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Previous experimental and modeling work on the short contact time catalytic partial oxidation (CPO) of
CH4 to syngas [1] pointed out that a key issue (and a weakness) of the process is represented by the hot
spot that establishes on the catalyst surface at the reactor inlet. In this work, we show that the interplay
between surface chemistry and mass transfer can be exploited to minimize the extent of surface hot-
spots. By increasing the channel diameter and the catalyst load of a Rh-coated honeycomb monolith, we
obtained a reduction of the rate of O, conversion (mass-transfer limited) and a selective enhancement
of the rate of CH4 conversion through endothermic reactions. The resulting temperature profile was sig-
nificantly flatter. Detailed model analysis and spatially resolved temperature and concentration profiles
within the honeycomb channels demonstrate the concept.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In previous works [1,2], we addressed a theoretical and exper-
imental investigation on the behavior of short contact time
CH4-CPO reformers, operating with Rh-coated honeycomb mono-
liths. Emphasis was given to the characterization of the reactor
thermal behavior; this is the result of a complex coupling between
chemical reactions and heat and mass transfer phenomena. It was
shown that longitudinal temperature profiles are characterized by
a pronounced hot-spot at the reactor inlet, with a sharp peak at the
surface and a smoother maximum in the gas-phase. The shape of
the surface temperature profile is due to the rapid O, consump-
tion (fully mass transfer controlled) and thus to the localized heat
release which occurs at the very reactor inlet; this is partly bal-
anced by the heat consumption driven by the reforming reactions
which are “spread” along the whole monolith length and give rise
to syngas formation. Most of these results have been confirmed by
the independent analysis of the performance of Rh-coated foams
where the intensity of surface and gas-phase hot spots, the impor-
tance of O, mass transfer limitations and the evolution of the
process stoichiometry along the axial reactor coordinate have been
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experimentally demonstrated by means of spatially resolved
temperature and concentration measurements [3-6] and fully sup-
ported by the theoretical analyses [7,8].

Most importantly, the experimental investigation with honey-
comb monoliths clearly showed that, at very high flow rates and in
the presence of preheating (conditions that favor the onset of sur-
face temperatures as high as 1000 °C), the CPO reformer showed an
unstable thermal behavior. Progressively increasing temperatures
were measured in the inlet reactor portion at first, and then, run
after run, also downstream. The modeling analysis showed that
the reactor heating could be explained by a progressive loss of
activity; such loss was more important where the highest temper-
atures were reached. Such loss little affects the conversion of O,
while strongly influences the rate of the more chemically controlled
reforming reactions (note that the same phenomenology has been
observed in the case of S-poisoned catalysts [9,10]).

Thus we believe that thermal management is of the utmost
importance for the successful and durable operation of a CHy-
CPO reformer. Previously proposed guidelines for optimizing the
reactor design (and minimizing the surface hot-spot temperature)
are herein explored by the experimental demonstration and the
theoretical analysis. At this scope state of the art tools for the diag-
nosis and analysis of the reactor performance have been adopted;
these include spatially resolved sampling techniques (for the mea-
surements of the solid and the gas-phase temperature, and of
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the gas-phase composition) for the experimental investigation and
detailed kinetic modeling for the theoretical analysis.

2. Experimental and theoretical tools
2.1. Catalytic materials

CH4 CPO tests were performed over a 2 wt% Rh/a-Al,03 cata-
lyst supported honeycomb monoliths The catalyst powders were
prepared by incipient wetness impregnation of a-Al;03 (10m?/g
surface area) with an aqueous solution of Rh(NOs3)s. The catalyst
was deposited onto the honeycomb support by dipping it into a
slurry of the powders (prepared according to a standard recipe [11])
and blowing of the excess. To fix the slurry on the support surface,
the coated honeycomb was flash-dried at 280°C in air for 10 min.
The catalyst load was estimated by weight difference before and
after coating the monoliths with the catalyst. The thickness of the
layer (10-50 pm)was calculated by assuming a washcoat density of
1.4 g/cm3. The dispersion of Rh was estimated by pulse chemisorp-
tion of H, and CO performed over powder samples aged under
representative conditions [12], and was equal to 20% according to
both techniques.

Concerning the supports, 400cpsi (1.09mm channel open-
ing) and 115 cpsi (1.88 mm channel opening) ceramic honeycomb
monoliths were used.

2.2. Lab-scale reactor

The experimental investigation was performed by means of an
adiabatic CPO reformer operating at high flow rates (5-20 NI/min).
The reactor is a stainless steel tube with an internal quartz lin-
ing that prevents C formation. Great care was given to the thermal
insulation so that the experiments could be rigorously representa-
tive of an adiabatic behavior, a desired condition both for the sake
of reproducibility and for guaranteeing the adequacy of the mod-
eling analysis. Also, this was considered the correct condition for
a fair evaluation of the effects, herein examined, of channel size
and catalyst load on the shape of the temperature profiles. Thus,
in the case of the 400 cpsi support, the monolith dipping proce-
dure was realized in such a way that an initial length of 0.5cm
remained uncoated. In a companion paper [13], we have shown
that the presence of a short inert inlet monolith portion preserves
at the best the adiabaticity of the monolith in the presence of high
hot spot temperatures at the catalyst inlet. Instead, the presence of
an inert portion before the catalytic monolith does not affect the
adiabatic character of a catalytic monolith whose inlet hot spots
are negligible (which was, as shown in the following, the case of
the 115 cpsi monolith). The internal reactor layout consisted of
the honeycomb monolith (with the catalytic portion downstream
of the inert one) in between an upstream FeCrAlloy foam, kept
at about 1cm distance, and a downstream uncoated honeycomb
monolith, which act as thermal radiation shields and flow mix-
ers. Thermal insulation was also obtained by wrapping the static
mixer, the lines upstream of the reactor and the reactor with a
very thick layer of quartz wool taping. Indeed, the experiments
herein reported are representative of a fully adiabatic behavior;
the temperatures that were measured at the outlet section of the
tested monoliths equaled in fact the expected theoretical adiabatic
temperatures.

The setup used for collecting spatially resolved concentration
and temperature profiles is similar to the one introduced and
extensively described in papers from Schmidt and co-workers [6].
The sampling system consisted of a capillary of small diameter
(0.D.=340 pm, 1.D.=200 om) that was moved within a central
channel of the honeycomb monolith by means of a linear actua-

tor. The gases were sampled through the capillary tip and pumped
to a micro gas chromatograph.

For the measurement of either the axial temperature profile of
the gas and the solid phase, an analogous capillary (0.D.=670 pm,
.D.=530 wm) sealed at one end was used. This served as inert
sleeve for the axial movement of a thin K-type thermocouple
(#=250 wm) or an optical fiber (g =330 wm) with a 45° polished tip
connected to a narrow-band infrared pyrometer (Impac Infrared,
IGA 5-LO). The measuring transducer included the lens system,
the IR detector and the signal processor. The IR detector was
an Indium-Gallium-Arsenic photodiode, sensitive to radiation in
the wavelength range 1.45-1.8 wm. The output voltage was cal-
ibrated between 350 and 1100°C. It is important to note that
the signal of the pyrometer is affected by artifacts at the bound-
ary of the monolith (e.g. the measurement of high temperatures
before the catalytic monolith and the sudden drop of tempera-
ture close to the exit monolith section), due to the fact that the
optical fiber tip tends to collect some light also from zones in
front of it. These phenomena, already recognized by Donazzi et al.
[8], do not influence significantly the temperature measurement
within the monolith channel, as will be shown in a future work,
dedicated to the analysis of the pyrometer signal in honeycomb
reactors.

2.3. Reactor model and kinetic scheme

The experiments were analyzed by means of a 1D, heteroge-
neous, dynamic, fixed bed reactor model [2]. The model consists 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. Model equations are
reported in Table 1 of [2,14]. Gas-phase reactions were accounted
for using the detailed scheme of Ranzi et al. [15]. In line with
Ref. [16], no contribution from homogeneous chemistry was found
under our operating conditions. Heat conduction in the solid was
described with an effective axial thermal conductivity coefficient
corrected by addition of radiation. The thermal conductivity of the
cordierite support was taken as 2.5 W/(m K). Radiative dispersion
effects at the back and front heat shield were introduced in the
boundary conditions.

The model incorporates a thermodynamically consistent C,
microkinetic scheme [17,18] for the conversion of CH4 to syn-
gas 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 prin-
ciple techniques [17,19]. The scheme was validated over a wide
set of CH4 CPO experimental data within an annular microreactor
under quasi-isothermal conditions [20,21]. The resulting scheme
was able to describe several reacting systems, namely CH,4 pyroly-
sis and oxidation, steam reforming, H,- and CO-rich oxidation, WGS
and reverse WGS.

Concerning heat and mass transfer in the honeycomb mono-
lith channels, the correlation for the local Sherwood and Nusselt
numbers from [22] were applied, assuming the Chilton-Colburn
analogy.

3. Results and discussion

3.1. Thermal behavior and performance of a reference
honeycomb monolith

Fig. 1 shows the complete characterization of the performance
of a “standard” honeycomb monolith, with 400 cpsi cell density,
250 mg catalyst load, operated under adiabatic conditions. The
measured temperature profiles clearly indicated the presence of
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Fig. 1. (a) Temperature measurements in 400 cpsi honeycomb monolith; (b) con-
centration profiles of reactants; (c) concentration profiles of products. Operating
conditions: CH4/air mixture with 10 NI/min total flow rate and O,/C=0.54; inlet gas
temperature = 362 °C, atmospheric pressure. Symbols: experimental measurement.
Solid lines: model predictions. Dotted lines: calculated concentration at the wall
of O, and CHy4. Dashed lines at the right end-side of the panels=thermodynamic
equilibrium.

a hot spot that developed along the inlet zone, 1 cm long; the opti-
cal pyrometer showed a maximum temperature of about 930°C,
while the sliding thermocouple measured a maximum tempera-
ture of about 870°C, few mm apart. Both the temperature profiles
became relatively flat downstream of the hot-spot, thus suggesting
that thermodynamic equilibrium was reached and that the 3cm
long monolith was largely oversized at this high flow rate. Con-
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Fig. 2. Surface coverages calculated by the model. Operating conditions as in Fig. 1.

cerning the measured concentration profiles, it was found that O,
conversion was complete within 5 mm from the catalyst entrance.
Also methane was consumed at a great extent within the same short
length; at 5mm, the measured methane conversion was about
93%, but it further increased up to 97% few millimeters down-
stream. The measurement of the product distribution showed that
hydrogen and CO were produced from the very entrance and syn-
gas production grew rapidly along the axial coordinate (mostly
within the first 5mm); also water was rapidly formed at the very
entrance but its concentration passed through a narrow peak (with
a maximum located at about 1 mm from the inlet section) and
then also rapidly decreased to a low outlet concentration. CO,
was also formed in small amounts. The measured outlet con-
centrations are in complete agreement with the thermodynamic
equilibrium (that is represented by the dashed lines at the right
end side of Fig. 1). An overall analysis of these results tells that
the catalyst formulation was extremely active and a good over-
lay between exothermic and endothermic reactions was realized,
since within the short length where O, was consumed, most of syn-
gas was also formed. Still the occurrence of a hot-spot was clearly
detected.

Fig. 1 reports the model predictions in solid lines. Catalyst and
gas phase temperatures were predicted in close agreement with the
experimental evidence. In agreement with the experimental data,
the calculated O, conversion was complete within 5mm length
and CH4 conversion was predicted to reach the equilibrium within
a longer monolith portion. The distribution of products was also
nicely described. As already discussed in previous papers from this
and other laboratories [7,8], and shown by the thin solid lines in
Fig. 1, the calculated concentration of O, at the wall dropped to
zero at the very inlet of the catalytic monolith. This is the evidence
that O, consumption was fully controlled by external mass trans-
fer; as recently illustrated for Rh-coated foams [7], also in the case
of honeycomb channels such a condition is reached because of the
extremely high rate of the reaction steps consuming O* species, and
especially that of the H* + 0* — OH* step. The most important con-
sequence of the diffusion controlled conversion of O, is that the
surface coverage of O* is practically zero, and the activation and
consumption of methane occurs through a pyrolytic route (i.e. the
abstraction of H* from CHy intermediates is not oxygen assisted
[17]). Fig. 2 shows the calculated surface coverages of reacting
species along the axial coordinate: at these high temperatures, the
Rh surface is relatively clean and H* and CO* are the most abundant
adsorbed intermediates.
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3.2. Optimization strategies

In a previous modeling analysis [1], the interplay between dif-
fusion phenomena and chemical process at the wall has been
discussed in detail. In the modeling analysis we explored the ways
in which such interplay can be exploited in order to flatten the inlet
temperature profiles, optimize the thermal behavior of the reactor
and eventually enhance the lifetime of the catalyst. For the sake
of clarity, some important conclusions of that analysis are herein
summarized.

Since O, conversion is kinetically controlled by gas-solid dif-
fusion while CH4 conversion is more kinetically controlled by the
surface chemistry, the channel opening and the catalyst load are
sensitive design parameters. The enlargement of the channel diam-
eter from 1 to 3 mm at constant catalyst fraction was estimated to
decrease effectively the surface hot-spot temperature. In fact, the
increase of the channel diameter reduces the local rate of O, con-
sumption (through the reduction of the mass transfer coefficient)
while it affects at a lesser extent the rate of CH4 consumption. Con-
versely, an increase of the catalyst reactivity (e.g. of Rh site density)
has no effect on the rate of O, consumption, but has an important
promoting effect on the rate of CH4 consumption. In both cases,
the expected final result is a more favorable balancing between
exothermic and endothermic reactions and a moderation of the
surface hot-spot.

3.3. Experimental validation: combined effect of increased
channel size and catalyst load

Fig. 3 shows the measured performance of a Rh-coated honey-
comb monolith which has been designed along the optimal criteria
above summarized. The 110 cpsi support was characterized by a
channel opening of about 2 mm and the catalyst load amounted to
about 750 mg, that is three times the catalyst load of the reference
monolith previously tested.

The measured composition profiles indicated that in the new
honeycomb monolith the O,-consumption length increased signif-
icantly, passing from 5 mm to over 10 mm. Model predictions, also
reported in Fig. 2 as solid lines, describe very nicely the experimen-
tal data and show that the more sluggish trend of O, concentration
profile is completely explained by the reduced rate of gas-phase
mass transfer in the wider honeycomb channels. At the same
time, the increased amount of catalyst fraction in the reactor kept
high the conversion rate of CHg, the syngas yield and the heat
consumption rate. As a final result, the measured and predicted
temperature profiles on the catalyst surface and in the bulk phase
were dramatically smoother (almost gradientless) and character-
ized by over 120 °C reduction of the maximum temperature in both
phases.

4. Concluding remarks

The elimination of surface hot-spots is a prerequisite for the
durable and stable operation of short contact time CH4-CPO reform-
ers. Once recognized the key role of mass transfer limitations
on the thermal behavior of the autothermal reformer, modeling
work clearly shows the potential offered by the reactor design. In
this work we extend the theoretical analysis and give the experi-
mental demonstration that the support geometry and the catalyst
activity are sensitive parameters for achieving an optimal ther-
mal behavior (in principle a gradientless temperature profile). By
increasing almost two times the channel opening of the honey-
comb support and three times the fraction of Rh in the reactor,
the inlet rate of oxidation reactions was decreased and the O,-
consumption length (typically as short as few mm) penetrated
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Fig. 3. (a) Temperature measurements in 115 cpsi honeycomb monolith; (b) con-
centration profiles of reactants; (c) concentration profiles of products. Operating
conditions: CH4/air mixture with 10 NI/min total flow rate and O, /C=0.54; inlet gas
temperature = 362 °C, atmospheric pressure. Symbols: experimental measurement.
Solid lines: model predictions. Dotted lines: calculated concentration at the wall
of O, and CHy4. Dashed lines at the right end-side of the panels=thermodynamic
equilibrium.

well within the monolith while the yield to syngas was pre-
served. The adoption of the in situ sampling technique has been
crucial to pursue the result and completely characterize the per-
formance of the honeycomb monolith with enhanced thermal
behavior.
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