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Abstract The catalytic partial oxidation of methane
(CPO) over flame-made 2.5%Rh-2.5%Pt/Al,0; and
2.5%Rh/Al,03 in 6% CH4/3%0,/He shows the potential of
in situ studies using miniaturized fixed-bed reactors, the
importance of spatially resolved studies and its combina-
tion with infrared thermography and on-line mass spec-
trometry. This experimental strategy allowed collecting
data on the structure of the noble metal (oxidation state)
and the temperature along the catalyst bed. The reaction
was investigated in a fixed-bed quartz microreactor
(1-1.5 mm diameter) following the catalytic performance
by on-line gas mass spectrometry (MS). Above the ignition
temperature of the catalytic partial oxidation of methane
(310-330 °C), a zone with oxidized noble metals was
observed in the inlet region of the catalyst bed, accompa-
nied by a characteristic hot spot (over-temperature up to
150 °C), while reduced noble metal species became dom-
inant towards the outlet of the bed. The position of both the
gradient in oxidation state and the hot spot were strongly
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dependent on the furnace temperature and the gas flow
(residence time). Heating as well as a higher flow rate
caused a migration of the transition zone of the oxidation
state/maximum in temperature towards the inlet. At the
same time the hydrogen concentration in the reactor
effluent increased. In contrast, at low temperatures a
movement of the transition zone towards the outlet was
observed at increasing flux, except if the self-heating by the
exothermic methane oxidation was too strong. The results
indicate that in the oxidized zone mainly combustion of
methane occurs, whereas in the reduced part direct partial
oxidation and reforming reactions prevail. The results
demonstrate how spatially resolved spectroscopy can help
in understanding catalytic reactions involving different
reaction zones and gradients even in micro scale fixed-bed
reactors.

Keywords Catalytic partial oxidation of methane -
Supported noble metals - Spatially resolved spectroscopy -
In situ X-ray absorption spectroscopy - microXAS -
Infrared thermography

1 Introduction

Miniaturized reaction systems play an increasing role in
both in situ spectroscopic studies [1-4] and technical scale
catalysis (microreactor arrays; cf. [5, 6]). Due to their
reduced scale (reactor dimensions from a few microns to
several hundred micrometers) a more precise reaction
control can be achieved due to improved heat and mass
transfer. This is particularly interesting for highly exo-
thermic reactions such as total and partial oxidation of
hydrocarbons or alcohols. The small dimensions are also
beneficial for spectroscopic purposes, since the probing
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beam can penetrate small catalyst beds through thin walls
more easily and the catalyst can be used in undiluted form.
In addition, such devices are optimal for spatially resolved
studies.

In situ Raman, XRD, XRF, UV-vis, infrared and X-ray
absorption spectroscopic studies have been reported with a
10 um spatial resolution or less [1, 7-9] using small
probing beams (scanning spectroscopy/microscopy).
Alternatively, full-field imaging with an infrared focal
plane array detector or an X-ray camera [8, 10-13] has
been used. For example, an X-ray camera has been applied
for determining the structure of a catalyst in a spatially
resolved manner [8, 11], either for measuring several
samples at the same time (parallel structural screening of
catalysts) or during a catalytic reaction where concentra-
tion/temperature gradients occur.

In this study we extended this approach using both
spatially resolved X-ray absorption spectroscopy for ana-
lyzing the structure of the catalyst and infrared thermog-
raphy to determine the temperature gradients. The catalytic
partial oxidation of methane over alumina supported Pt-
and Rh-based catalysts served as case study, which appears
relevant because a detailed understanding of the mecha-
nism is still not reached. Mainly two mechanistic routes for
the CPO reaction have been proposed:

1. Direct partial oxidation of methane (DPO, reaction II
in Table 1, see refs. [14—17]).

2. Catalytic combustion and reforming (CCR, reaction I
followed by reaction III and IV, see refs. [18-21]).

Also a combination of both routes may occur. Consid-
ering that the catalytic combustion of methane performs
better over oxidized noble metals than on reduced species
and that it is much more exothermic than the direct partial
oxidation of methane, stronger temperature and structural
gradients are expected for the CRR mechanism than for the
DPO mechanism. These product and temperature varia-
tions were also predicted by numerical simulations
[22, 23].

Spectroscopic data on the CPO of methane were so far
mostly collected in an “integral” way, e.g. overall infrared
spectroscopy [24], X-ray absorption spectroscopy [21, 25,
26], pulse experiments [16] and temperature jump mea-
surements [27]. Only recently, spatially resolved techniques

have been applied. Infrared thermography has uncovered
strong temperature gradients in the reactor [19, 28], Horn
et al. [29] used spatially resolved mass spectrometry to
identify the products inside a catalytic reactor and changes
in structure over a catalytic reactor have been reported by
Grunwaldt and Baiker [30]. More recently, we have further
advanced the techniques to gain insight into gradients on a
micrometer scale and focussed on an experimental setup
for spatially resolved X-ray absorption spectroscopy [8]. In
order to pursue this strategy in more detail we have
extended our studies and report herein:

(i) Mapping of the oxidation state in the catalyst bed
using a 0.5 x 0.5 mm as well as a5 x 5 um large X-
ray beam and the application of an X-ray camera for
2D-images of the oxidation state distribution both at
the Pt L;- and Rh K-edge.

(i) Axial temperature changes during the partial oxida-
tion of methane and qualitative dependence on the
parameters furnace temperature, space velocity and
catalyst composition.

(iii)) Investigation of the gradients as function of flow,
furnace temperature and catalyst composition.

2 Experimental
2.1 Catalyst Preparation

2.5%Pt-2.5%Rh/Al,05 and 2.5%Rh/Al,03 catalysts were
prepared by flame spray pyrolysis using a solution of Pt(Il)
acetylacetonate, Rh(III) acetylacetonate and AI(III) ace-
tylacetonate in a fresh mixed solution of methanol and
acetic acid. The precursor solutions were sprayed into a
methane oxygen flame via a nozzle [31, 32]. The powder
was collected from the filter and sieved fractions (typically
100-200 pum) were prepared for the spectroscopic experi-
ments (more details in the ESI).

2.2 Experimental Setup

Similar experimental setups were used to monitor the
oxidation state in a spatially resolved way along the cata-
lyst bed with a micro X-ray beam or an X-ray camera and
to estimate the temperature distribution in axial direction of

Table 1 Different reactions

. . Number Reactants Products Reaction AHC (k] mol™h)
that may occur during the partial
oxidation of methane including  y CH, +2 0, CO, + 2 H,0 Total oxidation ~803
their standard reaction . . . Lo
enthalpies (data from [43] at I CHy + 2 0, CO + 2 H, Direct partial oxidation —-36
25 °C) 1II CH4 + H,0 CO + 3 H, Steam reforming +206
v CH,4 + CO, 2CO+2H, CO, reforming +247
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Fig. 1 Schematic view of the in
situ cell including the gas
blower used for heating from

catalyst bed

inlet =

outlet

the bottom. On the right hand
side an example of a
thermographic image at a
furnace temperature of 400 °C
(flow rate, 13 mL min’l) is
given. For the temperature scale
see Fig. 6

Furnace with tubes
providing hot air

the catalyst bed during the partial oxidation of methane. In
all cases, the reaction was conducted over the catalysts
loaded in a quartz glass capillary microreactor (Mark-
rohrchen, Hilgenberg GmbH, 1.0-1.5 mm in diameter,
25-35 mm long, 10 mm catalyst bed, 20 um wall thick-
ness) as described in ref. [33]. The in situ spectroscopic cell
is similar to the one that has been proposed for operando
XRD measurements [34] and was applied for various
spectroscopic studies [35-37]. A schematic figure is shown
in Fig. 1. The capillary was heated from below with a mass
flow controlled air jet (Brooks, 0-2000 mL min_l). The
furnace contained a heating element (ring cartridge,
SUVAG, Zurich, 300 W, 230 V) with a thermocouple
(K-type). As shown in Fig. 1, the sample temperature was
measured just below the microreactor.

2.2.1 XAS Studies for the Mapping of Oxidation States

For spectroscopic studies with the micro X-ray beam and
the X-ray camera, the reaction cell was mounted on
translational stages to align the microreactor in the beam.
Conventional XAS measurements at the Pt L;- and the Rh
K-edge and the corresponding measurements with the
X-ray camera were performed at HASYLAB at DESY
(Hamburg, DORIS III ring operating at 4.4 GeV and a ring
current of 140 mA, bending magnet beamline X1) using
either a Si(111) or a Si(311) double crystal monochromator
detuned to about 60 % of the maximum intensity. For the
conventional XAS experiments, ionization chambers were
used to determine the X-ray intensity. For pre-scanning
along the catalyst bed in the quartz capillary a 0.5 mm X
0.5 mm large beam was used. When recording spatially
resolved spectra at the Rh K- and Pt L;-edge, a high
resolution X-ray camera was used behind the microreactor.
In the camera, the X-rays are converted into visible light
and amplified by a scintillator. The visible light is then
guided through a magnifying optics onto a CCD chip
(charged coupled device). This allowed us to record the X-
ray intensity with and without the microreactor as function
of energy and location in the microreactor. Considering the
effective pixel size of 3.5 pm, a resolution of 5 pum could
be achieved. The reproducibility of the movement actuated
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thermo-couple

by the motors was better than 1 pm. So, a significant
influence on the errors in data quality can be excluded.
Here the intensities were averaged over several pixels
which resulted in a resolution of about 20 pm but also
lower acquisition times. More details can be found in the
ESI and ref. [8]. The resulting XAS spectra both from
conventional XAS and the XAS spectra from the X-ray
camera were analysed in a standard analysis procedure
(subtraction of the background and normalization of edge
jump). The amount of oxidized and reduced Rh- and Pt-
species was determined using a linear combination of the
XANES spectra. Main errors that are introduced are the
signal-to-noise ratio (depends on the variations in the
intensity of the beam, the exposure time, the binning of the
points, the stability of the catalyst bed, cf. [8]) and the
number of species present (here an oxidized and reduced
species were assumed). Therefore, in addition, XAS mea-
surements with a micro X-ray beam were performed at the
Swiss Light Source (SLS) in Villigen, Switzerland. For this
purpose the beam was focussed with a KB-mirror to
5 um x 5 um and Pt Ls-edge spectra taken along the axial
bed of the reactor.

2.2.2 Axial Profile by the Infrared Camera

The temperature distribution was recorded by an infrared
camera (FLIR), more specifically a ThermaCAM S65
(Pergam Suisse AG) with data processing using Therma-
CAM Researcher Pro 2.8 SR-2. The camera measures and
images the infrared radiation emitted by the reactor
including other parts of the spectroscopic arrangement
(Fig. 1). A wavelength from 7.5 to 13 pum of the infrared
regime was chosen to estimate the temperature between
200 and 800 °C. The emissivity (¢ = 0.85) was corrected
automatically by a “Lowtran” algorithm typically used for
such thermographic images. The correction is based on
ambient and reflected temperature, object distance and
humidity. The alumina was the major component of the
catalyst and the main emission source, which is reflected in
its higher emissivity (noble metals only 0.1-0.3 [38]). Note
that the temperature accuracy is significantly affected by
sample inhomogeneities, different emissivities and the
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reaction gas. The relative temperature accuracy is ca.
42 °C, as reported for similar studies before [10]. A close-
up lens was inserted to obtain a local resolution of about
0.1 mm. The distance between lens and sample was
15-25 cm and the typical recording time was one frame per
second.

2.3 Experimental Procedure

Pre-mixed 6%CH,/3%0,/He (PanGas, Switzerland) was
fed into the fixed-bed reactor. The flow was adjusted by
mass flow controllers (Brooks, 0-50 mL min~') and
checked beforehand at the outlet of the reactor by a gas
flow meter (7-Gas Flow meter, Raczek, Garbsen, Ger-
many). This resulted in residence times between 9 ms
(25 mL/min in a 1.0 mm capillary) to 110 ms (5 mL/min
in a 1.5 mm capillary) assuming a bed porosity of 0.5. The
microreactor was connected to a mass spectrometer (Bal-
zers Thermostar) for online gas analysis. Mass spectrom-
eter (MS) signals were recorded for all relevant fragments
m/z (2, 4, 15, 16, 28, 32 and 44).

3 Results

The partial oxidation of methane over 2.5%Rh-2.5%Pt/
Al,O5 and 2.5%Rh/Al,03 was first studied by “integral”
X-ray absorption spectroscopy with a 0.5 mm x 0.5 mm
large X-ray beam, then scanning X-ray absorption spec-
troscopy at the Pt L3-edge using a 5 x 5 um beam, and
finally by using an X-ray camera (full field scanning X-ray
absorption microscopy). The results were complemented

by measuring the temperature distribution along the cata-
lyst bed with infrared thermography and by determining
the catalytic performance by mass spectrometry. Note that
the appearance/disappearance of hydrogen was most sen-
sitive for monitoring the ignition/extinction of the partial
oxidation of methane and is therefore reported in Table 2.
The conversion towards hydrogen and carbon monoxide
started above a characteristic temperature of 300-325 °C
(see e.g. Fig. S3 in the ESI, cf. refs. [25, 32]), where the
oxygen was consumed completely and reduced noble metal
was detected. The selectivity towards hydrogen and carbon
monoxide increased further at higher temperature. The
total oxidation of methane to carbon dioxide and water
already occurred below the ignition temperature of ca.
320 °C. After the ignition of the partial oxidation of
methane to H, and CO, the reaction could be run at lower
temperature than the ignition temperature (hysteresis
effect).

3.1 Allocation of the Oxidation State of the Noble
Metals Along the Catalyst Bed Using a Macro and
a Micro X-ray Beam

Prior to the experiments with full field X-ray absorption
microscopy, the ca. 10 mm long catalyst bed within the
quartz capillary was scanned with a 0.5 mm x 0.5 mm
large beam. Whereas below the ignition temperature both
Rh and Pt were in mostly oxidized state, there was a clear
gradient between oxidized species in the beginning of the
catalyst bed and reduced species in its end after ignition of
the CPO reaction (towards CO and H,). Selected data of
the investigated catalysts are presented in the ESI (Scans A

Table 2 Temperature and flow

.. . . Scan Catalyst Temperature Total flow m/z =2 Figures

conditions combined with on- o . .
. . . (°C) (mL min™") (in a.u.)
line mass spectrometric analysis
of hydrogen (m/z = 2) at the A 2.5%Pt-2.5%Rh 307 10 0.19 $2,9
outlet of the reactor. The
temperature was measured at B 2.5%Pt-2.5%Rh 316 10 0.25 52,9
the outer wall of the capillary. C 2.5%Pt-2.5%Rh 198 16 9.5 3
The diameter of reactor was D 2.5%Pt—2.5%Rh 215 23 9 3
1.5 mm in Scans K-M, whereas
in Scans A—I and O—R the E 2.5%Pt-2.5%Rh 313 12 7.8 3
diameter was 1.0 mm F 2.5%Pt-2.5%Rh 322 10 11 3

G 2.5%Pt-2.5%Rh 212 23 10 4

H 2.5%Pt-2.5%Rh 313 10 8.3 4

I 2.5%Pt-2.5%Rh 322 10 11 4

K 2.5%Pt-2.5%Rh 335 10 2.1 8

L 2.5%Pt-2.5%Rh 307 5 2.5 8

M 2.5%Pt-2.5%Rh 316 5 2.6 8

o 2.5% Rh 352 12.5 1.2 9

P 2.5% Rh 344 25 ca. 1 9

Q 2.5% Rh 338 12.5 1.5 9

R 2.5% Rh 338 25 1.2 9
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Start
Every 5 um

Absorption / a.u.
o

11.56 11.57 11.58 11.59 11.60 11.61
Energy / keV

Fig. 2 In situ XANES data during partial oxidation of methane at the
Pt L3-edge (left) by scanning over the catalyst bed of a 5%Pt—5%Rh/
Al,0O5 (0.1-0.2 mm fraction) using a focussed 5 pm X-ray beam and
the corresponding data (right) obtained from linear combination of

and B in Fig. S1, catalytic data in Table 2). The transition
zone occurred for Pt and Rh at the same position and within
half a millimetre along the capillary. This corresponds to
the resolution achievable with this “macro-beam”. The
transition zone moved from the inlet more towards the
middle of the catalytic bed if the furnace temperature was
decreased and concomitantly a lower MS-signal of
hydrogen was found (not shown, but compare e.g. ref. [8]).
During further heating above 360 °C (flow rate
10 mL minfl), the oxidized zone diminished and was
finally not detectable anymore by the 0.5 mm large beam.
Increasing the gas flow rate from 10 mL min~' to ca.
20 mL min~" also resulted in an apparently entirely
reduced catalyst bed (in a temperature interval of 320—
350 °C). Below the extinction temperature both Pt and Rh
were re-oxidized, although not completely since the core of
the particles remained in reduced state.

After localizing the transition for a better resolution of
the transition region from oxidized to reduced noble metal
species, a microfocussed X-ray beam (ca. 5 x 5 pm) was
used and the changes in the axial direction of the catalyst
bed were mapped. The results are shown in Fig. 2. Obvi-
ously, the changes occur in a range of 100 um. Hence, the
spectra should be taken with a spatial resolution of 20 um
or less. Instead of recording spectra as shown in this section
sequentially at every point, we used an X-ray camera and
thus full field X-ray microscopy, which is not only
speeding up the whole process but also gives the possibility
to get 2D-information on the catalyst bed under reaction
conditions.

3.2 Mapping of the Redox Transition by Full-Field
X-ray Absorption Spectroscopy Microscopy

Figure 3 shows the full field microscopy images for oxi-
dized (red) and reduced (blue) Rh species during four

@ Springer
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Distance over catalyst bed / mm

reduced and oxidized reference spectra; conditions: 328 °C,
10 mL min~™!, 1.5 mm capillary. Bullets represent reduced Pt and
squares the oxidized Pt

Alumina

start

T mm

Fig. 3 X-ray absorption image (fop, assembled from several pictures)
for the first half of the microreactor with images of the transition zone
at the Rh-K edge at four different temperature and flow conditions
during the catalytic partial oxidation of methane over 2.5%Pt—
2.5%Rh/Al,03 (0.1-0.2 mm fraction). Conditions of the scans
(temperature of the furnace in brackets) were C: 198 (230) °C,
16 mL min~'; D: 215 (250) °C, 23 mL min~'; E: 313 (360) °C,
12 mL min~!; F: 322 (370) °C, 10 mL min~'. Red pixels represent

oxidised, blue pixels reduced rhodium species; each image is 3 mm
wide

different reaction conditions in the reactor. The concen-
tration of oxidized and reduced Rh species was extracted
by recording XAS spectra with the X-ray camera followed
by extraction of XANES spectra at each point and using a
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linear combination of spectra for oxidized and reduced Rh
species and a featureless background. The corresponding
spectra used for the linear combination at the Rh K-edge
are depicted in the ESI (Fig. S2). Note that each of the
images was a result of recording X-ray absorption images
as a function of X-ray energy over 1-1%2 h. On the top of
Fig. 3 an overview of the left part (inlet side) of the cap-
illary is represented by merging X-ray absorption images
(3 mm in width) taken along the reactor. The catalyst bed
(length was approximately 9 mm) exhibited a slightly
different X-ray absorbance compared to pure Al,O3 (loa-
ded as inert material at both ends of the catalyst bed) and is
schematically indicated above the X-ray image. The gra-
dient in all images representing the distribution of metallic
and oxidized Rh-species exhibited a cone-like shape. Note
that in all figures the gas inlet is on the left.

Analogous XAS measurements have been undertaken at
the Pt L3-edge (Fig. 4, the extracted spectra are given in
Fig. S2). Principally, the distinction of oxidized and
reduced Pt spectra (see also ESI, Fig. S2) is almost limited
to the white-line at 11570 eV. Artefacts are therefore more
easily reflected in the mappings than at the Rh K-edge. Pt
L;-edge spectra contain less characteristic EXAFS features
than the Rh K-edge spectra and therefore the resulting
images (placed below the overview in Fig. 4) are not as
highly resolved as at the Rh K-edge, but still clearly dis-
tinguishable. Note also that the “oxidized particles” are not

start

Alumina catalytic bed

=

Gas inlet

R
Scan G 1 mm
Scan H
Scan|

Fig. 4 X-ray absorption image (fop) with images of the transition
zone at the Pt-L; edge with the following conditions of the scans were
G: 212 (246) °C, 23 mL min~'; H: 313 (360) °C, 10 mL min™'; I:
322 (370) °C, 10 mL min™"

fully oxidized (the whiteline of Pt L3-edge is significantly
smaller than for PtO,, see [32] for comparison), which is
similar to previous observations that report that the parti-
cles are composed of an oxidized surface with a metallic
core [26].

3.3 Acquisition of Temperature Profiles by the IR
Camera

As complementary information to the structural data, we
studied the temperature distribution upon variation of the
gas flow and the furnace temperature (Figs. 5, 6, 7). While
the reaction from methane towards CO and hydrogen was

380 -

Temperature / °C

] w W w w
[+=] [=] ] +a o
o (=] [=] (=] o
L 1 1 1 1

Distance / mm

Fig. 5 Temperature profiles of 2.5%Pt-2.5%Rh/Al,05 (0.1-0.2 pm)
in the same quartz microreactor as for the XAS studies during CPO of
methane at a furnace temperature of 325 °C and a decreasing flow
rate from 27 to 10 mL min~' within 2 min. The thin line (bottom)
indicates the profile without reaction and is shifted by 30 °C

s

furnace: 400 °C and 300 °C

Temperature / °C

Distance / mm

Fig. 6 Temperature profiles of 2.5%Rh/Al,O0; during CPO of
methane at a constant flow of 13 mL min~" for furnace temperatures
from 400 to 300 °C in 10 K steps. Insets show the temperature
distribution at 300 and 400 °C. The temperatures are corresponding to
the scale on the upper right

@ Springer



Top Catal (2009) 52:1360-1370

maximal flow

30 % of
maximal flow

Distance / mm

Fig. 7 Axial temperature profiles of 2.5%Pt-2.5%Rh/Al,05 (16.5 mg)
in a 1.5 mm quartz microreactor during CPO of methane at a furnace
temperature of 350 °C using increasing flow rates (mL min~"). A: 1.5,
B: 3, C: 7, D: 10, E: 17, F: 26, G: 33. In the insets the temperature
distribution is demonstrated for 33 and 10 mL min~"'

running, a hot spot in the middle or the beginning of the
catalyst bed was observed. The position was very sensitive
on the conditions. Figures 5 and 6 reflect typical observa-
tions: At high space velocities the hot spot shifted more
towards the outlet when the flow was decreased. The hot
spot also shifted to the end of the catalysts bed if the
temperature decreased (Fig. 6) or moved to the beginning
if the temperature increased. Figure 7 shows that the
influence of the space velocity is more complex than shown
by Fig. 5: At low space velocities a shift of the gradient
more towards the end is observed, which is the expected
trend when self-heating is not too strong since more
methane/oxygen has to be along the catalyst bed until
reforming can take place. Once again, at higher space
velocities an increase of the hot spot and its movement
towards the beginning of the catalyst bed due to self-
heating was observed (Fig. 7). Note that an even temper-
ature distribution was found if hardly any methane con-
version occurred (bottom profile in Fig. 5). Both the effect
of flow and furnace temperature on structure and catalyst
bed temperature profiles are discussed in Sects. 3.4 and 3.5.

3.4 Effects of the Variation of the Furnace
Temperature on 2D-XAS and IR Profiles

Upon heating a shift of the transition zone between oxi-
dized and reduced particles as well as of the hot spot
towards the inlet and vice versa was observed. The signals
for CO and H, increased and O, was fully consumed. For
example, a temperature increase from 313 to 322 °C in
Fig. 3 (Scans E and F) led to a movement of the transition
zone monitored at the Rh K-edge towards the inlet of the
reactor accompanied by an increased formation of CO and
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H, (Table 2). The same effect was found at the Pt L3-edge.
Scans H and I demonstrate a shift of the transition zone
towards the inlet when heating up by 10 °C from 313 °C at
increasing signals for hydrogen and carbon monoxide
(Scans H and I). The comparison of the gradients and their
shapes both at the Rh K-edge (Fig. 3) and at the Pt L3-edge
(Fig. 4) reveals a similar behaviour for both noble metals.
This corresponds to the dynamic behaviour of the data
recorded with the IR thermography camera. During cooling
a shift towards the end of the reactor (Fig. 6) and vice versa
were observed. The change in gradient occurred without
retardation but slight changes still occurred over a time of
0.5 to 1 h. When the temperature set-point was lowered
even below the ignition temperature, the over-temperature
depending on the available combustion heat, still kept the
reaction running. This effect is found, e.g. in the first two
images of Fig. 3. In both cases (Scan C: 198 °C,
16 mL min™'; D: 215°C, 23 mL min~') the furnace
temperature was significantly lower than the ignition tem-
perature. Thus, a sufficient flow of CH4/O, was required to
maintain the temperature in the bed. At 200 °C and
8 mL min~', the reaction extinguished and only the total
oxidation of methane was observed leading to a complete
re-oxidation of the catalyst bed with no transition zone
observable.

In Fig. 6, 11 profiles for 2.5%Rh/Al,0; in the cell at a
furnace temperature between 400 and 300 °C are depicted
(10 °C-steps). When cooling the furnace, the over-tem-
perature decreased, the hot spot broadened and moved
towards the outlet of the microreactor. This behaviour is in
analogy to the transition zone when comparing 322 and
313 °C (Fig. 4, e.g. Scans I vs. H). Apart from variations
observed for the hot spot, the profile lines (400 to 320 °C
furnace temperature) decreased by equidistant temperature
steps. The over-temperature measured according to the
infrared camera dropped to 40 °C at a furnace temperature
of 320 °C. In the extinction zone between 320 °C (dotted
line) and 310 °C not only the hot spot moved to the outlet
and disappeared, but also the temperature difference
between both temperature profiles decreased, in particular
at a distance of 8—10 mm (Fig. 6). The two profiles at the
bottom are parallel with a similar temperature difference of
the baseline as measured above ignition. The conversion of
methane dropped from about 25% above ignition temper-
ature to >15% just below the extinction temperature (cor-
responds to the two bottom graphs of Fig. 6). Note that at
furnace temperatures >400 °C, the hot spot was almost at
the beginning of the catalyst bed and using the X-ray
camera with the resolution applied here no fully oxidized
particles could be detected anymore. Thus, the catalyst bed
is probably almost fully reduced at higher temperatures due
to self reduction of the noble metal particles except a very
small fraction of the catalyst bed (<20 pm).



Top Catal (2009) 52:1360-1370

1367

3.5 Effects of the Variation of the Gas Flow
on 2D-XAS and IR-Profiles

In general, an increase of the gas flow caused a migration
of the hot spot and transition towards the inlet and vice
versa (see for example Fig. 5). However, at low tempera-
tures just above ignition a higher flow led to a movement to
the opposite direction. This is the expected effect if self-
heating of the catalyst bed is not dominant since more
methane can be converted over the length of the catalyst
bed. One example for the corresponding movement of the
hot spot on 2.5%Pt-2.5%Rh/Al,O5 is depicted in Fig. 7.
The flow was varied between 1.5 and 33 mL min~' at a
furnace temperature of 350 °C. In both thermographic
images (10 mL min~'; 33 mL min~") a hot spot is visible.
A migration of the hot spot towards the inlet of the reactor
was observed when increasing the flow to 33 mL min~'. A
time-resolved analysis of the axial temperature profiles of
the reactor, however, uncovered that the direction of
migration was differing below (A-D) and above
10 mL min~' (D-G). In the first profiles, the hot spot
moved towards the outlet while the maximum temperature
increased up to 330 °C, i.e. an over-temperature of 30 °C.
In addition, the hot spots were asymmetric. Such a
behaviour was also found for the shift of the transition zone
from oxidized to reduced noble metal particles. The tran-
sition zone at Scan C (198 °C, 16 mL min_l, Fig. 3)
moved by about half a millimetre towards the outlet in
Scan D (215 °C, 23 mL minfl) due to the increased flow.
More gas passed through the catalytic bed and thus more
methane had to be converted requiring a longer part of the
catalytic bed.

In the second part of the series in Fig, 7, at higher flow
rates (up to 33 mL min_l, Fig. 7, profiles D to G), the
temperature of the hot spot increased further from 360 to
410 °C (over-temperature of up to 110 °C). The hot spot
shifted towards the inlet until it reached the entrance of the
catalytic bed. In fact, the released heat even caused a
higher temperature at the thermocouple just below the
reactor. The shifts of the hot spot correspond to the shift of
the oxidation state gradient of Pt and Rh measured by XAS
(cf. Figs. 3 and 4) and a movement of the transition zone
towards the inlet was observed when the flow was
increased.

When lowering the flow rate from 27 to 10 mL min™
(Fig. 5, 2.5%Pt-2.5%Rh/Al,03) during 2 min (325 °C) the
hot spot moved from the inlet region of the catalyst bed
towards the outlet. The corresponding over-temperature
dropped drastically from almost 100 to 25 °C. At an over-
temperature of 25 °C, a strong and rapid shift of the hot
spot occurred. Since the catalyst bed had a limited length
the reaction was extinguished and no hydrogen was
detectable anymore after the hot spot reached the end of the

1

Start of catalytic bed

;

7 mm from the start of catalytic bed

Scan 0:352°C,12.5 ml*min”' ScanQ:338°C,12.5 ml*min™’

Scan P:344°C, 25 ml*min”' Scan R:338°C, 25 ml*min'

Fig. 8 Mapping of the transition zone of 2.5% Rh/Al,0O; (14.5 mg),
in a quartz capillary during CPO under the conditions indicated. The
location of the catalytic bed is indicated by an arrow for both rows of
images. The image width corresponds to 3 mm

catalyst bed and disappeared. Like in Fig. 6 there is still an
exothermic reaction towards CO, and H,O leading to a
smaller temperature maximum of 10 °C over-temperature
at 2-3 mm. The reverse effect could typically be observed
when the flow was increased after ignition (Fig. 8).

3.6 Variation of Catalyst and Low Space Velocities
3.6.1 Results with 2.5%Rh/Al,0;3

Like in the case of 2.5%Pt-2.5%Rh/Al,05 a shift of the
transition zone towards the inlet of the reactor occurred
with increasing furnace temperature as demonstrated in
Fig. 9 (Scan Q vs. Scan O and Scan R vs. Scan P) and the
position of the transition zone upon flow increase depended
on temperature. The images that were recorded at 12.5 and
25 mL min~" are presented in Fig. 9. At high temperatures
the transition zone was shifted towards the inlet (Fig. 9,
Scan O vs. P), in contrast to 338 °C where it was shifted
towards the outlet of the reactor (Fig. 9, Scan Q vs. R).
Analogous behaviour was observed for the movement of
the hot spot with infrared thermography. The shift of the
transition zone towards the outlet at 338 °C is associated
with a decrease in the hydrogen signals. From the posi-
tioning of the transition zone at 8§ mm (Scan R) it can be
concluded that 8 mm of the catalytic bed (of ca. 10 mm in
total) were necessary to establish conditions required for
the reduction of Rh. This latter dependence of the position
on the flow is comparable to Scans C and D (198 °C,
16 mL min~' vs. 215 °C, 23 mL min~', Fig. 3).

3.6.2 Results with Low Space Velocities

In order to increase the residence time a larger capillary
diameter of 1.5 mm was chosen. As a consequence, wide
oxidized and reduced zones were found at lower flow rates
(5-10 mL minfl). The transition zones (see Fig. 9) were
situated on the inlet side. The comparison of Scans K and L
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Scan K
10 ml*min™’
350 (335) °C
Scan L

5 ml*min-’
320 (307) °C

Rh

MY Scan M

5 ml*min’
330(316) °C
Fig. 9 Images of the transition zone of 2.5%Rh-2.5%Pt/Al,O03

(16.5 mg, 0.05-0.1 mm sieved fraction) in a 1.5 mm quartz capillary
at the Rh K- and Pt L3-edges. Each image is 3 mm wide

(Fig. 9) at the Rh K-edge shows that movement of the
transition zone towards the outlet is caused by both
decreased temperature (350 vs. 320 °C) and decreased flow
(10 vs. 5 mL minfl). About the same position of the
transition zone was observed at 5 mL min~' for Scan L
(307 °C) at the Rh K-edge and for Scan M at the Pt Ls-
edge (316 °C, where the hydrogen formation rate was kept
constant). Most interestingly, the profile was always
straight and perpendicular to the catalytic bed. Apart from
the fact that it was easier to stabilize the transition zone of
the oxidation state with this experimental arrangement
(larger capillary, smaller sieved fraction), the transition
zone was localized closer to the middle of the catalyst bed.

4 Discussion

4.1 Advantages and Frontiers of Spatially Resolved
Spectroscopy and Infrared Thermography Under In
Situ Conditions

The results from both spatially resolved X-ray absorption
spectroscopy and determination of the axial temperature
gradient show that in exothermic reactions, as encountered
here, it is advantageous not only to measure the structure in
a spatially resolved way but also the temperature distri-
bution. Although the present reactor design is of much
smaller dimensions than a technical reactor, the gradients
are still significant. The advantage is, however, that the
spectroscopic techniques applied can unravel information
over the whole catalyst bed. Principally, for determining
the structure a micro X-ray beam (scanning X-ray
microscopy) could be used as it is known from micro-
Raman studies, but the acquisition of data is time-con-
suming, except the data are taken with a rapidly moving
monochromator crystal (QEXAFS, cf. [39]) or using the
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dispersive EXAFS technique [40]. Here, an X-ray camera
was used to parallelize the process and it was shown that
this is not only applicable at the Rh K-edge but also at
other edges such as the Pt L3;-edge. The main criterion for
distinguishing between the different species is a suffi-
ciently pronounced difference in the XANES spectrum.
XANES is here used as a “fingerprint” and proper char-
acterization at selected points then still has to be performed
by EXAFS (cf. discussion further below). The complete
images in the present studies could be determined within
less than 1'2 h, which allowed us studies as function of
different parameters such as space velocity, temperature,
catalyst type and reactor geometry. The influence of the
recording time on the data quality has been described in
ref. [41]. These studies were compared to the axial changes
in the temperature and combined with the overall catalytic
performance. This allowed gaining further interesting
insight into the course of the partial oxidation of methane.
Nevertheless, macro and microXAS studies are still
important to provide detailed structural information. It has
been shown previously [25] that not metallic Rh but rather
Rh-carbonyl species form under reaction conditions, which
cannot be concluded from the studies here focussing on the
XANES region. Alloy formation of such noble particles
has been further addressed in ref. [41] and also the influ-
ences of particle size on the XANES spectra has been well
described [42]. Such information may be better extracted
with microEXAFS at different selected points, which in
fluorescence mode together with the QEXAFS technique
can also give information on low-concentrated samples.

4.2 TImplications on the Course of the CPO of Methane
Over Noble Metal Catalysts

Under the conditions applied here both on 2.5%Rh-
2.5%Pt/Al,03 and 2.5%Rh/Al,O5 a strong axial tempera-
ture gradient was observed, which can be explained with
the very exothermic process of the total oxidation of
methane. Already before the ignition of the partial oxida-
tion of methane to CO and hydrogen, total oxidation of
methane with an increased temperature towards the end of
the catalyst bed is observed. If oxygen is completely con-
sumed, hydrogen and CO are detected at the end of the
catalyst bed. This scenario is only observed if there is a hot
spot in the beginning or middle (but not at the end) of the
catalyst bed. In the temperature interval that we focussed
on this is correlated to a zone with oxidized noble metal
clusters in the first part of the catalyst bed and reduced
noble metal particles along the downstream part of the
catalyst bed. Both the length of the zone with oxidized
noble metal clusters in the beginning and the position of the
hot spot in the characteristic temperature profile are cor-
related to each other: For example, an increase of the
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temperature moved the position of the hot spot and the
position, where the transition from oxidized to reduced
noble metals occurred, more towards the beginning of the
catalyst bed. The opposite was observed when the tem-
perature was decreased. Usually, the oxidized zone became
also larger and the hot spot was moved more towards the
end of the catalyst bed when the methane/oxygen flow was
increased because more methane had to be converted until
no oxygen was present anymore. An exception was found
at sufficiently high temperatures (>350 °C) and high
methane/oxygen-flows. In this case a self-heating of the
catalyst bed occurred as the results from IR thermography
showed. This self-heating is also the reason for the
observed hysteresis in the catalytic activity when cooling
down the furnace. As the temperature profiles indicate, a
characteristic hot spot remained even below the ignition
temperature that moved to the end of the catalyst bed
correlated with the increase of the length of the oxidized
zone of the catalyst. Also in all these cases the presence
and concentration of hydrogen was correlated to the posi-
tion of the hot spot and the length of the reduced zone.

This picture is similar to that of the CRR mechanism
[43], where oxidation of methane is proposed in the first
part of the reactor and reforming in the downstream part of
the catalyst bed. The presence of oxidized noble metal
species is probably beneficial for the catalytic combustion
in the first part of the reactor, since it has been reported—
according to a Mars-van Krevelen mechanism—that total
oxidation of methane occurs more efficiently over noble
metal surfaces covered with oxygen (or being oxidized)
than on reduced noble metal surfaces [44, 45]. Since the
oxidized zone becomes smaller and smaller, the total oxi-
dation of methane may be taken over by reduced noble
metal particles at higher temperatures due to their autore-
duction. Total oxidation in the first part probably still
prevails since the hot spot moves further and further to the
beginning of the catalyst bed and the over-temperature
becomes higher. Such a characteristic hot spot is not spe-
cific for our catalyst but has been reported also for other
noble metal catalysed partial oxidations [46—48]. This also
agrees with previous reactor simulations [22, 23].

The processes occurring in the second zone (reduced
and after the hot spot) are more complex. After ignition and
thus the establishment of the reduced zone, the oxygen
signal disappeared. Thus, there is no oxygen present in the
last part of the catalyst bed excluding DPO in this area.
Behind the hot spot the temperature decreases and rises up
slightly just at the end of the catalytic bed. This was also
observed by others [19, 28, 43] and similarly for the oxi-
dative steam reforming [49]. This shape can only be
explained by an endothermic process supporting that cat-
alytic reforming takes place in this zone. In line with this,
H, and CO formation increases when the reduced zone

broadens. The endothermic reforming reaction occurs
preferentially on metallic sites where the activation barrier
is lower and benefits from higher temperatures and an
extended catalytic bed. At the start of the reduced zone,
where the over-temperature of the hot spot is elevated, the
reaction rate will be highest. Under dynamic conditions
(Figs. 6 and 7) a movement of the hot spot towards the end
is observed and at the same time the hydrogen concentra-
tion drops. Coincident with the moment where the hot spot
reaches the end of the reactor, oxygen appears and
hydrogen is not observed anymore. Although no H, was
observed if still some oxygen was present in the feed, also
DPO can contribute to the formation of CO and H, in the
zone of higher over-temperatures. As outlined before, the
DPO mechanism has been proposed in several studies
before [14-17]. However, it should be noted that these
studies were usually performed under different reaction
conditions, i.e. higher temperature, and here dynamic
spatially resolved studies of the oxidation state may give
more information. At higher temperatures the zone of
oxidized noble particles seems to be extremely small or due
to the autoreduction of the noble metals it will completely
disappear. Nevertheless, IR thermographs still indicate a
strongly exothermic reaction even at the higher tempera-
tures that let us speculate that to a significant extent total
oxidation of methane occurs over metallic noble metal
particles, which is also in agreement with recent reactor
simulations [22, 23].

5 Conclusion

The partial oxidation of methane has been investigated on
two noble metal based catalysts in a fixed-bed microreactor
by both recording spatially resolved X-ray absorption
spectra using an X-ray sensitive camera (full-field X-ray
microscopy) and a micro X-ray beam as well as tempera-
ture profiling using an infrared camera. This gave impor-
tant insight into the reaction mechanism, in particular
around the ignition temperature of the reaction. Among the
two suggested mechanisms (DPO and CCR) the catalytic
combustion and reforming mechanism prevails at lower
temperatures but at higher temperature DPO may play an
important role especially in the hot part of the reactor.
Under the conditions applied in this study in the first part of
the catalytic bed the noble metal particles are in oxidized
state, in contrast to mainly reduced ones in the second part
of the reactor. The total oxidation of methane mainly
occurs over oxidized noble metal particles leading to a hot
spot in the first part of the catalytic reactor. This assign-
ment is also supported by the product gas composition, i.e.
more hydrogen is produced if the hot spot moves towards
the inlet. The furnace temperature as well as the reactant
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flow strongly influence the location of the transition zone
from oxidized to reduced noble metal particles inside the
catalyst bed as well as the position of the hot spot. In
general, the study demonstrates the importance of spatially
resolved spectroscopic studies and the measurement of the
temperature profiles even in micro scale fixed-bed reactors
as the one used in this study.
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