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Spatially resolved autothermal experiments of CH4 catalytic partial oxidation (CPO) performed over Rh-
coated foams were analyzed using a detailed reactor model and a novel, thermodynamically consistent C1

microkinetic scheme. The effect of depositing Rh (5 wt%) on an 80 ppi a-Al2O3 foam directly or after
washcoating with c-Al2O3 washcoat (2 wt%) was examined. For the first time, a fully predictive approach
was adopted in the numerical analysis by introducing in the model the experimentally estimated catalyst
metal surface area and state of the art correlations for heat and mass transfer in foams. Characterization
of the catalysts by H2 pulse chemisorption and SEM microscopy revealed that the washcoat addition
increased the metal area by almost one order of magnitude, from 74 cm2/gFoam on Rh foams to
630 cm2/gFoam on washcoated foams. The numerical results showed that the model is able to quantita-
tively account for the axial evolution of the species and the temperature profiles of the solid and the
gas phase within the catalyst volume. In line with previous results, it was confirmed that the consump-
tion of O2 is strictly governed by mass transfer and that the co-presence of O2 and syngas in the bulk of
the gas phase is exclusively due to mass transfer limitations. Reaction path analysis showed that CH4 is
activated via pyrolytic decomposition and its main oxidizer is OH� and not O�, both in the oxidation zone
and in the reforming zone of the catalyst. By application of the most up-to-date experimental and numer-
ical tools, the present results provide a clear picture of CH4 CPO and emphasize the importance of mod-
eling spatially resolved experiments in order to properly interpret the high density of information that
these kinds of data provide.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The catalytic partial oxidation of methane (CH4 CPO, Eq. (1)) at
short contact times (10�2–10�4 s) is a fast, autothermal process
suitable for selectively producing H2 and CO in simple, compact
reactors [1].

CH4 þ 1=2O2 ! COþ 2H2 DH0
R ¼ �37 kJ mol�1 ð1Þ

CH4 CPO is ideal for small and medium scale applications, such
as distributed and on-board production of H2 and synthesis gas,
either to feed fuel cells [2] or to assist engine and after-treatment
applications [3]. Due to the small catalyst volumes and the high
throughput, the reaction occurs with sharp gradients of tempera-
ture and concentration encompassing a strong interaction between
chemical kinetics and transport phenomena. Understanding this
interplay is crucial for the rational design of a CPO reformer in
ll rights reserved.

retta).
terms of internal layout, catalytic materials and geometry of the
support. This calls for advanced modeling and experimental tech-
niques. On the one hand, experimental measurement of these gra-
dients allows to better rationalize the outcome of the process and
to handle the thermal stresses, which can reduce catalyst life [4,5]
and limit the extension of the CPO toward higher hydrocarbons. On
the other hand, the development of reliable, chemically physically
consistent models allows to engineer the process and to gain in-
sights into the complexity of the experiments.

Recently, Schmidt and co-workers [6] developed a novel sam-
pling technique that allows the measurement of spatially resolved
temperature and concentration profiles within lab-scale CPO
reformers operating under autothermal conditions. Substantial
work has been done on CPO of CH4 over Rh- and Pt-based cata-
lysts over a wide set of experimental conditions [6–11]. The spa-
tially resolved experiments provide higher density information
than typical integral data collected at the outlet of a reactor.
Nonetheless, their interpretation is complex due to the superposi-
tion of a number of phenomena. Consequently, comprehensive

http://dx.doi.org/10.1016/j.jcat.2010.08.007
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Nomenclature

A reactor cross section (m2)
av specific area per unit volume (m�1)bCP specific heat (J kg�1 K�1)
f friction factor
G superficial mass flow rate (kg m�2 s�1)
h heat transfer coefficient (W m�2 K�1)
kax solid thermal conductivity (W m�1 K�1)
kmat mass transfer coefficient (m s�1)
Lrct mass transfer coefficient (m)
p pressure (Pa)
r reaction rate (mol kg�1

cat s�1)
s production rate (mol cm�2 s�1)
t time (s)
T temperature (K)
z reactor axial coordinate (m)

Greek symbols
e void fraction

eS emissivity
r Stefan–Boltzmann constant (W m�2 K�4)
h coverage site fraction
C site density (mol cm�2)
n volumetric catalytic fraction
q density (g cm�3)
x weight fraction
DHR heat of reaction (J mol�1)

Subscripts and superscripts
g gas phase
s solid phase
eff effective
i ith species
j jth reaction
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models are necessary. Toward this goal, Horn et al. [12] first pro-
posed a numerical study of spatially resolved CH4 CPO experi-
ments performed over Rh-coated 80 ppi a-Al2O3 foams at
different flow rates (5 and 10 slpm) and C/O ratios (0.7–1.3). Dalle
Nogare et al. [13] further refined this analysis by comparing with
measured solid temperature and by introducing mass and heat
transport correlations for foam supports. These two numerical
studies adopted the same kinetic scheme developed by Deutsch-
mann and co-workers, which comprises 38 surface reactions [14].
Recently, Maestri et al. [15] have presented a comprehensive
reaction mechanism of the CH4 CPO process. In particular, they
used fundamental surface chemistry [16] in combination with de-
tailed reactor modeling [17] for the microkinetic analysis of qua-
si-isothermal CPO experiments in an annular reactor [15,18]. This
analysis revealed that the interplay between mass transfer and
surface chemistry is crucial in dictating the dominant reaction
pathways leading to syngas. The partial oxidation of methane
does not proceed according to reaction (1) [15]. Rather, it is a
combination of different processes, with up to three reaction
zones: deep combustion of methane first, followed by a zone
where direct formation of syngas in parallel with catalytic com-
bustion of product hydrogen occurs, and finally a steam reform-
ing (SR) and water–gas shift (WGS) zone, when oxygen is no
longer available. The extent of these zones underscores the
importance of the interplay of transport phenomena and surface
chemistry, pointing out that an accurate description of transport
effects is required for a proper simulation of CPO data.

In this work, we present a fully predictive, microkinetic analysis
of CH4 CPO spatially resolved experiments on Rh-based foams with
and without addition of washcoat prior to the metal deposition
[10]; we address in detail both transport and chemical phenomena.
First, we perform a morphological characterization of the foam in
order to determine the pore diameter and the geometrical area.
The characterization of the catalysts allowed us to estimate the
metal surface area. Using these data as input, we have then per-
formed microkinetic analysis of the experiments, combining the
microkinetic model [16] with a 1D heterogeneous reactor model
[19,20]. Our approach provides insight into the complexity of the
experiments and enables fundamental understanding of the under-
lying phenomena at different time and space scales. In addition, it
allows validation of model predictions against data with different
metal surface area.
2. Experimental and theoretical tools

2.1. Operating conditions and catalytic materials

The autothermal CH4 CPO experiments were performed over
two different Rh catalysts, 5 wt% Rh and 5 wt% Rh/2 wt% c-Al2O3

(hereafter referred to as Rh and Rh-wc) supported over 80 ppi a-
Al2O3 foams (11 mm long, 17 mm diameter). In the case of the
Rh sample, 5 wt% Rh was added directly on the foam by dropwise
deposition of a Rh(NO3)3 solution. In the case of the Rh-wc sample,
prior to the dropwise addition of Rh, the foam was washcoated
with 2 wt% c-Al2O3 (3 lm powders, 120 m2/g surface area) by
dropwise deposition of an aqueous slurry.

Both catalysts were tested under autothermal conditions, at
atmospheric pressure, with a total flow rate of 5 slpm and gas mix-
tures consisting of 20% v/v CH4, O/C ratio of 1 and Ar to balance.
The gases were preheated at 150 �C. The reaction was light-off by
heating the catalyst up to 400 �C with a Ar/H2/O2 diluted mixture
and successively switching to the CH4 CPO feed. Only steady-state
profiles are presented.

The setup used for collecting spatially resolved concentration
and temperature profiles is extensively described in [11]. The sys-
tem consisted of an externally insulated quartz reactor equipped
with a spatial sampling apparatus. The reactor mounted the cata-
lytic foam in between two blank foams acting as heat shields.
The sampling system consisted of a capillary of small diameter
(550 lm) that was moved within a channel (£ = 760 lm) axially
drilled into the foams. The capillary was sealed at one end and con-
nected to a linear actuator at the other end. The gases were sam-
pled through a small orifice (�200 lm) cut close to the sealed
head of the capillary and pumped to an analysis system, which in-
cluded a mass spectrometer and a gas chromatograph.

For the measurement of the axial temperature profile of the gas
and the solid phase, the reactor was equipped with a K-type ther-
mocouple (£ = 250 lm) and with a narrow-band infrared pyrom-
eter (Impac Infrared, IGA 5-LO). The pyrometer consisted of a
measuring transducer connected to an optical fiber (£ = 330 lm)
with a 45� polished tip. Indeed, as reported in [21], optical fibers
with a 45� polished tip predominantly admit the radiation perpen-
dicular to the central axis, opposite to the beveled surface. Con-
trarily to fibers with flat tips, the accepted radiation from
surfaces in front is minimized.



Table 1
Model equations and boundary conditions [19,20].

Gas phase
Mass balance @xi
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@z �

av
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Site balance dhi
dt ¼

si
CRh

Boundary conditions
Reactor Inlet ðz1 ¼ 0Þ
xi;z¼z1

¼ xi;feed
Tg;z¼z1 ¼ TINpz¼z1

¼ pfeed

�keff
ax �

@TS
@z

��
z1
¼ r � eS � T4

g � T4
S jz2

� �
Reactor Outlet ðz2 ¼ LrctÞ
�keff

ax � @Ts
@z

��
z2
¼ �r � es � T4

g � T4
s jz2

� �

Initial conditions
xiðz;0Þ ¼ 0; Tgðz;0Þ ¼ Troom; Tsðz;0Þ ¼ 400 �C

Table 2
Characterization of the foam support.

Weight
(g)

Diameter
(mm)

Length
(mm)

Pore size
(lm)

e
(%)

Geometric
area (cm2/g)

80 ppi a-
Al2O3

2.5 17 11 600 70 28
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The measuring transducer included the lens system, the IR
detector and the signal processor. The IR detector was an In-
dium–Gallium–Arsenic photodiode, sensitive to radiation in the
wavelength range 1.45–1.8 lm. The output voltage was calibrated
between 350 and 1100 �C. The optical fiber was used as a probe for
transmitting the radiation from the internal part of the reactor to
the measuring transducer. Either the thermocouple or the optical
fiber was inserted into the capillary, which provided an inert sleeve
for the axial movements.

2.2. Reactor model and kinetic scheme

The experiments were analyzed by means of a 1D, heteroge-
neous, dynamic, fixed bed reactor model [19,20]. The model con-
sists of mass, energy and momentum balances for the gas phase
and the solid phase, which includes axial convection and diffusion,
solid conduction and gas–solid transport terms (Table 1). However,
under the investigated flow conditions, the contribution of the ax-
ial mass diffusion was found negligible. Gas-phase reactions were
accounted for using the detailed scheme of Frassoldati et al. [22].
In line with Ref. [23], no contribution from homogeneous chemis-
try was found under our operating conditions. Heat conduction in
the solid was described with an effective axial thermal conductiv-
ity coefficient for isotropic open-cellular foams [24] corrected by
the addition of radiation [19]. The thermal conductivity of the
a-Al3O3 support was taken as 2 W/m/K [12]. Radiative dispersion
effects at the back and front heat shield were introduced in the
boundary conditions. In agreement with the experimental proce-
dure, the reactor light-off was simulated starting from a 400 �C cat-
alyst up to the reaching of the steady state.

The model incorporates a thermodynamically consistent single
site C1 microkinetic scheme [16,25] for the conversion of CH4 to
syngas over Rh, consisting of 82 surface reactions and 13 adspecies.
It has been derived using a hierarchical multiscale methodology
involving both semi-empirical methods (UBI-QEP) and first princi-
ple techniques [16,26]. The scheme was validated over a wide set
of CH4 CPO experimental data within an annular microreactor un-
der quasi-isothermal conditions [27,28]. The resulting scheme was
able to describe several reacting systems, namely CH4 pyrolysis
and oxidation, steam reforming, H2- and CO-rich oxidation, WGS
and reverse WGS.
Modeling of temperature and concentration profiles within the
catalysts requires heat and mass transfer correlations. State-of-
the-art correlations were adopted, namely those derived by Incera
Garrido et al. [29] for a-Al2O3 foams with pore density ranging be-
tween 10 and 45 ppi. According to the correlations, the following
equation was used for mass transfer:

Sh ¼ 1:000 � Re0:47 � Sc1=3 � DP

0:0001m

� �0:58

� e0:44 ð2Þ

Given the Sherwood number (Eq. (2)), the Nusselt number for
heat transfer was obtained by applying the Chilton–Colburn anal-
ogy. Concerning the geometric area of the foams, Incera Garrido
et al. [29] proposed an empirical relation (Eq. (3)) derived on the
basis of magnetic resonance imaging (MRI) analysis of their
samples.

av ¼ 3:84 � D�0:85
P � e�0:82 ð3Þ

As apparent from these equations, the void fraction e and the pore
diameter DP must be experimentally determined.

3. Results

3.1. Morphological characterization of the foams

In terms of void fraction e and pore diameter DP, 80 ppi a-Al2O3

foams were characterized (Table 2). The void fraction was calcu-
lated according to the following equation:

e ¼ 1� qFoam

qHS
ð4Þ

The density of the hollow struts (qHS � 3.4 g/cm3) was esti-
mated with a standard pycnometry method, based on the mea-
surement of the buoyancy of the samples in pure ethanol



Fig. 1. SEM micrograph of an 80 ppi a-Al2O3 blank foam.
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(Sartorius YDK 01). The apparent density of the foam (qFoam) is the
ratio of the weight of the foam sample (�2.5 g) and its geometrical
volume (�2.5 cm3). The void fraction is 70%.

The pore diameter was estimated by analysis of SEM micro-
graphs (Fig. 1). Only isotropic pores located at the same depth were
taken as representative, by accounting for the equatorial diameter
of the cells (as shown in the figure). The pore diameter was calcu-
lated by averaging 50 measurements and was equal to 600 lm, in
reasonable agreement with the value of 500 lm found in previous
work in similar 80 ppi a-Al2O3 foams [7]. The measured pore diam-
eter is much higher than the nominal one (�317 lm), estimated
from the ppi characteristics given by the manufacturer. However,
it is widely understood that the classification of foams by their
ppi should not be taken literally [30], especially in the case of
highly irregular structures. The nominal ppi given by the manufac-
turer is generally smaller than the experimental one, as apparent in
a number of works [7,29,31,32].

As a consequence of the irregular distribution of the pore net-
work, the determination of the geometric area of a foam is not a
straightforward task. Fig. 1 shows that the coalescence of the cells
resulted in blind cavities and thick struts with large accumulation
Fig. 2. SEM micrographs of the catalysts. Panels a–c: 5 wt% Rh supported on 80 ppi a-
of alumina. According to the correlation adopted (Eq. (3)), the geo-
metric area was 28 cm2/gFoam, somewhat lower than the estimates
used on the same kind of foams, namely 80 cm2/gFoam (cubic cell
assumption) in [13] and 72 cm2/gFoam in [33].

3.2. Catalyst characterization

The characterization of the catalysts was performed after expo-
sure to the reaction, so that the results were representative of the
surface present during the CPO experiments.

Concerning the oxidation state of the surface, XRD spectra of the
samples (not reported) exclusively revealed metal Rh and no
detectable traces of Rh oxide.

In the case of Rh samples, the metal area was estimated from
SEM micrographs (Fig. 2a–c), as it was too small to be accurately
determined by H2 pulse chemisorption. The micrographs show that
the a-alumina surface was almost completely covered with Rh
(Fig. 2a). In line with [34], a wide variety of aggregates was found
(Fig. 2b and c), with dimensions ranging between 0.1 and 15 lm.
By performing a volume average (Eq. (5)) on the different distribu-
tions of the particles size, a diameter of 3.3 lm was estimated,
which corresponded to a Rh dispersion of 0.035% under the
approximation of spherical aggregates. Given this value of disper-
sion, a metal surface area of 74 cm2/gFoam was determined, i.e. of
the same order of magnitude of the geometric surface of the
support.

dvolume ¼
PNP

i ni � d4
iPNP

i ni � d3
i

ð5Þ

The estimation of the surface metal area of Rh-wc samples was
carried out with H2 pulse chemisorption (5% H2 in Ar v/v, 25 �C),
according to a standard procedure described in Ref. [35]. The sur-
face metal area was 630 cm2/gFoam (0.3% Rh dispersion), nearly
nine times higher than that of non-washcoated samples. This result
is consistent with the beneficial effect of adding a washcoat, which,
even in small amounts, increases the metal dispersion and reduces
Al2O3 foam. Panel d: 5 wt% Rh/2 wt% c-Al2O3 supported on 80 ppi a-Al2O3 foam.
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sintering [33]. SEM micrographs (Fig. 2d) reveal that the washcoat
was not homogenously dispersed over the surface of the foam, but
rather it was present as irregular patches �5 lm thick. Such a thin
layer did not significantly alter the pore diameter of the foam. The
measured thickness is consistent with the theoretical value of
7 lm, calculated by assuming a density of 1 g/cm3 for the washcoat
and a geometric area of 28 cm2/gFoam. Backscattering electron
images (not reported) confirmed that part of Rh filled the washcoat
layer. However, due to the low amount of washcoat, in some zones
the excess of Rh formed a thin crust and was also found on the un-
coated a-alumina surface.

3.3. Model simulations for the Rh catalyst

Fig. 3 compares model simulations and experimental results in
the case of the Rh catalyst. Overall, the model predictions are sat-
isfactory. Good agreement is found for the axial evolution of CH4

(Panel a) and the outlet molar flows of the species (Table 3). The
evolution of O2 appears to be correctly described in terms of con-
sumption rate up to the first millimeter of the catalyst. Afterward,
between 1 and 1.8 mm, the data show a sharp drop in the O2 molar
Fig. 3. Comparison between model prediction (solid lines) and data (symbols) for a CH4 C
Flow = 5 slpm, TIN = 150 �C, P = 1 atm. Panel a: CH4 and O2 flow rates. Panel b: H2 and H2

profiles.

Table 3
5 wt% Rh/a-Al2O3 catalyst: comparison between experimental and calculated outlet mola

CH4 (mmol/s) H2 (mmol/s) CO (mmol/s

Exp. 0.24 0.96 0.47
Calc. 0.23 0.95 0.47
flow up to the complete consumption, while the simulations tend
to overestimate the length of the oxidation zone.

Panels b and c show the evolution of the products. In agreement
with transport limitations in O2 [15], H2 and CO are formed in the
oxidation zone, along with CO2 and H2O. Indeed, in the absence of
O2 at the wall, reforming reactions occur on the catalyst surface. In
the oxidation zone, some deviations are apparent between data
and simulations: H2 and CO2 are overestimated, while H2O is
underestimated. The model predicts a peak in the production of
CO2, which is absent in the experimental curve. Also, it does not
predict the peak observed in the evolution of H2O. The experiments
indicate that, in this zone, WGS is not equilibrated and likely sug-
gests that the C1 scheme overpredicts the WGS activity of Rh. In the
second part of the monolith, where O2 is totally consumed and syn-
gas is produced by CH4 steam reforming, the simulations correctly
describe the local composition. Due to the low metal dispersion,
the evolution of the product composition significantly deviates
from the equilibrium up to the outlet of the reactor.

The temperature profiles for the gas and the solid phase are
reported in Panel d. In the oxidation zone, a significant difference
between the gas and the catalyst temperature is observed. In the
PO experiment over the 5% Rh catalyst. Operating conditions: CH4 = 20% v/v, O/C = 1,
O flow rates. Panel c: CO and CO2 flow rates. Panel d: gas and surface temperature

r flows and temperature.

) H2O (mmol/s) CO2 (mmol/s) TOUT (�C)

0.17 0.06 709
0.14 0.08 704



Fig. 4. Comparison between model prediction (solid lines) and data (symbols) for a CH4 CPO experiment over the 5 wt% Rh/2 wt% c-Al2O3 catalyst. Operating conditions:
CH4 = 20% v/v, O/C = 1, Flow = 5 slpm, TIN = 150 �C, P = 1. Panel a: CH4 and O2 flow rates. Panel b: H2 and H2O flow rates. Panel c: CO and CO2 flow rates. Panel d: gas and surface
temperature profiles.
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reforming zone, the catalyst temperature decreases and is
flattened, while the gas temperature increases, over that of the
solid and finally the two temperatures match at the outlet of
the monolith. It is worth noting that in this experiment the reac-
tor was not perfectly adiabatic, and the thermal efficiency (de-
fined as the ratio between the experimental temperature rise
and the theoretical adiabatic temperature rise [10]) was 90%. A
dissipation term (Eq. (6)) was included in the enthalpy balance
of the gas phase in order to account for the heat losses. A global
heat transfer coefficient (hreactor) of 10 W/m2/K was estimated by
matching the calculated thermal efficiency to the experimental
one.
Z zout

_Q lost ¼

z0

hreactor � ðTgasðxÞ � TroomÞ � p � Dreactor � dx ð6Þ

Within the catalyst volume, the simulated curves closely match
the measured profiles. For both phases, the position and the value
of the maximum temperature are correctly predicted, with a small
overestimation (35 �C) in the case of the gas profile. Differences are
observed in the front heat shield in the temperature of the solid,
which are probably associated with the uncertainty in the effective
conductivity of a-Al2O3 and with possible drawbacks in the
Table 4
5 wt% Rh/2 wt% c-Al2O3/a-Al2O3 catalyst: comparison between experimental and calculat

CH4 (mmol/s) H2 (mmol/s) CO (mmol/s

Exp. 0.16 1.16 0.52
Calc. 0.17 1.13 0.54
measurement technique. Smaller deviations are also present in
the thermocouple measurement, which are likely associated with
conduction and radiation errors (see Section 4.2).

3.4. Model simulations for the Rh-wc catalyst

When the washcoat was applied to the Rh catalyst, a remark-
able increase in the activity was observed. The addition of the
washcoat (Fig. 4) allowed the reaction to reach the thermodynamic
equilibrium at the outlet of the catalyst. The extent of the oxidation
zone kept unaltered, in line with the mass transfer limitation on
the consumption of O2 (see next section). The evolution of the spe-
cies took place within one-third of the catalyst volume (0–4 mm
along the axis), indicating that some reforming activity was ongo-
ing also in the oxidation zone. Consequently, the chemical quench-
ing associated with the promotion of the endothermic reforming
reactions lowered the temperatures of the solid and of the gas
compared to the Rh sample. Indeed, the average temperatures
were 50–100 �C lower and the hot spot of the solid shifted closer
to the inlet section of the monolith.

Even in the presence of such a strong modification of the activ-
ity, the model predicts well the observed features in terms of
species profiles and outlet performances (Table 4). On the one
hand, the agreement with the outlet performances is dictated by
ed outlet molar flows and temperature.

) H2O (mmol/s) CO2 (mmol/s) TOUT (�C)

0.11 0.07 665
0.09 0.07 640
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the thermodynamic consistency of the C1 scheme. On the other
hand, the correct representation of the species profiles validates
the model kinetics probed by the change in dispersion and remarks
the fundamental importance of performing spatially resolved
experiments. In line with the results obtained for the Rh catalyst,
differences between the calculated and the experimental curves
are present in the distribution of the products suggesting again
an overestimation of the WGS activity. However, these deviations
are less marked than in the case of the Rh-coated foam. Deviations
are also apparent between 2 and 4 mm of the monolith, where a
steep slope is observed in the evolution of the species up to the
equilibrium: however, the data likely indicate the fine structure
of the catalyst, that is, a local variation of the flow pattern due to
the particular structure of the foam, which has not been accounted
for by the model. An irregular distribution of the pore network has
been clearly shown in Ref. [13].

The temperature profile of the solid and of the gas phase are
matched (Fig. 4d): again, the position and the value of the maxima
are correctly predicted, with less than 20 �C difference for the solid
and an overestimation of 40 �C for the gas. In this experiment, the
reactor was adiabatic (97% thermal efficiency) and no heat dissipa-
tion was included in the model.
4. Discussion

The numerical results, reported in the previous section, show
that spatially resolved CH4 CPO experiments could be well cap-
tured by a C1 microkinetic scheme [16] and a 1D heterogeneous
reactor model [19] using independent experimental estimates of
the catalyst metal surface area and recent correlations for mass
and heat transfer in foams [29]. In particular, the simulations show
that the detailed mechanism is capable of covering almost one or-
der of magnitude variation in the dispersion of Rh (74 vs. 630 cm2/
gFoam). Considering that such conditions correspond to extremely
low dispersion values (0.03% and 0.3%) and that the scheme was
originally tuned using data with a 5% dispersed catalyst [27], two
orders of magnitude dispersion were in principle covered. In this
respect, it is worthy to note that, due to the large size of the Rh par-
ticles, possible structure sensitivity effects were minimized.

In this section, we aim at critically analyzing the results and
comparing experiment and model results. First, we evaluate the
impact of the real structure of the foam on the interpretation of
the results, by exploring the sensitivity with respect to both its
geometrical structure and conductivity. Then, we apply the reac-
Fig. 5. Comparison between model prediction (solid lines) and data (symbols) for differen
and surface temperature profiles for the 5 wt% Rh catalyst.
tion path analysis (RPA) to reveal the main reaction pathways that
govern conversion and selectivity along the axial coordinate.
4.1. Sensitivity analysis on the pore diameter of the foam

In agreement with several works on short contact time CPO
over Rh/a-Al2O3 catalysts [7,9,11,15,19,36], the experimental re-
sults confirm that the consumption of O2 is mass transfer con-
trolled: a ninefold increase in the metal area did not influence
the length and the evolution of the O2 consumption curves. As a
consequence, the goodness of the model fit exclusively depends
on the accuracy of the transport correlations and on the estimation
of the geometrical properties of the foam, namely the geometric
area, the pore diameter and the void fraction.

Fig. 5a provides a direct comparison between experiments and
model predictions for both the catalysts. As expected, the calcu-
lated curves overlap: indeed, the mass transfer coefficients and
consequently the length of the oxidation zone are a weak function
of the gas temperature (zox � T0.3 [7]), and the influence of the dif-
ferent temperature gradients on the transport rate is negligible.
The simulations nicely describe the initial part (0–1 mm) of the
experimental profiles (also overlapped), but less so in the last part
of the oxidation zone. In the case of Rh-wc sample, the model ap-
proaches the data closer due to a local irregularity of the measured
profile; though up to 1.1 mm, the slope of the curve was identical
to that of the Rh sample. It is evident that the evolution of the mea-
sured O2 concentration had a much steeper trend than the model
curves, which follow instead a smooth exponential decay. A sensi-
tivity analysis on the pore diameter was performed by simulating a
foam with pore size of 325 lm (close to the nominal value of 317).
Results are reported in Fig. 5. Fig. 5a in particular shows that the
final part (between 1 and 2 mm) of the measured O2 profile can
be better described assuming smaller pores. However, due to the
increase in the mass and heat transfer rate, the initial consumption
of O2 (between 0 and 1 mm) is overpredicted. Besides, Fig. 5b
shows that also the calculated temperature profiles tend to over-
predict the measured ones; when assuming smaller pores, the en-
hanced rate of O2 mass transfer results in an increased calculated
surface hot spot temperature, while the enhanced rate of heat
transfer results in increased calculated gas-phase temperature,
respectively.

These results suggest that the internal structure of the foam
influences the consumption profile. As discussed in [13], blocked
pores can hinder the radial mixing, giving rise to irregular flow pat-
t pore diameters (— 600 lm; - - - 325 lm). Panel a: consumption of O2. Panel b: gas
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terns. Based on the data reported for analogous CH4 CPO experi-
ments over 80 ppi a-Al2O3 foams, the length of the oxidation zone
varies between 1.3 mm [7] and 2 mm [12], this range being compa-
rable to the diameter of one pore. The measured, non-exponential
steep decay could then be due to a local decrease in the pore diam-
eter toward the inner part of the foam. Note that the variability of
the pore diameter examined in Fig. 5 is well within the range of
pore diameters shown by Fig. 1.

4.2. Sensitivity analysis on the conductivity of a-Al2O3

One of the most important pieces of information provided by
the spatially resolved measurements is the knowledge of the tem-
perature profile of the catalytic surface. In order to rationalize the
design of a CPO reformer, the correct prediction of the position and
the value of the hot spot on the surface is crucial. As discussed, the
model quantitatively predicts the temperature of the gas and the
solid within the catalyst (Fig. 3d and Fig. 4d). Nonetheless, looking
at the temperature of the solid, a significant difference is apparent
in the front heat shield (FHS). Back dispersion effects, i.e., heat
conduction through the monolith to the inert shield, have been
previously reported to significantly decrease the hot spot and ben-
efit the catalyst life-time [4,36]. The model accounts for the axial
conduction of heat and for the effect of radiation on the conductiv-
ity of the alumina support. The results of a sensitivity analysis on
this parameter are reported in Fig. 6 for Rh-wc: along with Refs.
[13,12], the conductivity of polycrystalline aluminum oxide was
assumed for the foam, with values between 16 W/m/K (kAl2O3 at
�350 �C) and 6.5 W/m/K (kAl2O3 at �950 �C). In the FHS, the mea-
sured solid temperature cannot be described even with the highest
value of kAl2O3, while, as expected, the gas temperature is overesti-
mated with increasing kAl2O3. Additionally, in increasing conductiv-
ity, the hot spot of the solid is underestimated and the gas
temperature overestimated. Considering that the foam struts are
porous and partially empty, it is reasonable that the effective con-
ductivity is lower than that of bulk alumina: with a value of 2 W/
m/K, the maxima and the thermocouple measurements are best
described.

The present analysis also suggests that the pyrometer measure-
ments within the blank support could be affected by artifacts due
to the optical acceptance of the fiber probe from the glowing front
face of the catalyst, which resulted in an overestimation of the real
temperature.

Indeed, if a heat exchange coefficient between the solid surface
and the gas in the FHS were estimated on the basis of the measured
Fig. 6. Comparison between model prediction (solid lines) and data (symbols) for differ
solid phase. Panel b: temperature profile of the gas phase. 5 wt% Rh/2 wt% c-Al2O3 cata
temperatures, such coefficient would result much smaller than
that predicted by the theoretical transport correlation herein
adopted. Indeed, within the first 9 mm of the FHS, the estimated
coefficient ranges between 3 and 21 W/m2/K while the theoretical
coefficient amounts to 110–130 W/m2/K. On the other hand, when
crossing the catalyst inlet section, the experimental coefficient well
agrees with the theoretical value. This pieces of evidence further
confirm that the pyrometer measurement within the FHS is biased
by optical artifacts.

To complete the critical analysis of the temperature measure-
ments, we observe that underestimation of the gas temperature
by the thermocouple cannot in principle be ruled out. As discussed
in Ref. [4], conduction errors explain the underestimation of the
hot spot temperature for a thermocouple entering the monolith
from the front.

4.3. Surface coverage and reaction path analysis

Recently, Maestri et al. [15] has reported that, within a quasi-
isothermal catalytic chamber, CH4 CPO on Rh exhibits up to three
different regimes, which establish along the catalyst bed: deep
combustion of methane; direct formation of syngas in parallel with
catalytic combustion of hydrogen; reforming, when oxygen is no
longer available. In this section, we attempt to extend and validate
under adiabatic conditions the mechanism analysis of Ref. [15].

Fig. 7 reports the calculated profiles of the molar fractions of the
reactants at the gas–solid interface and in the bulk of the gas phase
(Panels a and b). The coverage fractions of Rh-free sites and of the
adsorbed intermediates are reported in Panels c and d. The concen-
tration of O2 at the gas–solid interface drops to zero since the very
inlet of the catalyst, while O2 is present in the bulk of the gas phase
and gradually decreases within the oxidation zone.

This finding points out that O2 consumption is strictly mass
transfer limited along all the axial coordinate. On the other hand,
the reforming zone is only partially governed by the diffusion of
CH4, consistently with the sensitivity of the model to the metal
surface area. Due to the coupling of high temperatures and zero
concentration of O2 at the interface, the metal surface is essentially
clean along the whole catalyst length. Free Rh sites dominate,
decreasing from 86% to 60% in the case of Rh (Fig. 7c) and from
75% to 42% on the Rh-wc catalyst (Fig. 7d). Besides Rh sites, H ada-
toms (�30% at the outlet on both samples) and CO�molecules (�9%
on Rh and �18% on Rh-wc) are the most abundant reactive inter-
mediates, followed by CH� (�1% on Rh, �8% on Rh-wc), CH2

�,
OH� and C� species. Overall, in line with the lower surface temper-
ent thermal conductivity values of a-Al2O3 [42]. Panel a: temperature profile of the
lyst.



Fig. 7. Molar fractions of CH4 and O2 in the bulk of the gas phase and at the catalyst wall, and dominant surface coverage along the axis of the catalyst. Panels a and c: 5 wt%
Rh. Panels b and d: Panel d: 5 wt% Rh/2 wt% c-Al2O3.
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atures, higher fractions of adspecies are found on the washcoated
sample compared to the Rh sample.

RPA reveals that the main routes of products are in line with Re-
gime II and Regime III, reported by Maestri et al. [15]. In the zone of
the reactor where O2 and syngas coexist, Regime II occurs: CH4 is
consumed via a surface pyrolytic route with progressive removal
of H according to CH�x þ � ! CH�x�1 þH�. The carbon adatom C� is
removed from the surface by reaction with OH� (C� + OH�?
CO� + H�) and desorbs as CO or CO2 (CO� þ OH� ! CO�2 þH�)
depending on the local WGS equilibrium.

In the oxidation zone, most of OH� is consumed by the reaction
with C� and CO� and the rest by the reaction between OH� and H� to
give H2O�. This result seems to indicate that the overestimation of
the H2 production (Section 3.3 of the present paper) in the oxida-
tion zone (Regime II, as in Ref. [15]) could be related to the overes-
timation of the consumption of OH� via C� and CO� (‘‘WGS route”).
As reported in Fig. 3b of Ref. [15], overestimation of OH� consump-
tion by C� and CO� results in an underestimation of H2O� produc-
tion (OH� + H�? H2O�). Consequently, a higher ratio of the H�

formed on the surface by the CH4 pyrolysis desorbs in the gas
phase.

Due to the presence of O2 in the bulk of the gas phase, OH�

forms via reaction between O2 leaking to the surface and H� atoms.
H� either recombines with OH� and desorbs as H2O, or recombines
with another H� and desorbs as H2. The overall molecular stoichi-
ometry is a combination of steam reforming, H2 combustion and
WGS, meaning that also in the oxidation zone H2 and CO do not
form directly from the reaction of CH4 and O2, in line with what re-
ported in Ref. [15].
In the reforming zone (Regime III [15]), O2 is absent in the gas
phase, but the reaction path is almost identical to that of the oxi-
dation zone; the only difference being that the OH� intermediates
originate from adsorption and dissociation of H2O (H2O� þ � !
OH� þH�). In this case, the overall molecular stoichiometry can
be represented as a simple combination of SR and WGS. The CO2-
reforming reaction does not play any role, and the variations in
the CO2 profile are due exclusively to the WGS reaction, as also ob-
served in [11,28].

A key observation of the model analysis is that the main oxi-
dizer is OH� rather than O� even under adiabatic conditions, as re-
ported in Refs. [15,18]. This is different from most of the
mechanisms reported in the literature. Both in experimental and
in theoretical analyses (e.g., [14,37–41]), it is usually assumed that
the main oxidizer is O� ignoring the carbon oxidation via OH�. In
this respect, the fact that the model is single site is not believed
a major limitation; oxygen is assumed to adsorb over the most
energetically stable site, which is the case of interest at very low
O�-coverage. Overall, these results confirm that the isothermal
analysis of the CPO mechanism reported in [15] applies under adi-
abatic conditions as well. In particular, this analysis stresses that
under steady-state conditions, the O2 consumption is always mass
transfer limited (Regime II dominates over Regime I [15]). Conse-
quently, the tailoring of the geometry of the catalyst support can
be effectively employed in order to properly dose O2 (and conse-
quently the heat release) along the axial coordinate. This, as
showed in Refs. [4,15], can lead to a proper reduction of the local
hot spot with a beneficial effect on the catalyst stability and dura-
bility [5].
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5. Conclusions

In this work, we have presented the microkinetic analysis of
spatially resolved autothermal CH4 CPO experiments over 5 wt%
Rh-coated 80 ppi a-Al2O3 foams with and without washcoat [10].
The characterization of the catalysts revealed a nearly one order
of magnitude increase in metal surface area upon addition of the
washcoat (74 vs. 630 cm2/gFoam). Differently from previous work
in the field, a fully predictive approach was adopted in the numer-
ical analysis by introducing in the model the experimentally esti-
mated catalyst metal surface area and state of the art
correlations for heat and mass transfer in foams.

As a result, the microkinetic model [16] was able to quantita-
tively account for the axial evolution of the species and to accu-
rately predict gas and surface temperature profiles within the
catalyst volume. Remarkably, the model was able to describe with
satisfactory accuracy the spatial resolution of reactants and prod-
ucts for two different catalyst loadings, using the measured cata-
lyst dispersion as an independent input.

The comparison between model predictions and experimental
results suggests also that further analysis is needed concerning
the WGS of the C1 microkinetic scheme and that artifacts possibly
bias the measurement of the surface temperature outside the cat-
alytic volume when an optical pyrometer is used.

Concerning the reaction mechanism, analysis of the reaction
pathways allowed to highlight that under adiabatic conditions
CH4 CPO proceeds exclusively according to Regime II and Regime
III reported in Ref. [15], confirming on a more general basis the
mechanistic analysis of Ref. [15]. This means that O2 consumption
is strictly governed by mass transfer along the axial coordinate and
co-presence of O2 and syngas in the bulk of the gas phase is only
due to mass transfer limitations. CH4 is activated via pyrolytic
decomposition. A key observation of the model analysis is that
the main oxidizer is OH� rather than O� even under adiabatic con-
ditions. In the oxidation zone (Regime II), OH forms by the reaction
of O� and H� adatoms, while in the reforming zone (Regime III), OH�

forms from H2O dissociation.
On a more general basis, the present results emphasize the

importance of modeling spatially resolved experiments in order
to gain insights into the complexity of a process and enable funda-
mental understanding of the underlying phenomena at different
time and space scales.
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