined through Eqs. 13 and 14, respectively

_xPHM,avg
k 5

1

dM
z

ðdM
z

0

_xPHM
k zð Þdz (13)

gPHM
k 5

_xPHM,avg
k

_xPHM,bnd
k

(14)

Reactor 1D heterogeneous single-channel model

The current 1D heterogeneous single-channel mathematical
model has been widely applied in the literature to predict the
overall (full-scale) performance of monolith reactors.46,47 The
model is composed by mass balance equations for the bulk gas
species (Eq. 15) and for the species at the interface between the
external gas flow and the washcoat surface (Eq. 17), and by
energy balance equations for the gas and solid phases (Eqs. 16
and 18, respectively). Ordinary molecular diffusion and thermal

diffusion (Soret effect) are considered in Eq. 15. The correction
velocity approach48 is used to ensure the total mass conservation.
A negligible homogeneous (gas-phase) conversion path for reac-
tants and surface reaction products is widely acknowledged dur-
ing methane catalytic partial oxidation at atmospheric pressure
and typical contact times.49 Thermal radiation is accounted for in
the solid phase through the application of the zone method50

A�Fqgu
dYk,g

dx
1

d

dx
A�FqgYk,gVk,g

� �
1AaF

VqgKmat,kðYk,g2Yk,wÞ50

(15)

A�FqguCp,g
dTg

dx
2

d

dx
A�Fkg

dTg

dx

� �
1A�Fqg

XKg

k51

Yk,gVk,gCp,k
dTg

dx

1AaF
VhðTg2TsÞ50

(16)

aF
VqgKmat,kðYk,g2Yk,wÞ1aF

V _xF
k Wk50 (17)

2
d

dx
Aks,eff

dTs

dx

� �
2AaF

VhðTg2TsÞ1AaF
V

XKg

k51

_xF
k Hk1AaF

Vq00rad50

(18)

In Eqs. 15–18, A is the reactor cross-sectional area, �F is the
(full-scale) reactor porosity, qg is the bulk gas mass density,
Vk,g is the species diffusion velocities, aF

V is the reactor spe-
cific surface area, and q00rad is the net radiative heat flux from
the solid phase. Yk,g (Yk,w) and Tg (Ts) correspond to the spe-
cies mass fractions in the bulk gas (wall) mixture, and to the
gas (solid) temperature, respectively.

As the model under consideration is simultaneously a two-
phase model and a lumped model in the radial and angular
directions, heat and mass convection (interphase transport)
between the bulk gas flow and the washcoat external surface is
accounted for through proper Nusselt and Sherwood number
correlations. In this work, the interphase heat transfer coeffi-
cient (h) is determined through the local Nusselt number cor-
relation given by Eq. 19, that is suited for square-shaped
channels under laminar flow conditions.51 In Eq. 19, x2xinð Þ
corresponds to the distance from the inlet section (to account
for entrance effects), dh is the channel hydraulic diameter, and
PeT is the thermal P�eclet number. The interphase species
mass-transfer coefficients (Kmat,k) are determined through the
local Sherwood number correlation derived from the applica-
tion of the Chilton-Colburn analogy to Eq. 19

Nu xð Þ52:97718:827 1000
x2xin

dhPeT

� �	 
20:545

Exp 248:2
x2xin

dhPeT

� �	 

(19)

The species molar production/destruction rates ( _xF
k ) are calcu-

lated differently depending on whether or not mass transfer lim-
itations in the washcoat layer are considered, as Eq. 20 states

_xF
k xð Þ5

_xPHM,avg
k xð ÞdM

z 1D11D model

_sk xð ÞFm
cat=geoam

V 12�Mð ÞdM
z Instantaneous diffusion approach 2 1D model

(
(20)

According to this equation, internal diffusion limitations are

embodied in the full-scale reactor model through the 1D 1 1D

model approach: for each reactor axial position (x), the

macroscale model provides the wall mixture composition
(Y1,w, . . . ,YKg,w), temperature (Ts), and pressure to the 1D
PHM; thereafter, this washcoat model returns to the
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macroscale model the species average production/depletion

rates in the washcoat layer ( _xPHM,avg
k ) computed with Eq. 13.

Equation 20 also presents the expression to compute _xF
k if the

same amount of catalyst were readily available without trans-

port limitations (1D10D reactor model—shortly 1D model).

In Eq. 20, the washcoat thickness (dM
z ) stems from the assump-

tion of a slab washcoat geometry. The product Fm
cat=geoam

V

12�Mð ÞdM
z corresponds to the ratio of catalytic surface area to

geometric surface area evaluated at the macroscale level—

FF
cat=geo. Experimentally, this ratio can be calculated with Eq.

21 taking into account the catalyst loading (mRh) and metal

dispersion (DRh) on the evaluation of the total catalytic surface

area (A
M,T
cat )

FF
cat=geo5

AM,T
cat

AF
geo

5DRh

mRh

WRh

1

C
1

AF
geo

(21)

The gas phase balance equations (Eqs. 15 and 16) are sub-

jected to Danckwerts boundary conditions. The solid energy

balance equation (Eq. 18) is subjected to radiative boundary

conditions.

Surface chemistry model

The species molar production/destruction rates on an active

surface basis are determined with Eq. 22, where I corresponds

to the total number of reactions, ki is the rate coefficient of

each reaction, and Kg (Ks) is the total number of gas phase

(surface—adsorbed) species

_sk5
XI

i51

mki ki

YKg1Ks

k51

cm0ki

k

 !
(22)

The rate coefficient for adsorption reactions is calculated

through Eq. 23, where ci corresponds to the sticking coeffi-

cient, C to the surface site density, and the exponent s is the

sum of stoichiometric coefficients of surface reactants. For

surface and desorption reactions, the rate coefficient is com-

puted with Eq. 24, where the coverage parameters lki and �ki

are introduced to modify the pre-exponential factor (Ai) and

activation energy (Ei), respectively, to account for different

binding states depending on the actual surface coverage

ki5
ci

Cs

ffiffiffiffiffiffiffiffiffiffiffi
RTs

2pWk

r
(23)

ki5AiT
bi
s Exp

2Ei

RTs

� �YKs

k51

hlki

k Exp
�kihk

RTs

� �
(24)

Species surface coverages (h1, . . . ,hKs
) are determined through

the solution of Eq. 25. At steady-state, this equation implies

equal rates for surface species production and depletion

( _sk50)

dhk

dt
5

_skrk

C
(25)

For describing the partial oxidation of methane on Rh=Al2O3

catalysts, the improved multistep reaction mechanism recently

developed by Deutschmann and coworkers52 is herein consid-

ered. The reaction mechanism comprises 48 elementary and

irreversible reaction steps, involving 6 gas phase species, and

12 surface species. The surface site density was set equal to

2:7231029 mol:cm22 in agreement with the literature.49,52

Numerical Modeling

The washcoat 3D multiscale diffusion and reaction-

diffusion models were numerically solved through the com-

mercial software STAR-CCM1. CAD modeling and mesh

generation were also performed within the STAR-CCM1

package. The suitable mesh for each case was determined

according to preliminary mesh independence studies on the
final model solution. The gas mixture was considered as a

multicomponent ideal gas mixture at isothermal and steady-

state conditions. The species mass-balance equations were

solved through the built-in segregated species model, accord-

ing to which the governing equations are solved sequentially

for all species but one (diluting species) whose solution is
computed to guarantee the overall mass conservation. Surface

chemical kinetics (surface chemistry model) was accounted

for in the commercial code through externally coded user

libraries. These libraries were developed to calculate the spe-

cies production/destruction rates considering the local mixture

composition, temperature, and pressure and the micropar-
ticles’ internal active surface area per unit volume. The kinetic

interpreter provided in the CANTERA object-oriented suite53

was coupled to the user libraries for solving the governing

equation of species surface coverages. The multiscale diffu-

sion and reaction-diffusion methodologies and underlying

models solved according to the current numerical procedure
have been successfully validated in the past.33,35

In-house versions of the PREMIX code54 were developed to

solve the 1D PHM (for the prediction of the continuum wash-

coat layer performance) and the 1D heterogeneous single-

channel model (for the description of the full-scale reactor

operation). For all 1D model applications, a mesh with suffi-

cient grid points to ensure a mesh-independent solution was
regarded. The 1D heterogeneous full-scale reactor model has

been extensively validated for methane CPOx.46,50

Washcoat Structure Reconstruction

The morphology of a fresh washcoat porous structure

depends on the base material used and on the preparation pro-
cedures. Furthermore, depending on the length-scale consid-

ered, the existence of different particle shapes and

characteristic particle sizes can be perceived through high-

resolution imaging techniques. In particular, for c2Al2O3

porous layers, scanning electron microscopy (SEM) images

reveal that the grains composing the macroporous structure
(microparticles—see Figure 1) can be approximated as spheri-

cal particles.30,37 However, at a nanoscale level, transmission

electron microscopy (TEM) images suggest that the structural

primary particles (nanoparticles—see Figure 1) have a

cylinder-shaped geometry.30

The virtual generation of macroporous/mesoporous structures

is herein performed numerically, through a particle packing
code55 that takes into consideration experimental parameters

evaluated with realistic catalyst porous layers, viz. porosity, par-

ticle shape, and particle-size distribution. At the end of the

reconstruction process, the computer-generated structure is rep-

resented by a 3D discrete volume phase function addressing for

each voxel the corresponding space (solid or void).
In this work, three different mesoporous structures and three

different macroporous structures were reconstructed. The three

mesoporous structures (designated by Sa, Sb, and Sc) were gen-

erated considering cylinder-shaped grains as primary par-

ticles—characterized by its diameter (dm
c ) and length (lmc )—

AIChE Journal February 2018 Vol. 64, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 583



along with the structural/geometrical parameters listed in
Table 1. Among the required parameters for media generation,
only the mesoporosity (�m) is varied. A cubic system (repre-
sentative elementary volume) with 1:03106 nm3 is considered
for all mesoporous samples. The specific surface area pre-
sented in Table 1 was evaluated after the reconstruction
procedure.

Figure 3 shows the three mesoporous structures composed
by packings of cylinder-shaped nanoparticles. An increase in
the porosity is evident from the structure Sa to the structure Sc.

As the nanoparticles are nonporous (impermeable), the void
volume of each mesoporous structure corresponds to the actual
computational domain for the nanoscale diffusion model.

The three macroporous structures (labeled as SA, SB, and
SC) were developed considering spheres as primary particles.
Table 2 presents the structural/geometrical parameters
required for the generation of each macroporous structure.
Two particle sizes (dM

s1
and dM

s2
) are considered along with a

specific mixing ratio (s1=s2). The difference between each set
of parameters required for the reconstruction of these struc-
tures relies only on the macroporosity (�M). The macroporous
samples—sections of washcoat layers (see Figure 1)—have a
constant thickness of 50 mm.

To further characterize the generated structures, the pore-size

distribution of each sample was evaluated through the maximum

sphere inscription method44 and is presented in Figures 4a and

4b for the mesoporous and macroporous structures, respectively.

As the mesoporosity/macroporosity is increased, the sample

pore size range becomes wider and the mean pore diameter (dp )

increases—from 5.795, 8.151 to 14.253 nm for the mesoporous

structures Sa, Sb, and Sc, respectively, and from 0.516, 0.969 to

1.491 lm for the macroporous structures SA, SB, and SC, respec-

tively. The geometrical parameters, porosity, and pore-size

ranges for the digitally reconstructed porous samples are within

typical experimental values reported in the literature for similar

porous structures.30,56

Results and Discussion

The reforming reactor is composed by a 1.5 cm long inert

heat shield placed in front of a 3.0 cm long catalyst block. The

heat shield and the catalyst have an external diameter equal to

2.5 cm and are made up of 600 cpsi cordierite honeycomb

monoliths with square-shaped cells. The heat shield and the

catalyst honeycomb after washcoat deposition have a total

porosity equal to 70%.

Table 1. Properties of the Three Virtually Reconstructed Mesoporous Structures

Structural/Geometrical Parameter

Mesoporous Structure

Sa Sb Sc

Cylinder length—lmc [nm] 20 20 20
Cylinder diameter—dm

c [nm] 10 10 10
Porosity—�m ½2� 0.29 0.43 0.63
System size—dm

x 3dm
y 3dm

z ½nm3� 10031003100 10031003100 10031003100
Specific surface area – am

V ½nm21� 0.226 0.222 0.164

Figure 3. Computer-reconstructed mesoporous structures: (a) mesoporous structure Sa; (b) mesoporous structure
Sb; (c) mesoporous structure Sc.

Table 2. Properties of the Three Virtually Reconstructed Macroporous Structures

Structural/Geometrical Parameter

Macroporous Structure

SA SB SC

Sphere 1 diameter—dM
s1

[mm] 5.0 5.0 5.0

Sphere 2 diameter—dM
s2

[mm] 1.2 1.2 1.2

Mixing ratio—s1=s2 ½2� 1/16 1/16 1/16
Porosity—�M ½2� 0.05 0.18 0.30

System size—dM
x 3dM

y 3dM
z [mm3] 10310350 10310350 10310350

Specific surface area—aM
V [mm21] 0.619 0.907 0.869

584 DOI 10.1002/aic Published on behalf of the AIChE February 2018 Vol. 64, No. 2 AIChE Journal



The three mesoporous structures (Sx) and the three macro-

porous structures (SX) previously developed are herein com-

bined together to assemble a total of nine different bimodal

porous layers (Sx2X). Different active surface areas for each

structure are considered as well. Therefore, each catalytic

washcoat sample is identified as S
FF

cat=geo

x2X , where the FF
cat=geo

value defines the actual catalyst loading/dispersion applied

onto the pore walls of the inactive combined (bidisperse)

structure Sx2X. For typical Rh=Al2O3 washcoat layers, experi-

mental FF
cat=geo values ranging from 5.0 to 30.0 are well-

supported by the literature.21,57,58

In the current work, numerical simulations are conducted at

steady-state conditions and under atmospheric pressure. At the

macroscale level, the reactor is fed with a gas mixture preheated

to 400 K of methane and air, with an air-to-fuel equivalence

ratio of 0.30 (molar O/C ratio equal to 1.2). A total mass flow

rate equal to 0:19 g:s21 (ca. 10 NL.min–1) is considered.
The results and discussion are organized in three subsections.

In the first subsection, the effect of different mesopore/macro-

pore network morphologies is presented in terms of mass trans-

port properties. Thereafter, under reacting conditions the role of

pore structure and catalytic surface area is investigated on: (1)

the washcoat performance (second subsection); and (2) the full-

scale reactor performance at short-contact time methane partial

oxidation conditions (third subsection).

Effect of washcoat pore structure on species transport

Pore-scale diffusion simulations performed at the nanoscale

level for a temperature equal to 298.15 K revealed the following

CH4 effective diffusion coefficients (Dm,eff
CH4

298:15 Kð Þ) in the

mesoporous structures Sa, Sb, and Sc: 1.025, 3.528, and

12.420 3 1027 m2 . s21, respectively. Effective transport coeffi-

cients increase with the mesoporosity (and mean pore radius)

values. For each species at a constant temperature, the effective

diffusion coefficients in the samples Sb and Sc are about 3.4 and

12.1, respectively, higher than the effective diffusion coefficient

in the sample Sa. The results were evaluated considering poly-

hedral meshes (to provide a high geometrical fidelity) with

about 1.7, 1.6, and 1.3 million cells for the structures Sa, Sb, and

Sc, respectively. The computed effective diffusion coefficients

are within typical values for mesoporous structures.30,33

Figure 5a presents the overall CH4 effective diffusion coeffi-

cients along the temperature range 900–1300 K for the nine

mesoporous–macroporous structural combinations considered.

A trimmed mesh with about 1.5 million hexahedral cells was

considered for solving the washcoat 3D multiscale models at

the microscale level. Regardless the temperature, Figure 5a

shows that the structures Sa2A and Sc2C present the minimum

and maximum CH4 effective diffusion coefficients, respec-

tively. The range of effective diffusivity values calculated for

all structures is in agreement with usual values reported in the

literature.30,56 The increasing trend with temperature presented

by the effective diffusion coefficients for CH4 (and for the

remaining species—not shown) depends on the structure,

mainly on the macroporous structure. As the macropore void

fraction increases, the dependence on temperature observed for

the CH4 effective diffusion coefficients becomes closer to the

temperature dependence considered for computing the transport

coefficients in a pure molecular diffusion regime (see Eq. 6).
For the nine combined structures at a constant temperature,

Figure 5b presents the effective diffusion coefficients for all

reactive gas species, as well as the ratios between the effective

diffusion coefficients of CH4 and the remaining reactive spe-

cies, that is, DM,eff
CH4

=DM,eff
j —effective diffusivity ratios. For all

combined structures, H2 and CO2 present the highest and low-

est values for effective diffusivities, respectively. The effect of

the actual mesoporous structure on the species effective diffu-

sion coefficients becomes less relevant as the macroporosity

increases. The effective diffusivity ratios (DM,eff
CH4

=DM,eff
j ) at a

constant temperature and pressure are dependent on the com-

bined structure under consideration. This evidence is consis-

tent with the contribution of two different (competing)

regimes of diffusion—Knudsen and molecular regimes—on

the effective diffusion coefficients. As the macroporosity

increases (or the mesoporosity decreases), the effective diffu-

sivity ratios tend to approach the ratio DCH4,b=Dj,b that is

obtained in the absence of a Knudsen diffusive transport

Figure 4. Pore-size distributions for the generated porous media: (a) mesoporous structures; (b) macroporous
structures.
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regime—lower bound of the shaded intervals in Figure 5b.
Conversely, decreasing the macroporosity (or increasing the
mesoporosity) leads progressively the effective diffusivity
ratios toward the value

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wj=WCH4

p
, which is attained in the

limiting scenario of a sample composed exclusively by meso-
pores—upper bound of the shaded intervals in Figure 5b.

The influence of the mesoporosity/macroporosity on the
overall effective diffusivity values (and ratios) can be justified
on the basis of the relative importance of diffusion along
microparticles evaluated through Eq. 26. Figure 6a presents
the relative importance of CH4 diffusion along mesopores for
all combined structures at a constant temperature, whereas

Figure 6b presents the relative importance of diffusion in
microparticles for all reactive species in the structures Sc–A

and Sa–C along the temperature range of 900–1300 K

nk ½%�5

ð
VM

T 2VM
p

Dm,eff
k

@Xk

@z dVð
VM

T

DM
k xMð Þ @Xk

@z dV

3100% (26)

Figure 6a reveals that an increase in the macroporosity (or a
decrease in the mesoporosity) reduces the weight of a
Knudsen-controlled regime (species transport in

Figure 6. Relative importance of diffusion in mesoporous microparticles at 1 atm: (a) for methane in all structures
at 1100 K; (b) for every reactive species in the structures Sc–A and Sa–C over the temperature range
90021300 K.

Figure 5. Overall effective diffusion coefficients in the nine porous structures at 1 atm: (a) for CH4 over the temper-
ature range 90021300 K; (b) for all reactive species (including the effective diffusivity ratios between dif-
ferent species) at the temperature of 1100 K.

[Color figure can be viewed at wileyonlinelibrary.com]
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microparticles) on the overall effective diffusion coefficient.
Consequently, species transport becomes increasingly domi-
nated by a molecular diffusion regime (through macropores).
The effective diffusivity ratios (see Figure 5b) decrease as the
relative importance of diffusion in microparticles decreases.
Figure 6b shows that apart from the structure and temperature
under consideration, CH4 and O2 are the species featuring the
highest and lowest transport contribution from microparticles
on the overall transport coefficient, respectively. For any com-
bined structure, the relative importance of species transport in
microparticles decreases with temperature because the less
resistive molecular transport regime in macropores is promoted
over the species transport in mesopores (see the temperature
dependence on Dk,K and Dk,b—Eqs. 2 and 6, respectively). This
observation suggests that higher temperatures lead the effective
diffusivity ratios toward the value DCH4,b=Dj,b.

Role of pore structure and active area on washcoat
performance

The washcoat performance under reacting conditions for
different catalytic structures is herein evaluated considering
the 3D multiscale and the 1D pseudohomogeneous washcoat
models. For simplicity, the mixture composition at the exter-
nal washcoat surface is set equal to the fresh mixture composi-
tion provided to the full-scale reactor. A temperature equal to
900 K is considered.

Figure 7 presents the 3D multiscale reaction-diffusion
model results for the mole fraction and net production rate

of CH4 in the structures S15
a2A, S15

c2A, S15
c2C, S15

b2B, and S5
b2B.

These catalyst structures were selected to observe the sole
effect of the mesoporous and macroporous structures, and cat-
alyst loading/dispersion. An average simulation execution
time between 3 and 7 days—in parallel (12 cores) with Intel

VR

Xeon
VR

processor E5–2620V2 units—was required to achieve
a converged solution. In Figure 7, secondary gradients along
transverse directions to the layer thickness are observed for
structures with lower mesoporosity (compare the structures

S15
x2A), and higher macroporosities (compare the structures

S15
c2X). An increase in the active surface area also promotes the

species transport in transverse directions (compare the struc-

tures S
FF

cat=geo

b2B ). The wider range of values observed for the

structure S15
a2A in relation to the remaining structures suggests

that mass transport limitations are more severe for the struc-

ture S15
a2A.

Figures 8a, b present gas species mole fraction profiles com-
puted with the 3D multiscale and 1D pseudohomogeneous
models along the thickness of washcoat layers. Particularly,
Figure 8a encompasses the structures considered in Figure 7
concerning the CH4 performance, while Figure 8b considers
all reactive species for the structure S15

b2B. In Figure 8a, a gen-
eral good matching between the results (mole fraction profiles
and effectiveness factors) predicted by both models is
observed. Such agreement reinforces the ability of the 1D
pseudohomogeneous model to accurately predict the washcoat
performance under reacting conditions. The agreement
between models is also registered for the remaining species, as
presented in Figure 8b. In this figure, two regimes for methane

Figure 7. 3D multiscale reaction-diffusion model results for the structures S15
a2A, S15

c2A, S15
c2C, S15

b2B, and S5
b2B: CH4

mole fraction (upper row) and CH4 net production rate (lower row).

[Color figure can be viewed at wileyonlinelibrary.com]
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consumption are observed along the washcoat thickness.

Along the first 20 mm from the external surface, CH4 is prefer-

entially consumed with O2 producing large amounts of H2O

and CO2. When the O2 becomes scarce, the remaining CH4

mixture content continues to be consumed (at a slower pace)

with the H2O produced earlier to generate H2 and CO. As H2O

is first produced and then consumed (through consecutive

reactions), a maximum for the H2O mole fraction profile is

registered within the washcoat layer.

Figures 9a and 9b present the role of different effective
transport and catalytic parameters on the methane effective-
ness factor and average consumption rate, respectively.
(Henceforward, references to gk and _xavg

k are related with the
application of 1D PHM.) In Figure 9a, the effectiveness factor
is presented as a function of the ratio aM,T

V,cat=DM,eff
CH4

for the
effective diffusivity ratios characteristic of the structure Sb2B.
For other effective diffusivity ratios, the effectiveness factors
are presented in relation to those of the structure Sb2B. The

Figure 8. Species mole fraction profiles along the washcoat thickness evaluated with the 3D multiscale and 1D
PHM: (a) CH4 profiles (and effectiveness factors) for different combined structures; (b) all reactive spe-
cies profiles for the structure S15

b2B.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. Washcoat performance for different effective transport properties and active surface areas concerning
CH4 consumption: (a) effectiveness factors; (b) average consumption rates.

[Color figure can be viewed at wileyonlinelibrary.com]
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lower inset of Figure 9b is a projection on the plane 2 _xavg
CH4

3

aM,T
V,cat of the average consumption rate profiles that are pre-

sented in the upper inset (3D plot). The lower inset is also

accompanied by complementary data. Structures Sx12X1ðx22X2Þ

are fictitious structures with DM,eff
CH4

and DM,eff
CH4

=DM,eff
j equal to

DM,eff
CH4

Sx12X1
ð Þ and DM,eff

CH4
=DM,eff

j Sx22X2
ð Þ, respectively.

Along the FF
cat=geo range of practical interest (5–30) and for

a constant set of effective diffusivity ratios, Figure 9a shows
that an increase of the methane effectiveness factor is

observed as the ratio aM,T
V,cat=DM,eff

CH4
is decreased. For a particu-

lar porous structure, this can only be achieved decreasing the
catalyst loading/dispersion. Although, an active surface area
decrease is also liable for a decrease of the methane average
consumption rate, as Figure 9b suggests. A simultaneous

increase of the effectiveness factor and average consumption
rate can only be pursuit through an increase of the effective
diffusivity values by considering alternative porous structures.
Furthermore, an increase in the effective diffusivities com-
bined with a reduction (or increase) in the active surface area

can still result in a catalyst structure operating with higher
effectiveness factors and average consumption rates. For
instance, the structure Sc2C b2Bð Þ with a FF

cat=geo value within
the range �6:75,33:79½ attains higher effectiveness factors and
average consumption rates than those observed for the struc-
ture S15

b2B—see the lower inset of Figure 9b.
The effect of the ratios DM,eff

CH4
=DM,eff

j has also to be taken

into account on the effectiveness factor. Over the FF
cat=geo range

of interest and for a constant ratio aM,T
V,cat=DM,eff

CH4
, Figure 9a

shows that the methane effectiveness factor increases as the
structure’s effective diffusivity ratios decrease, that is, as the

species transport proceeds increasingly through the molecular
diffusion regime. This is mainly due to the increase of the ratio

DM,eff
O2

=DM,eff
CH4

that promotes a higher methane consumption

rate through total and partial oxidation reactions. As a conse-

quence of the coupled behavior between DM,eff
CH4

and DM,eff
CH4

=

DM,eff
j as the pore structure changes (see Figure 5b), for a con-

stant active surface area, an increase on DM,eff
CH4

promoted by an

increase of the macroporosity leads to higher methane effec-
tiveness factors (and average consumption rates) than an equal

increase on DM,eff
CH4

but supported by an increase of the

mesoporosity.
Figure 10 presents the role of the species effective transport

properties and active surface area on the ratio gH2
=gCH4

. This
ratio is proportional to the ratio _xavg

H2
= _xavg

CH4
and, consequently,

to the instantaneous H2 selectivity. At a local (microscale)
level, a higher ratio gH2

=gCH4
is preferred for the purpose of

hydrogen production as methane becomes primarily converted
into H2 instead of H2O. At a global (macroscale) level, the
overall H2 selectivity depends not only on the local values of
gH2

=gCH4
, but also on the local values of methane consumption

rates. In the FF
cat=geo range of practical interest, Figure 10

shows that an increase of the ratio gH2
=gCH4

—explained by a
progressive promotion of the slow reforming reactions over
the very fast oxidation reactions—is registered on increasing
the ratio aM,T

V,cat=DM,eff
CH4

and/or increasing the effective diffusiv-
ity ratios. Consequently, a specific increase of CH4 consump-
tion rates promoted by an increase on the active surface area
instead of an increase (decrease) on the effective diffusivities
(effective diffusivity ratios) allows to obtain a higher H2 pro-
duction rate (for the same fuel consumption rate), however,
under stronger diffusion limitations. An increase of the ratio
gH2

=gCH4
(and _xavg

CH4
) results in a local (and global) enhance-

ment of an apparent direct route for methane conversion into
synthesis gas. The results of Figure 10 also suggest that replac-
ing the application of the washcoat model by a fine-tuned
active surface area to account for the effect of transport limita-
tions on the CH4 consumption rates leads to erroneous predic-
tions for the H2 production rates. This conclusion is drawn
because ratios gH2

=gCH4
different than one—implying values

for _xavg
H2
= _xavg

CH4
different than _xbnd

H2
= _xbnd

CH4
—are registered in

Figure 10.

Role of washcoat properties on reactor performance

The effect of washcoat transport properties and catalyst
loading/dispersion on the full-scale reactor operation is herein
analyzed. Figures 11a–d present temperature and species pro-
files along the reactor main flow direction for different porous
structures with a constant active surface area (Figures 11a, b)
and for different metal loadings (or dispersions) on a specific
structure (Figures 11c, d). For each catalytic structure two sets
of profiles are presented: one set considering internal diffusion

Figure 10. Washcoat performance for different effective transport properties and active surface areas concerning
the H2 production relative to the CH4 consumption rates.

[Color figure can be viewed at wileyonlinelibrary.com]
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limitations (according to the 1D 1 1D model) and the other
neglecting internal limitations (1D model). For clarity reasons,
only five structures are considered in Figures 11a, b. In Figures
11a–d et seq., the front face of the active bed is located at
x 5 0.0 cm.

In Figures 11a–d, the differences on the reactor perfor-
mance are particularly noticeable near the inlet section of the
catalyst monolith (far from the thermodynamic control). Fig-
ure 11a shows that gradually higher temperatures are obtained
as the washcoat effective diffusivities decrease. Moreover, the
reactor axial location where the maximum temperatures are
registered is shifted downstream for pore structures with lower
effective diffusion coefficients. Figure 11c shows that as the
active surface area is increased the temperatures decrease,
being such decrease more pronounced when internal limita-
tions are negligible. A gradual decrease of the catalyst load-
ing/dispersion applying the 1D 1 1D model leads to less sharp
temperature excursions and to a maximum temperature shift
toward the reactor exit section in relation to the 1D model
results. Downstream the catalyst inlet section, the tempera-
tures of the 1D 1 1D model are higher than those predicted by
the 1D model.

Regarding the product distribution profiles (Figures 11b, d),
an axial slower response for the consumption/production of spe-
cies is in accordance with higher catalyst temperatures. This is
because the slower response is ascribed to lower observed rates
from reforming (endothermic) reactions once the oxidation
reactions taking place upstream are generally outside the control
of kinetics—internal transport, and therefore, independent of
the catalytic structure. However, noteworthy deviations between
the O2 mole fraction profiles for the structures S15

fa,cg2A and the
remaining structures are shown in Figure 11b. These deviations
go against the external-transport-controlled regime

acknowledged for the bulk O2 consumption with convenient
catalyst structures and under conditions of practical relevance
to perform catalytic partial oxidation of methane.59,60 As such,
the combined structures composed by the macroporous struc-
ture SA (structures Sx2A) are not as suitable as the remaining
structures to carry out the process because the O2 conversion
becomes limited by the extremely weak washcoat transport
characteristics that are ultimately responsible for hindering the
access of reactants to the active sites.

The comparison between the reactor performance observed
for the structures Sx2A and the remaining structures (Figures
11a, b) presents common features with the behavior described
during ongoing catalyst deactivation regimes, namely due to
thermally induced deactivation mechanisms. Particularly,
higher temperatures, lower CH4 and O2 conversions, and
lower synthesis gas selectivities have been reported with deac-
tivated catalyst foams due to metal sintering.61 A progressive
shift toward the reactor outlet of the maximum temperature
values has also been reported as a result of catalyst aging.62,63

Moreover, the resemblance between the performance of the
structures Sx2A (in relation to the remaining structures) with
the performance of deactivated catalyst samples is consistent
with the fact that the macroporous structure SA in relation to
the remaining structures can be readily recognized as a struc-
ture that has undergone structural changes (triggered by high
temperature exposure). This is because after structural modifi-
cations a structure with lower porosity and lower internal sur-
face area is obtained, in which most of the active particles that
were once available at the macropores’ walls are encapsulated
(inaccessible) within the microparticles’ internal structure
(collapsed macropores).64,65

Figures 12a–c present for different species and catalytic
structures the mole fraction contours in the washcoat layer

Figure 11. Full-scale reactor performance for washcoat layers with different pore structures but constant catalytic
surface area (FF

cat=geo515)—(a) and (b)—and with different catalyst loadings/dispersions (different FF
cat=geo

values) applied on the structure Sb2B—(c) and (d): (a) and (c) temperature profiles; (b) and (d) bulk spe-
cies distribution profiles.

[Color figure can be viewed at wileyonlinelibrary.com]
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along the first 0.2 cm of the catalyst monolith (Figures 12a, b),
and the net production rates and effectiveness factors (Figure
12c). In Figure 12a, the steep species mole fraction gradients
observed along the washcoat thickness in the first few milli-
meters of the catalyst bed suggest an important relevance of
internal transport limitations near the reactor entrance. This is
in full accordance with the lower effectiveness factors for CH4

and O2 therein observed (see Figure 12c). This behavior is due
to the extremely fast oxidation reactions expected at the begin-
ning of the catalyst bed that become more penalized by trans-
port limitations than the slower reactions taking place
downstream. The oxygen is completely consumed in the

outermost region of the washcoat layer. A maximum for the
H2O mole fraction is observed near the catalyst entrance (oxi-
dation zone) due to the consecutive oxidation/reforming reac-
tions along the washcoat thickness. This evidence is in line
with previous results (see Figure 8b). Further downstream
where the O2 becomes absent at the external washcoat surface
(reforming zone), the H2O mole fraction profiles along the
washcoat thickness become monotonically decreasing.

The influence of the transport properties and active surface
area on the mole fraction contours of CH4, H2O and H2 can be
observed considering the structures S15

a2A (Figure 12b) and
S15

b2B (Figure 12a), and the structures S5
b2B (Figure 12b) and

Figure 12. Full-scale reactor performance at the washcoat level: (a) and (b) mole fractions in the washcoat layer

along the reactor first 0.2 cm for all reactive species with the structure S15
b2B (a), and for CH4, H2O and

H2 with the structures S15
a2A and S5

b2B (b); (c) net production rates and effectiveness factors for CH4 and

O2 with the structures S15
a2A, S

f5,15,30g
b2B , and S15

c2C.

[Color figure can be viewed at wileyonlinelibrary.com]
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S15
b2B, respectively. As the effective diffusivities increase (cata-

lytic surface area decreases), the mole fraction gradients along

the washcoat thickness decrease and, consequently, the effective-

ness factors increase (see Figure 12c). For the structure S15
a2A,

Figures 12b, c reveal that the majority of the washcoat thickness

is not accessible for reactant species conversion due to the low

species penetration depth. Moreover, due to the significantly

lower O2 average consumption rates observed for the catalyst

structure S15
a2A (suggested by Figure 11b and supported by Figure

12c), the oxidation zone extends further downstream the catalyst

bed and, therefore, the maximum on the H2O mole fraction along

the washcoat thickness is observed over a longer axial distance

in relation to the remaining structures.
Figures 13a and 13b present the CH4 fractional conversion

and average effectiveness factor, and the H2 selectivity and yield,

respectively, evaluated at the reactor axial position x50:5 cm for

the nine catalyst bimodal structures and also for several fictitious

structures (structures S
FF

cat=geo

x12X1 x22X2ð Þ). Higher methane conversion

and hydrogen selectivity values are observed for structures with

higher effective diffusivities, higher catalyst loadings/dispersions,

and lower effective diffusivity ratios. The role played by the

effective diffusivity ratios becomes more visible for structures

operating under stronger diffusion limitations (compare the per-

formance of the structures S15
a2A x2Xð Þ and S15

c2C x2Xð Þ). Methane

conversion follows the same trends with washcoat properties as

the methane average consumption rates (see Figure 9). Regarding

the hydrogen selectivity, even though a decrease (increase) of the

effective diffusivities (effective diffusivity ratios) results in a pro-

motion of the instantaneous hydrogen selectivity (see the ratio

gH2
=gCH4

in Figure 10), at the full-scale reactor level this trend

results in a decrease of the integral hydrogen selectivity. This is

observed because the increase of the instantaneous hydrogen

selectivity with the effective transport properties is registered

alongside a significant decrease of the average fuel consumption

rates (see Figure 9). The decrease of the CH4 consumption rates

at the beginning of the catalyst bed—expected decreasing the

effective transport properties (see Figure 12c)—is responsible for

delaying reforming reactions until the O2 content in the bulk gas

mixture becomes negligible. This mechanism promotes a pro-

gressive spatial decoupling between oxidation and reforming

reactions for structures with lower effective diffusivities (higher

effective diffusivity ratios), that is in full accordance with: (1) the

late axial heat consumption observed through higher and shifted

downstream temperatures (see Figure 11a); and (2) the lower H2

yields (see Figure 13b).
Methane conversion and hydrogen selectivity evaluated

considering internal limitations are as close to the values pre-
dicted neglecting limitations as the effective diffusivities and
active surface area increase. This evidence is in agreement
with the lower contact times (shorter reactors) that are
required to reach the thermodynamic equilibrium by increas-
ing the effective diffusivities and catalyst loading/dispersion
(see Figures 11a–d). These trends on effective diffusivities
and active surface area are responsible for weakening the
effects of pore diffusion on the overall regime governing the
macroscale performance, in such a way that the full-scale reac-
tor becomes gradually controlled by the regimes observed in
the absence of diffusion limitations: external transport of O2

for the oxidation reactions59,60 and a mixed external transport–
kinetic regime for CH4 consumption through reforming
reactions.60,66

Figure 14 presents the hydrogen yield at x50:5 cm for all
porous structures considering a constant ratio between active
and geometric surface areas at the nanoscale level (Fm

cat=geo). A
constant Fm

cat=geo value—that can be understood as a constant
metal dispersion—applied in samples with different surface
areas (AM,T

geo ) leads to a different total active surface area (and
catalyst loading) for each sample. Structures with higher
porosities have simultaneously higher effective diffusivities
and lower active surface areas—lower FF

cat=geo ð5Fm
cat=geoAM,T

geo =

Figure 13. Full-scale reactor performance parameters evaluated with the 1D 1 1D model and with the 1D model:
(a) CH4 conversion (XCH4

) and average effectiveness factor (�gCH4
); (b) H2 selectivity (SH2

) and yield (YH2
).

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 14. H2 yield evaluated at the reactor position x5
0:5 cm for all combined structures consider-
ing a constant Fm

cat=geo value.

[Color figure can be viewed at wileyonlinelibrary.com]
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AF
geoÞ values. Therefore, an increase of the mesoporosity (mac-

roporosity) for a particular macroporous (mesoporous) struc-

ture only results in an enhancement of the H2 yield if the

increase of the effective diffusivities overcomes the corre-

sponding decrease in the active surface area. This is observed

for the structures Sfa,b,cg2A (mesoporosity increase) and

Sx2fA,B,Cg (macroporosity increase). Figure 14 also presents

the H2 yield achieved considering a very thin washcoat layer

(dM
z 53 mm) with a specific surface area equal to that of struc-

ture Sc2C and in which the diffusion limitations are neglected

– structure S1. The comparison of the results obtained for this

structure against those observed for the remaining structures

illustrates well the need for a washcoat application. The reac-

tor performance would be even worse (and unacceptable) if

the active ingredients were deposited directly onto the bare

honeycomb cordierite walls.

Conclusion

This work reports the application of a multiscale methodol-

ogy to a honeycomb reactor performing methane catalytic par-

tial oxidation. The multiscale methodology embraces three

reactor length-scales (nanoscale, microscale, and macroscale

levels) and requires consecutive pore-scale simulations orga-

nized according to a hierarchical bottom-up approach. The

role of washcoat pore structure and active surface area on the

catalyst layer and reactor performances is investigated. Meso-

porous and macroporous structures were virtually recon-

structed with realistic morphological parameters.
The results show that effective diffusivities increase with an

increase in the mesoporosity/macroporosity. Species diffusion

through mesopores becomes less relevant at higher tempera-

tures and for samples with lower (higher) mesoporosity (mac-

roporosity). Under reactive conditions, the reliability of the

overall multiscale methodology is supported on the good

agreement registered between the results of the 3D multiscale

and 1D pseudohomogeneous reaction-diffusion models. A

more selective route toward hydrogen production (at micro-

scale and macroscale levels) is noticed promoting a preferen-

tial increase in the active surface area than in the effective

diffusivities for the same methane consumption rate. The full-

scale reactor level results show that an increase of methane

conversion and hydrogen selectivity—toward the values

obtained without diffusion limitations—is observed for struc-

tures with higher effective diffusivities and higher active sur-

face areas. Structures with extremely poor transport properties

present low species penetration depths along the washcoat

layer (low catalyst utilization levels) which may affect the typ-

ical regimes controlling the reactor performance. Neglecting

internal diffusion limitations for these structures results in

underpredicted (and upstream-shifted) temperature profiles.
The multiscale methodology applied in this work provides a

reliable and feasible strategy to transport the effect of morpho-

logical and catalytic details from the mesopore and macropore

to the full-scale reactor operation. This methodology can be

applied for catalyst optimization studies to support the devel-

opment of improved pore structures and catalyst distribution

profiles.
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local pore sizes and transport properties in porous catalysts. Chem
Eng Sci. 2010;65:2352–2360.

45. Poling BE, Prausnitz JM, O’connel JP. The Properties of Gases and
Liquids. McGraw-Hill Professional, 2000. Available from https://
www.mhprofessional.com/9780070116825-usa-the-properties-of-gases-
and-liquids-5e-group.

46. Navalho JEP, Frenzel I, Loukou A, Pereira JMC, Trimis D, Pereira
JCF. Catalytic partial oxidation of methane rich mixtures in non-

adiabatic monolith reactors. Int J Hydrogen Energy. 2013;38:6989–
7006.

47. Navalho JEP, Pereira JMC, Ervilha AR, Pereira JCF. Uncertainty
quantification in catalytic partial oxidation of methane. Combust
Theor Model. 2013;17:1067–1095.

48. Kee RJ, Coltrin ME, Glarborg P. Chemically Reacting Flow: Theory
and Practice. New Jersey: Wiley-Interscience, 2003.

49. Schwiedernoch R, Tischer S, Correa C, Deutschmann O. Experi-
mental and numerical study on the transient behavior of partial
oxidation of methane in a catalytic monolith. Chem Eng Sci. 2003;
58:633–642.

50. Navalho JEP, Pereira JMC, Pereira JCF. Conical-shaped foam reac-
tors for catalytic partial oxidation applications. Int J Hydrogen
Energy. 2014;39:3666–3680.

51. Shah R, London A. Laminar Flow Forced Convection in Ducts.
New York: Academic Press, 1978.

52. Karakaya C, Maier L, Deutschmann O. Surface reaction kinetics of
the oxidation and reforming of CH4 over Rh/Al2O3 catalysts. Int J
Chem Kinet. 2016;48:144–160.

53. Goodwin DG. An open-source, extensible software suite for CVD
process simulation. CVD XVI and EuroCVD Fourteen, Electrochem-
ical Society. 2003:155–162.

54. Kee RJ, Grcar JF, Smooke MD, Miller JA. Premix: a Fortran pro-
gram for modeling steady laminar one-dimensional premixed flames.
Tech. Rep. SAND85–8240, Sandia National Laboratories, 1985.

55. dos Santos LOE, Philippi PC, Fernandes CP, de Gaspari HC. Three-
dimensional reconstruction of porous microstructures with the super-
posed spheres method. In: Proceedings of the ENCIT 2002, Cax-
ambu - MG, Brazil, CIT02–0449, 2002.

56. Hayes RE, Kolaczkowski ST, Li PKC, Awdry S. Evaluating the
effective diffusivity of methane in the washcoat of a honeycomb
monolith. Appl Catal B Environ. 2000;25:93–104.

57. Karakaya C, Otterst€atter R, Maier L, Deutschmann O. Kinetics of
the water-gas shift reaction over Rh/Al2O3 catalysts. Appl Catal A
Gen. 2014;470:31–44.

58. Eriksson S, Schneider A, Mantzaras J, Wolf M, J€arås S. Experimen-
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