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Abstract

Rh-impregnated alumina foams and metallic microchannel reactors have been studied for production of hydrogen-rich syngas through
short contact time catalytic partial oxidation (POX) and oxidative steam reforming (OSR) of propane. Effects of temperature and residence
time have been compared for the two catalytic systems. Temperature profiles obtained along the central axis were valuable in understanding
the different behaviour of the reactor systems. Gas phase ignition occurs in front of the metallic monolith at furnace temperatures above
700 °C, leading to lower hydrogen selectivity. Lowering the residence time below 10 ms for the microchannel monolith increases the syngas
selectivity. This probably due to quenching of the gas phase reactions at high linear gas velocity, and suggests that microchannel reactors have
potential for isolating kinetic effects and minimising gas phase contributions. The Rh/Al,0; foam systems show higher initial syngas
selectivity than the Rh-impregnated microchannel reactors, but deactivate rapidly upon temperature cycling, especially when steam is added

as a reactant.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The short contact time reactors have been considered as
promising systems for production of synthesis gas or
hydrogen via fast reactions, i.e. oxidation reactions. They
hold the promise of substantially increasing the throughput
and thereby reducing the reactor volume. This is important
in systems of a smaller scale than conventional hydrogen or
syngas plants, for which steam reforming technology is well
optimised, and particularly if restrictions on weight and/or
volume are tight. Examples of such systems range from off-
shore syngas or hydrogen plants for conversion or use of
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stranded natural gas, to hydrogen fuelling stations, on-board
reformers for vehicles and fuel cell based combined heat and
power units.

The most studied short contact time systems are probably
the ceramic monoliths and foams. They have over the last
years received much attention as possible syngas/hydrogen
generation systems [1-8]. They have also been studied for a
number of other reactions such as dehydrogenation [9-15],
Fischer—Tropsch synthesis [16,17], etc. The main use of
monolithic reactors, however, is as car exhaust catalysts.
They are characterised by high mechanic and thermal
stability using a wide variety of (mixed) ceramic materials
and low-pressure drops even with very high linear gas
velocities. Ceramic monoliths do not conduct heat very well,
resulting in radial as well as axial temperature gradients and
sometimes instabilities and local hot-spots. Ceramic
monoliths and foams have differences with respect to
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geometry that give important differences in the flow pattern,
and foams are preferred over monoliths when dealing with
mass transport limited or highly exothermic reactions
[18,19].

Microstructured reactors and systems have been pio-
neered over the last 10-15 years. By decreasing the
dimensions of the flow channels and the reaction volumes
to the micrometer range, new or enhanced properties can be
obtained, such as extremely rapid heat exchange and mixing
of reactants, highly controllable flow patterns, narrow
residence time distributions and finally also well-defined
catalyst geometries. Microstructured reactors often provide
built-in safety because large volumes are avoided. Explo-
sions, flames and radical reactions are locally quenched [20—
22]. This, together with the opportunity for precise control of
temperature, residence time and reactant dosing may
facilitate processes that are dangerous or uncontrollable
in conventional reactors. Enhanced selectivity to desired
products and the transition from batch to continuous
syntheses may be obtained for many processes. A
parallelisation of chemical reactions has also been proposed
to enable the standardised production of multiple cheap and
small reaction devices, analogous to the development in the
microelectronic industries. Microstructured reaction devices
can be fabricated from a wide range of materials (metals,
glass, ceramics, semiconductors), and by a wide variety of
processes [22-24]. One may span a range from micro-
electro-mechanical systems (MEMS)-based methods for
silicon and related materials to more classical precision
machining for metals. Over the last years, many research
groups have investigated the possibility to use microstruc-
tured systems for syngas or hydrogen production [25-33].
The external mass transfer has been shown to strongly
influence reaction rates and thereby product selectivity
during fast oxidation reactions [34,35]. In partial oxidation
(POX) over a Pt gauze catalyst, the mass transfer was
improved by reducing the boundary layer thickness through
increasing the linear gas velocity [36]. However, the small
dimensions of microchannel reactors minimize the influence
of the boundary layer mass transfer limitation [26].

The purpose of the present contribution is to compare the
properties of metallic microchannel monoliths to those of
porous alumina foams during short contact time catalytic
partial oxidation and oxidative steam reforming (OSR) of
propane. Both reactor systems have potential for compact
processes for production of hydrogen or syngas. Oxidation
reactions are extremely fast and well suited for millisecond
contact time catalysis. The reaction mechanisms and the
interplay between heterogeneous and homogeneous reac-
tions for catalytic POX have been widely debated for a long
time [5,37—42]. Deciding the detailed mechanisms has not
been the main objective of this contribution. It has been
discussed, however, whether microchannel reactors can
offer new aspects to mechanistic studies.

Based on thermodynamics, the addition of steam as a
reactant should facilitate higher hydrogen selectivity

through water—gas shift (WGS) and steam reforming.
However, as the contact time becomes shorter, mainly the
kinetics will determine to which extent added steam will
influence the product selectivity. In this work, the reactions
with and without steam addition have been studied over a
structured catalyst, and it has therefore been chosen to refer
to the former case as OSR and not autothermal reforming
(ATR). ATR is commonly used about the sequential
industrial process where homogeneous combustion is
followed by a fixed catalyst bed for equilibration of the
gas [43], and in strict terms also refers to a system of no
external heat supply to the reactor.

The structured supports have both been impregnated with
Rh and the focus has been on how the differences in
geometry and material properties between the microchannel
monolith and the alumina foam influence the reactor
temperatures, the selectivity to desired products, formation
of by-products, and finally the catalyst stability. Rh is known
to give better selectivity to hydrogen than, e.g. Pt, Pd and Ni
in short contact time POX and OSR [5,44-46]. Careful
temperature measurement and reporting is highly important
for the interpretation of experimental data from exothermic,
high temperature reactions. While the (irreversible) con-
version of propane and oxygen depends strongly on the
maximum temperature in the system, the product gas
composition is determined by the thermodynamic equili-
brium at the catalyst exit temperature given sufficient
residence time. To be able to compare data between the
microchannel reactor and the alumina foams, a micro-
channel reactor containing a larger channel along the middle
axis was fabricated. Temperature profiles could therefore be
obtained during reaction experiments for both systems, an
approach not widely applied in reporting results on
microchannel reactors.

2. Experimental

Annular pieces of alumina foam of 84% porosity
(Goodfellow) were impregnated with aqueous Rh(NOj)
solutions of different concentrations to obtain samples with
0.1 and 1 mg Rh, (corresponding to 0.01 and 0.1 wt.%) as
calculated by solution uptake. ICP-AES analyses conducted
for samples prepared in parallel to the ones used for
experiments indicated obtained loadings to be higher, 0.25
and 1.7 mg Rh (0.025 wt.% and 0.17 wt.%), respectively.
The foams were dried at 100 °C for 1 h, calcined in flowing
air at 600 °C for 4 h and reduced in situ at 700 °C for 1 h in
flowing H, prior to the experiments [8]. Since the Rh-
impregnated foams undergo deactivation and restructuring
during use [47,48], fresh samples were prepared for each set
of either POX or OSR experiments.

The metallic microchannel monoliths were manufactured
at the Institute for Micro Process Engineering (IMVT) at
Forschungszentrum Karlsruhe from Fecralloy (72.6% Fe,
22% Cr, 4.8% Al) [49]. Two microchannel monoliths of
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Fig. 1. Photograph of Rh-impregnated microchannel reactor and alumina
foam.

identical outer dimensions were applied. Monolith 1 was a
regular monolithic structure, whereas monolith 2 was
equipped with a larger channel along the central axis to
allow for temperature measurements inside the reactor. The
monoliths were oxidized in air at 1000 °C to form a thin
alumina surface layer, a procedure found to increase the total
surface area by a factor of ~10 as determined by Kr-BET
[28]. The microchannel monoliths were subsequently
impregnated with Rh by passing an aqueous solution of
RhCl; through the channels followed by drying at 120 °C
overnight. The mass increase resulting from impregnation
corresponds to 1 and 0.9 mg Rh for monolith 1 and 2,
respectively. The Rh/Al,O5/Fecralloy monoliths were
reduced in situ at 800 °C for 3 h in 10% H, in N, [28].
Deactivation of the Rh-impregnated monoliths was not
observed after repeated experiments [50], so additional pre-
treatment before each experiment was not considered
necessary. The two catalyst systems are shown in Fig. 1
and the relevant physical data are given in Table 1.

The same experimental set-up was applied in all reaction
experiments, and has been described in more detail
elsewhere [8,28]. Both catalyst systems were contained in
quartz reactors and inserted in a gold insulated furnace that
allows visual inspection at elevated temperatures. The Rh/
Al,O3 foam was placed between two cordierite pieces
(15 mm o.d., 4 mm i.d., 7 mm length). The 1 mm K-type

Table 1
Physical data of the different catalyst systems

thermocouples used for temperature measurements were
placed inside thin quartz tubes to eliminate contributions
from the small catalytic activity of the thermocouples
themselves. A single tube/thermocouple was used for the
foams, extending through the hole in the middle, whereas
two thermocouples had to be used for monolith 1, one
directly in front and one directly after the monolith. For
monolith 2, the thermocouple in front was replaced with a
0.5 mm N-type thermocouple (without the quartz tube) to
allow for measurements inside the 600 wm channel. A
sketch showing the geometry of the two quartz reactors with
critical dimensions is given in Fig. 2. The estimated heated
reactor dead volumes in front of the catalysts are also given
in Table 1.

The experiments were carried out using a continuous
reactant flow at near-to atmospheric pressure and furnace
temperatures from 300 to 950 °C. The concentration of
propane was kept the same for both POX and OSR. The
reactant mixture consisted of propane, oxygen and
nitrogen for POX, with a C/O ratio equal to 0.8 and O/
N as for air. In case of OSR, steam was added to the feed
and the C/O and H,0/0O, ratios were 0.5 and 2.0,
respectively, with N, to balance. The C/O and H,0/O,
ratios were chosen as an optimum for POX and OSR
according to reported values and previous experience
[8,9,28]. A total flow rate of 1000 N ml/min (0 °C, 1 atm)
was chosen as reference. To examine residence time
effects, a flow range of 1000-2000 N ml/min was used
for the foams, whereas a slightly wider flow range,
400-2000 N ml/min was chosen for the microchannel
monoliths to obtain near overlap between the residence
time regimes. Water was removed from the product
stream by condensation and dry samples were analyzed
by gas chromatography (Agilent G2891A MicroGC). The
water content in the product stream was estimated from the
H- and O-balances, using N, as an internal standard to
calculate the total volumetric flow after reaction.

The hydrogen selectivity was calculated according the
equation (1):

S(Hg) _ Flonout % CHz,oul (1)

Ft()l, in 4 (:'C}Hg7 in XC3H8

where Fio, in and Fo, one are total volumetric gas flows
(N ml/min) at reactor inlet and outlet, respectively, Ch,, ouds

Catalyst system

Microchannel monolith 1

Microchannel monolith 2 Alumina foams

Material Fecralloy

Hx W x L (mm*)/D, L (mm) 5.5 % 5.6 x 20
No. of channels 676

Channel dimension (;Lmz) 120 x 130
Geom. surface (cm?) 67.5
Thermocouple channel dimension -

Void volume (cm?) 0.211
Rhodium loading (mg) ~1

Estimated heated dead volume in front (cm?®) 43

Fecralloy Alumina

5.5 x 5.6 x20 15, 12.7

572 -

100 x 120 -

50.8 200

600 pm x 600 wm & 4 mm

0.144 1.81

~ 09 ~0.25 and ~1.7
4.3 6.3
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Fig. 2. Schematic drawing of the two quartz reactors loaded with (A) microchannel monolith and (B) alumina foam between two cordierite monoliths.

the concentration of hydrogen in the outlet gas, Cc, g, in 18
the concentration of propane in the feed gas and Xc,n,is the
conversion of propane. The hydrogen selectivity formulated
according to Eq. (1) expresses how much hydrogen is
formed relative to propane converted, irrespective of steam
content in the reaction mixture. The residence time was
calculated as the ratio of void volume (Table 1) inside the
foams or the microchannel reactors to Fyo, in [8,28].

3. Results and discussion

The aim of the present work has been to compare
microchannel monoliths with alumina foams having similar
total Rh loading and which have been subjected to
comparable reaction conditions in terms of flow rate,
reactant composition and furnace temperatures. The alumina
foam Rh loading was measured to 0.25 and 1.7 mg, which is
higher than the nominal, 0.1 and 1.0 mg, respectively. All
loadings are within the same order of magnitude, and which
of these are most comparable to the 1 or 0.9 mg Rh
microchannel reactor loading, is influenced by particle size
and structure as resulting from the preparation procedure, as
well as interaction with the support. In the following, the 0.9
and 1.0 mg Rh/Al,O3/Fecralloy monoliths were compared
to 1.7 mg Rh/Al,O3 foams or both loadings, except when
considering the residence time effect, for which only data for
0.25 mg Rh/Al,05; foams were obtained.

3.1. Temperature profiles

Temperature profiles along the reactor central axis are
given in Fig. 3. The total reactant flow is 1000 N ml/min for
the 1.7 mg Rh/Al,O5 foam and 614 N ml/min for the 0.9 mg
Rh/Al,05/Fecralloy monolith 2 (to ensure a residence time
of 12.7 ms for monolith 2, the same as for monolith 1 at
1000 N ml/min). Catalytic ignition occurs during heating of
the Rh-impregnated foams from 400 to 450 °C for both POX
and OSR, and the catalyst temperature immediately exceeds
750 °C for POX and 700 °C for OSR. For the microchannel
monolith, ignition is also facilitated between 400 and
500 °C, but is accompanied by a much smaller temperature
rise of around 50 °C. This can be explained by the higher
heat conductivity of the Rh/Al,Os/Fecralloy system and
possibly also lower catalytic activity compared to the Rh/
Al,O3 foam.

For the Rh-impregnated foams, the highest temperatures
are observed exactly at the point where the reactant mixture
enters the impregnated foams (position 0 in Fig. 3) for both
POX and OSR. This is the place where the exothermic
oxidation reactions mainly take place over the whole range
of furnace temperatures. The microchannel monolith dis-
plays both smaller axial temperature gradients and lower
differences between maximum catalyst temperature and
furnace temperature than the foams for all furnace
temperatures. This, in addition to the sharp difference
between catalyst temperature and gas temperature indicate
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Fig. 3. Temperature profiles along the 0.9 mg Rh/Al,O5/Fecralloy microchannel monolith 2 (A and C) and the 1.7 mg Rh/Al,O; foams (B and D) for both POX
(A and B) and OSR (C and D). The vertical lines indicate the start and end of the monolith and the cordierite and foam pieces.

higher heat conductivity of the Fecralloy systems and little
or no backmixing. When the furnace temperature is
increased to 700 °C, the gas phase in front of the
microchannel reactor ignites. At the highest furnace
temperature (800 °C), the maximum temperature appears
well in front of reactor (40-60 mm), and the flame could also
be observed visually. After gas phase ignition, the
temperature inside the microchannel reactor is almost
identical to the furnace temperature. The bulk of the oxygen
is converted in homogenous oxidation reactions in the gas
phase, and the residence time will influence to which extent
WGS and steam reforming reactions proceed on the
downstream catalyst; a reaction scheme similar to conven-
tional ATR. Even though it seems that the cordierite
monolith in front of the foams to some extent prevents the
ignition of the gas phase, gas phase ignition can be observed
for the lowest loading (0.25 g Rh) where the temperature
maxima are generally higher than for the loading used here.
This and other effects of loading, together with character-
isation of the as-prepared and used foams, have been
reported elsewhere [8,47,48].

3.2. Temperature effects

The conversion of reactants and the selectivity to main
products during POX as well as OSR are reported in Fig. 4 as
a function of the furnace temperature for both the 1.0 mg Rh/
Al,Os/Fecralloy microchannel monolith 1 and the 1.7 mg
Rh/Al,O5; alumina foams. The total reactant flow is
1000 N ml/min, and freshly prepared Rh/Al,O3 foams were
employed for both POX and OSR. Data from microchannel
monolith 2 were not used in this figure because the flow
pattern and occurrence of gas phase reactions inside the
larger thermocouple channel, as well as the small catalytic
activity of the thermocouple itself, slightly influence the
product distribution. The product gas temperature (mea-
sured 3 mm after catalyst exit) is somewhat higher for
monolith 1 than for monolith 2; a result of the higher feed
gas flow. However, the deviations are small enough to
conclude that Fig. 3 gives an indication of the temperature
along the catalyst for a given furnace temperature.

For the 1.7 mg Rh/Al,O; foams, propane conversion
becomes almost complete at 800 °C furnace temperature for
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Fig. 4. Conversion (A and B) and selectivity to main products (C and D) during partial oxidation (A and C) and oxidative steam reforming (B and D) as a
function of furnace temperature. The total feed gas flow is 1000 N ml/min in all experiments. Filled symbols represent the 1.0 mg Rh/Al,O5/Fecralloy

microchannel monolith 1, open symbols the 1.7 mg Rh/Al,O; foams.

both POX (99.7%) and for OSR (99.3%). The oxygen
conversion is practically complete (>99.8%) from 450 °C for
POX as well as OSR. Traces of oxygen (<0.05%) are detected
up to 550 °C for POX and over the whole temperature range
for OSR. During both POX and OSR, the hydrogen and CO
selectivity increases while the CO, selectivity decreases with
temperature. At high temperature, CO and CO, approach
equilibrium values, while H, lies well below [48].

When adding steam, the hydrogen and CO, selectivity is
shifted to higher and the CO selectivity is shifted to lower
values. The increase in CO, and decrease in CO are
practically equimolar, while the increase in hydrogen
formation is slightly higher at the highest temperatures.
The WGS reaction thus accounts for the major part of the
increased hydrogen yield, with reforming reactions con-
tributing as the temperature increases. The lower propane
conversion for OSR can be ascribed to the lower maximum
catalyst temperatures as compared to POX and the fact that
less oxygen is fed compared to propane.

For the 1.0 mg Rh/Al,05/Fecralloy microchannel mono-
lith, the conversion of propane and oxygen is increasing over
the temperature range 500-800 °C, but maintains substan-
tially lower than in the foams during both POX and OSR
until almost complete conversion is reached around 800 °C.
This can partly be explained by the lower catalyst maximum
temperatures (see Fig. 3). The residence time may also play
a role, since it is almost ten times shorter than for the foams
as calculated on basis of the void volume for the same total
flow of reactants. Complete conversion of propane is
reached at 850 °C and 900 °C furnace temperature for POX
and OSR, respectively. While complete conversion of
oxygen is reached for POX at 900 °C product gas/furnace
temperature, trace amounts of oxygen are detected also at
950 °C for OSR.

The microchannel monolith shows higher selectivity to
the total oxidation products and lower syngas selectivity
over the whole temperature range. In contrast to the foams,
there is no steady increase in syngas selectivity over the
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Table 2
By-product selectivities (%) for Fecralloy microreactors with 1.0 mg Rh and alumina with 0.25 and 1.7 mg Rh
Component 600 °C 800 °C
POX OSR POX OSR
Micro Foam Foam Micro Foam Foam 0.17% Micro Foam Foam Micro Foam Foam
0.025% 0.17% 0.025% 0.025% 0.17% 0.025% 0.17%
Methane 0.9 3.9 2.4 1.7 3.6 24 11.2 7.5 24 15.5 5.9 2.8
Ethane - 0.2 0.2 - 0.2 0.1 - 0.2 0.1 0.8 0.2 0.2
Ethene - 1.1 0.3 - 0.7 0.1 4.6 3.7 0.4 11.2 1.8 0.5
Ethyne - - - - - - 4.0 8.4 - 0.5 0.1 -
Propene 0.7 0.6 0.4 0.5 0.8 0.2 0.5 0.1 0.1 1.3 0.2 0.2
Sum Cy4, <0.1% - - - <0.1% - 0.5 0.6 - 0.5 <0.1% -
Feed gas flow of 1000 N ml/min in all experiments.
furnace temperature range applied. Instead, a sharp decrease foam loading, which also corresponds to increased

is observed between 750 and 800 °C for POX and between
700 and 750 °C for OSR. As seen from the temperature
profiles obtained for corresponding experiments using
monolith 2 (Fig. 3), the maximum temperature is located
in front of the reactor at these product gas temperatures and
above. Thus, the onset of gas phase reactions in front of the
catalyst substantially reduces the selectivity to the desired
products. The changes in hydrogen, CO and CO, formation
upon addition of steam (OSR) are smaller than for the foams,
but also in agreement with the WGS reaction being the main
effect as long as the gas phase in front of the reactor has not
ignited. After ignition, the main effect of replacing POX
with OSR conditions is increased hydrocarbon by-product
formation (Table 2) and reduced formation of CO with only
a small increase in the formation of hydrogen.

3.3. By-product formation

Hydrocarbon by-products include methane, ethane,
ethene, ethyne, propene and trace amounts of Cg4,
compounds. These are observed in various amounts
depending on temperature, loading, residence time and
catalyst/reactor configuration. Table 2 shows comparisons
on hydrocarbon by-product formation between the 1.0 mg
Rh/Al,05/Fecralloy microchannel monolith 1 and both
1.7 mg Rh/Al,03 and 0.25 mg Rh/Al,O3 foams during POX
and OSR for both 600 and 800 °C furnace temperature, i.e.
before and after onset of gas phase ignition of the
microchannel monolith and the foam of low Rh loading.

At 600 °C furnace temperature, i.e. before gas phase
ignition, the only by-products formed when using the
microchannel monolith are small amounts of methane and
propene. Fig. 3A and C then indicate that the maximum
temperature in the system is about 720 °C, and the by-
product formation can be ascribed to methanisation and
dehydrogenation reactions. At the same furnace temperature
(600 °C), methane is formed in much higher amounts using
the foams, and together with significant amounts of ethene.
The maximum temperature is measured to be 850 and
780 °C for POX and OSR, respectively (Fig. 3). The
methane and ethene formation increases with decreasing Rh

temperature [48]. Thus, the exothermic reactions proceeding
at the foam entrance are supplying heat to gas-phase
cracking reactions within the catalyst and adjacent
cordierite. The maximum temperatures during OSR are
lower than for corresponding POX experiments, but the
addition of steam appears to compensate this with respect to
the cracking reactions. In addition, there is some propane
dehydrogenation occurring also over the foams at 600 °C
furnace temperature.

The concentration of methane and ethene in the product
matrix is higher for the microchannel monolith than for the
foams at 800 °C furnace temperature, i.e. when the gas phase
in front of the monolith has ignited, even if the maximum
temperature is lower. As mentioned, the gas phase also
ignites in front of the catalyst for the 0.25 mg Rh/Al,O3
foams at this furnace temperature. It thus appears that gas-
phase reactions away from the catalyst lead to more by-
product formation than when there is a closer interplay
between homogeneous and heterogeneous reactions such as
for the Rh/Al,O53 foams. Propane dehydrogenation con-
tributes in similar amounts at 800 °C as at 600 °C furnace
temperature.

Ethane is only detected in small amounts for the foams,
and only after gas phase ignition for the microchannel
monolith, but no clear tendencies can be extracted. Ethyne
increases with temperature and is more abundant after POX.
The highest ethyne selectivity is observed for the alumina
foams with the lowest Rh loading, for which the maximum
temperature is highest and gas phase ignition occurs (not
shown here) [48]. This is in agreement with ethyne
formation being solely homogeneous and increasing with
temperature. C4, formation is very small and follows no
clear trend.

In previous work, corresponding experiments over
unimpregnated alumina foams [8] and microchannel
Fecralloy monoliths [28] have been reported. Whereas the
formation of syngas is substantially lower, but rapidly
increasing to comparable levels as the temperature reaches
1000 °C, the formation of C,—C4 by-products is similar
when no Rh is present. Summarizing all results, we conclude
that the hydrocarbon by-products are mainly formed
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Fig. 5. Conversion and selectivity to main products (A and B) and by-products (C and D) as a function of residence time during partial oxidation (A and C) and
oxidative steam reforming (B and D). The left hand series of each diagram represents experiments over the 1.0 mg Rh/Al,Os/Fecralloy microchannel monolith 1
for 400-2000 N ml/min total reactant flow and 800 °C furnace temperature. The right hand series of each diagram represents experiments over 0.25 mg Rh/
Al,03 foams for 1000-2000 N ml/min total reactant flow and 700 °C furnace temperature. The vertical lines indicate total reactant flows of 1000 N ml/min.

homogeneously. It could be that these reactions are
suppressed inside the narrow microchannels also at
increased temperatures. The syngas selectivity could thus
be enhanced by avoiding gas phase ignition in front of the
metallic monolith through minimizing dead volumes and/or
applying a heat shield.

3.4. Residence time effects

Fig. 5 shows the changes in product selectivity as a
function of residence time for 1.0 mg Rh/Al,O5/Fecralloy
and 0.25 mg Rh/Al,0O5; foams during both POX and OSR.
The changes in the flow rate were made in overlapping
ranges as described in the experimental section. A furnace
temperature of 800 °C for the microchannel monolith and
700 °C for the alumina foams was selected to compare
product selectivity when complete or nearly complete
conversion of propane is reached in both catalyst systems for
a total flow of 1000 N ml/min.

The hydrocarbon by-product selectivity remains rela-
tively constant with changing residence time during both
POX and OSR over the alumina foams (Fig. 5C and D), but
addition of steam increases the total amount of by-products.

The selectivity to each hydrocarbon by-product, except
ethyne and C,,, increases slightly with decreasing residence
time for both POX and OSR, probably as a result of less
secondary reactions over the catalyst. Ethyne and C,,,
undergo maxima between 60 and 80 ms residence time
during POX. This residence time interval corresponds to
flow rates of 1400—-1600 N ml/min.

For the microchannel monolith, methane, ethene, ethyne
and C,, selectivities seem to follow similar trends, and
generally decrease when the residence time is lowered below
10 ms, while the selectivity to propene and ethane increases
below 10 ms. This is an indication of suppressed gas phase
reactions; the gas flow being so high that gas phase ignition
is quenched. The ethyne and C,4, selectivity go through
maxima also for the monolith during both POX and OSR at
residence times between 15 and 25 ms, corresponding to
flow rates of 500-1000 N ml/min. The ethyne maxima
observed may reflect the residence time in the heated dead
volumes in front of the catalysts.

For the microchannel monolith, there is a noticeable
increase in syngas selectivity for residence times below
10 ms for both POX and OSR, accompanied by a decrease in
conversion. The conversion and selectivity at 12.7 ms
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residence time (1000 N ml/min total reactant flow) are in
good correspondence for the overlapping points in Figs. 4
and 5 and Table 2. The increased syngas selectivity at low
residence times supports the conclusion that the gas phase
ignition in front of the catalyst is suppressed [44,51]. The
increased syngas selectivity at low residence times is
furthermore in agreement with the direct formation of
hydrogen and CO being part of the reaction scheme over the
catalyst, as has also been reported by others [5,40-42,44].
The hydrogen yield is at it’s highest at 8.4 ms for both
reactions. Since the residence time is changed by increasing
the total feed gas flow while holding the concentrations
constant, the catalyst temperature is probably higher at low
residence times due to more heat produced in the exothermic
reactions. Temperature profiles obtained at different
residence times could verify our conclusion on suppressed
gas phase ignition and increased maximum catalyst
temperatures at high flow rates.

The 0.25 mg Rh/Al,O5 foams used in these experiments
were subjected to a sequence of experiments with start-up
and shut-down in between consisting of: (1) temperature-
dependent measurements of product composition and
temperature profiles followed by; (2) 7-h stability tests at
one fixed furnace temperature; and finally (3) residence time
effects. In the temperature-dependent experiments using
1000 N ml/min total reactant flow and over freshly prepared
0.25 mg Rh/Al,0; foams (not shown here) [48], the oxygen
and propane conversion was virtually complete and the
hydrogen selectivity was 0.67 for POX and 0.87 for OSR at
700 °C furnace temperature. In Fig. 5A, the conversion of
propane is complete but trace amounts of oxygen were
detected for all residence times examined over this foam. In
Fig. 5B, both propane and oxygen conversion are lower than
for POX, and also substantially reduced as compared to the
first OSR experiment over the fresh catalyst. The hydrogen
selectivity is reduced to 0.53 and 0.55, for POX and OSR,
respectively, for the residence time effect experiments as a
consequence of deactivation. Hydrocarbon by-product
formation was also substantially lower using the freshly
prepared Rh/Al,O; foam. The loss of activity and selectivity
could be ascribed to deactivation through sintering as
determined by FE-SEM analysis of as prepared and used
catalysts, and the increased concentration of steam applied
in the OSR experiments was found to accelerate this Rh
sintering [47].

The residence time data for the 0.25 mg Rh/Al,O5 foam
thus have limited value but are included to show the
following: Over the flow range applied, little change in the
syngas selectivity is observed, whereas this is the case for the
microchannel reactor. This may point to microchannel
reactor having potential for isolating kinetic effects, thereby
obtaining information on complex reactions. And finally,
even if the 0.25 mg Rh/Al, O3 catalyst shows significantly
higher conversion and selectivity initially, the microchannel
reactor shows comparable or even better performance over
the whole flow range after only a few experiments.

3.5. Stability

Finally, we summarise the results of the stability tests
reported elsewhere in more detail [47,48,50]. The Rh-
impregnated foams [47,48] show little or no deactivation
during time-on-stream experiments over 7 h when exposed
to POX reaction conditions at 700 °C furnace temperature.
Corresponding tests with OSR shows a slight deactivation
tendency. Furthermore, the deactivation is stronger at the
lower (0.25 mg) than the higher (1.7 mg) loading [48].
However, even more pronounced deactivation is observed
upon consecutive POX or OSR experiments, indicating that
temperature cycling under reactant exposure has a stronger
effect than steady-state conditions. Characterization of used
alumina foams by FE-SEM confirmed sintering of Rh and
restructuring of the support, and the foams subjected to
steam as a reactant displayed the largest Rh particles [47,48].
The microchannel monolith 1 has undergone more than 70
experimental cycles in the range from room temperature to
~1000 °C, switching between POX and OSR conditions
with no sign of deactivation observed [50]. The micro-
channel reactors were thus not subjected to similar time-on-
stream experiments. The reason behind the good stability
needs to be addressed by appropriate characterisation
methods, which will include destruction of the reactor(s).
The Rh sintering observed for the foams could also possibly
be accompanied by loss of Rh from the catalyst. This is
generally very difficult to detect, and can also not be
excluded for the Fecralloy monoliths despite the unchanged
activity [26]. Neither of the catalyst systems show signs of
carbon formation under the conditions applied.

4. Conclusions

Rh-impregnated microchannel metallic monoliths and
ceramic foams have been compared under partial oxidation
and oxidative steam reforming reaction conditions. Tem-
perature profiles obtained along the catalyst/reactor axis
under comparable conditions show that the gradients are
smaller in the Rh/Al,Oz/Fecralloy microchannel reactors
than in the Rh/Al,0; foams. Gas phase ignition occurs in
front of the microchannel monolith at furnace temperatures
above 700 °C for both POX and OSR for a feed gas flow of
1000 N ml/min, corresponding to a residence time of
12.7 ms. Similar gas phase ignition does not occur for the
Rh/Al,O; foams, except for the lowest Rh loading
(0.25 mg), for which the maximum temperature is highest.

The Rh/Al,O5; foams show higher initial activity and
syngas selectivity than the Rh/Al,O5/Fecralloy microchan-
nel monolith, resulting in a product composition closer to
equilibrium. The gas phase ignition observed in front of the
microchannel monoliths at high temperatures is followed by
a substantial decrease in the selectivity to the desired
products, hydrogen and CO, as well as increased hydro-
carbon by-product formation. The effect of adding steam to
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the reactant mixture, i.e. replacing POX with OSR
conditions, can mainly be accounted for by the water—gas
shift reaction, as long as gas phase ignition does not occur.

Formation of most hydrocarbon by-products can be
ascribed to gas phase reactions, especially the formation of
methane and ethene as cracking products and the formation
of ethyne at high temperature. The gas phase reactions take
place within the region near the entrance of the Rh/Al,03
foams. Here, the temperature is the highest, and there is
interplay between heterogeneous and homogeneous reac-
tions. In the microchannel monolith system, gas phase
reactions appear to be suppressed and the by-product
formation is very low until the gas phase well in front of the
catalyst ignites. The by-product formation is thus highest
when there is no interplay between the homogeneous and
heterogeneous reactions.

Changing the residence time interval corresponding to
1000-2000 N ml/min reactant flow has little influence on
conversion and selectivity over the 0.25 mg Rh/Al,O; foam.
Lowering the residence time below 10 ms for the 1.0 mg Rh/
Al,O5/Fecralloy microchannel monolith increases the syngas
selectivity. This is probably due to quenching of the gas phase
reactions at high linear gas velocity, and suggests that direct
formation of hydrogen and CO is part of the reaction scheme.
Microchannel reactors thus have potential for isolating kinetic
effects and minimising gas phase contributions.

The Rh/Al,05 foams show significant deactivation upon
a few temperature cycles under reactant exposure, strongest
with steam present in the reactant mixture. No deactivation
is observed for the Rh/Al,Oz/Fecralloy microchannel
monoliths, despite repeated temperature cycling under
POX and OSR reactant exposure.
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