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Abstract

During the catalytic partial oxidation (CPO) of methane to hydrogen and carbon monoxide distinct spatial changes of the catalyst structure in a
microreactor containing a fixed-bed of 2.5 wt% Rh/Al,O5 were observed depending on temperature and space velocity. The variation of the catalyst
structure along the catalyst bed was determined by X-ray absorption spectroscopy. In a first step the catalyst bed was scanned with a small X-ray
beam. Then, more detailed information on the oxidation state of Rh along the catalyst bed was extracted by recording absorption images using a
position sensitive X-ray camera. The studies were combined with on-line mass spectrometry providing information on the catalytic performance of
the catalyst simultaneously.

Mainly oxidized Rh-particles were found below the ignition temperature (310 °C) of the partial oxidation of methane to hydrogen and carbon
monoxide. Hardly any structural changes were observed when oxidation to water and carbon dioxide occurred, but strong variations over the
catalyst bed were detected when the CPO-reaction started. In the entrance zone of the catalyst bed the rhodium species were mainly in oxidized
state, whereas they were in metallic state towards the end of the catalyst bed. Usually, a steep gradient within less than 100 wm was observed.
Furthermore, at higher temperature, a characteristic cone towards the inlet of the spectroscopic cell was observed. Upon temperature increase the
gradient zone moved towards the inlet. The variation of the space velocity also resulted in a shift as well as a change in the shape of the profile.
© 2006 Elsevier B.V. All rights reserved.

Keywords: In situ X-ray absorption spectroscopy; Catalytic partial oxidation of methane; Rhodium catalysts; 2D-imaging; Spatially resolved XAS; Micro EXAFS;

XANES

1. Introduction

In situ or operando spectroscopic studies are used to gain
mechanistic insight into the structure and working mechanisms
of heterogeneous catalysts [1-7]. Spectroscopic studies under
reaction conditions are vital since the structure is often more
dynamic than anticipated [8—10]. However, only little attention
has been paid to changes in the solid catalyst on a microscale up
to now [11-18]. Usually, the in situ studies are performed in an
integral way neglecting variations of the gas composition, the
use of pre-shaped particles (extrudates, shell-impregnation), or
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the change of the temperature over the catalyst bed. Only
recently, it was shown that molecular information on a
microscale is of importance also under in situ conditions, e.g.,
during catalyst preparation [15,19-21] and in the catalytic
reactor during operation [16,18,22].

Spatially resolved X-ray absorption spectroscopy is among
other techniques such as micro XRD, micro infrared, micro
UV-vis, and micro Raman spectroscopy a well suited tool for
this purpose since it is element-specific and both amorphous
and crystalline samples can be investigated [4,23-26]. Two
different approaches have been reported: either the use of
highly focused beams and scanning over the sample or the use
of a two-dimensional position sensitive X-ray camera that
allows recording X-ray images behind the sample. Nowadays,
hard X-ray beams can be focused to less than 1 pm and
information both in transmission and fluorescence can be
obtained in this way on a micrometer scale [13,27-31]. Position
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sensitive X-ray cameras can also give spatially resolved
information [18,32]. In this case, the spatial resolution is on the
1-10 pm scale. For studying the structural changes over a
catalyst bed, the use of a charged coupled device (CCD) camera
compared to scanning with a microbeam has distinct
advantages [18,32]: the absorption can be determined using
the X-ray transmission images with and without sample and
thus recording the absorption of the sample as function of the
location (x, y) and energy E. This leads to a significantly faster
measurement due to the parallel acquisition of the data points.

Recently, we observed a strong spatial change of the
oxidation state of rhodium in Rh-based catalysts during the
partial oxidation of methane [16,18]. Both a -catalytic
combustion and reforming (CCR) and a direct partial oxidation
(DPO) mechanism have been proposed [33,34].

Catalytic combustion and reforming (CCR)

1. Combustion of methane:

CH; +20, — CO; +2H,0,

2. Reforming of methane:
CH4 +H;O — CO + 3Hjy,
CH; +CO, — 2CO + 2H,,

AH = —801.7kJ/mol.

AH = 206.1kJ/mol
AH = 247.5KkJ/mol.

Direct partial oxidation of methane (DPO)

Partial oxidation of methane:

CHy4 + 10, — CO + 2H,, AH = —35.5k]/mol.
From experimental and modelling studies [33-37], it is
concluded that both the temperature and the flow (space
velocity) influence the relative distribution of the gas
composition during the catalytic partial oxidation of methane
significantly. Hence, we investigated in this study the influence
of both parameters on the structural composition of the catalyst
in a fixed-bed. Moreover, if this technique is to be combined
with tomography to obtain the three-dimensional distribution of
the oxidation states inside a microreactor, the recording time
required for a complete profile must be short. Therefore, ways
to achieve this, such as reduced energy sampling or smaller
energy intervals are also discussed in this contribution.

2. Experimental

The reaction was conducted using a 2.5 wt% Rh/Al,O3
catalyst in a quartz glass capillary microreactor (Markrohrchen,
Hilgenberg GmbH, ca. | mm diameter, 20 pm wall thickness)
as described in Ref. [38]. The in situ spectroscopic cell is
similar to the one that has been originally proposed for
operando XRD measurements [39,40] and was later used by a
number of groups for operando EXAFS [38,41,42] even in
fluorescence mode [43-45], SAXS [46] and even combined
EXAFS/XRD [8] measurements. The 2.5 wt% Rh/Al,O5
catalyst was prepared by flame spray pyrolysis using a solution

of Rh(II)acetylacetonate and aluminium-sec-butoxide in
xylene sprayed in the flame (cf. Refs. [47,48]), which resulted
in a high surface area and microcrystalline material (130 m*/g
determined by BET, Rh-particle size of 2-3 nm as evidenced by
electron microscopy). Pre-mixed 6% CH,4/3% O,/He was used
as reaction gas and flows were controlled by mass flow
controllers (Brooks, 0—50 ml/min). The outlet of the quartz
glass microreactor was connected to a mass spectrometer
(Balzers Thermostar). The microreactor was heated using an air
blower with a controlled air flow regulated by a mass flow
controller (Brooks, 02000 ml/min). The temperature of the
heater was measured by a thermocouple (K-type) at the heating
element (ring cartridge, SUVAG, Zurich, 300 W/230 V) in
order to control a linear temperature ramp. The actual sample
temperature was monitored just below the sample. The
microreactor was additionally enclosed in a Kapton cap just
above the heater where the hot air stream passed out of the oven.
The whole assembly (in situ cell, heater) was mounted on a
small stage (Huber, provided by HASYLAB) that allowed one
to align the microreactor horizontally and vertically in the X-
ray beam.

Spectroscopic information on the Rh-oxidation state was
obtained in two ways. During dynamic changes of the reaction
conditions (change in temperature, variation of the space
velocity of the reaction mixture) the microreactor was scanned
by an X-ray beam of 1 mm x 1 mm. By recording the
intensities before and after the sample as a function of energy
information on the oxidation state could be extracted from the
XANES spectra at a spatial resolution of about 1 mm. After
equilibration of the catalyst under the new experimental
conditions more detailed spatially resolved X-ray absorption
information from the reactor could be obtained by placing a
two-dimensional position sensitive X-ray camera behind the
reactor. A remote-controlled positioning system allowed us to
move the camera in and out of the beam. In this way, either the
camera or the ionization chamber /; behind the camera could be
used for transmission measurements (Fig. 1). The setup has
been described in more detail in Ref. [18]. In brief, the X-rays
are converted in the detector into visible light in a thin single
crystal scintillator that is imaged onto a CCD camera by a
visible light microscope optic [49]. The effective pixel size is
3.5 pm. The energy was scanned in the XANES region around
the Rh K-edge in steps of 1 or 2 eV (from 23190 to 23350 eV).
At each energy E, an X-ray image was recorded with and
without the capillary, effectively measuring the transmitted
intensity /;(E, x, y) and incident intensity Io(E, x, y) in each
pixel, where x and y denote the coordinates of the pixel. The
exposure time for each image was 30 s. The reaction conditions
of six selected investigations including the experimental
parameters are summarized in Table 1. Obviously, we changed
both the number of images and flat-fields and also the incoming
intensity was varied by a different detuning of the mono-
chromator crystal. The images were dark-field corrected, i.e.,
the influence of the CCD dark current and read-out noise were
removed by subtracting an averaged dark image (without X-
rays) from each of the images. From the dark-field corrected
transmission and flat-field images, the absorption along the
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Fig. 1. Schematic setup and picture for mapping the oxidation state inside a catalytic reactor in two dimensions under reaction conditions; CCD-detector (position
sensitive detection of the X-ray absorption), ionization chambers (“integral” X-ray absorption spectra) as well as microreactor (in situ cell), oven and gas supply
including MFCs (mass flow controllers) are depicted; (1) denotes the inlet of the in situ cell and (2) the outlet connected to a mass spectrometer.

Table 1

Parameters and reaction conditions during the different scans for 2D-profiling (details, cf. experimental part)

Scan number Position of the centre Temperature Flow Detuning of I, Number of images Recording time
(mm) °O) (ml/min) (%) and flat-fields (min)
1 1.8 352 12.5 7 160 with AE=1eV 160
2 1.8 362 12.5 70 160 with AE=1eV 160
3 1.5 378 12.5 70 160 with AE=1eV 160
4 6.0 338 12.5 70 80 with AE=2¢eV 90
5 6.5 338 20 70 80 with AE=2¢V 90
6 1.5 344 25 70 80 with AE=2eV 90

optical axis is obtained for each pixel. Further information on
the experimental procedure is given in Ref. [18].

The experiments were performed at beamline X1 at
HASYLAB (DESY, Hamburg), using a Si(3 1 1) double crystal
monochromator. The second crystal was typically detuned to
70% of the maximum intensity in order to remove higher
harmonics. The X-ray beam was slit down to 1 mm X 1 mm for
scanning along the microreactor and the incoming intensity I,
and the transmitted intensity /; were determined using
ionization chambers filled with 100 and 400 mbar Ki,
respectively. The scans were taken in the step scanning mode
between 23180 and 23310 eV and background subtraction was
performed using the WINXAS 3.0 software [50]. When using
the CCD camera, the X-ray slits were set to 3 mm x 1.5 mm.
Processing the data including the calculation of the distribution
of oxidized and reduced Rh-species was performed using
software developed in-house. For this purpose spectra

Table 2

characteristic for oxidized and reduced rhodium species were
fitted together with the featureless component for uncharacter-
istic absorption to the measured spectra at each pixel.

3. Results

3.1. Temperature dependence of axial changes of the Rh-
oxidation state inside the catalyst bed monitored by 1D-
scanning

In a first experiment, 14.5 mg of 2.5 wt% Rh/Al,03 were
loaded in the microreactor and heated to 352 °C in 6% CH4/3%
O,/He. At 300 °C carbon dioxide and water production was
detected by the mass spectrometer and around 340 °C carbon
monoxide and hydrogen were formed while oxygen disap-
peared. At 352 °C, no oxygen was observed anymore at the
outlet of the microreactor (cf. entry 2 in Table 2). Hydrogen,

On-line mass spectrometric analysis of methane (m/e = 15), oxygen (m/e = 32), water (m/e = 18), carbon dioxide (m/e = 44), hydrogen (m/e = 2), and trace m/e = 28
which stems both from CO and CO, under different static reaction conditions at the outlet of the microreactor cell (temperature measured at the outer wall of the
microreactor; flow 12.5 ml/min; 14.5 mg of 2.5% Rh/Al,O3; all values are given in relative units)

Experiment no. Temperature (°C) mle =15 mle =32 mle =18 mle =44 mle=2 mle =28
1 RT 04 1.2 0.02 0 0 0.01
2 352 0.28 0 1.7 1.9 2.2 0.23
3 362 0.26 0 1.5 1.5 2.7 0.32
4 378 0.24 0 1.4 1.4 3.1 0.30
5 300 0.32 0.67 1.6 1.0 0.08* 0.19
6 331 0.29 0.01 1.6 1.5 0.9 0.26
7 338 0.29 0 1.6 1.5 1.5 0.26
8 338° 0.29 0 L5 1.4 1.2 0.23

 Further decreasing during measuring.
° After increase of gas flow from 12.5 to 20 ml/min.
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Fig. 2. XANES spectra taken with a | mm x 1 mm X-ray beam at different temperatures and positions inside the fixed-bed: (a) 352 °C (after 30 min equilibration
time); (b) 352 °C (after 7 h equilibration time); (c) 362 °C; (d) 378 °C; (e) 331 °C; (f) 338 °C.

carbon monoxide, carbon dioxide and methane were detected
above this temperature.

Scanning along the microreactor showed that a steep
gradient in the oxidation state established along the axial
direction of the capillary. At 352 °C, the gradient occurred at
about 2 mm behind the inlet of the catalytic reactor’ (see
Fig. 2a). As Fig. 2b shows, the gradient was stable over a period
of several hours, but a certain equilibration time was required
for its establishment. Increasing the temperature to 362 °C and
378 °C shifted the gradient zone to 1.5 mm and <0.5 mm
(Fig. 2c and d), respectively. The selectivity and activity
towards hydrogen and carbon monoxide increased significantly

2 Note that the position “2 mm” behind the inlet of the catalytic reactor
denotes that the centre of the X-ray beam hits the sample 2 mm behind the start
of the catalytic bed thus probing the region from 1.5 to 2.5 mm in this case.

upon increase of the temperature (entries 2 and 3 in Table 2;
note that the MS-traces are not calibrated).

Several features such as the rather steep structural variations
in the catalyst bed, the strong changes in the catalytic activity,
and the results presented in Fig. 2d already demonstrate the
limitation of scanning with a rather large beam of
I mm x 1 mm: on the one hand more accurate information
on the changes in the catalyst bed is required, on the other hand
probing at the axial position “0” in the catalyst bed implies that
only half of the X-ray beam hits the catalyst bed and more
accurate scanning with a smaller beam would be desirable. Due
to by-passing of the X-ray beam, the spectrum at “0” mm is
also more noisy (spectrum was smoothed) than the ones at
position 0.5 or 1 mm, respectively.

As expected, cooling down to 331 °C resulted in a shift of
the gradient towards the end of the microreactor, located at
about 10 mm of the ca. 15 mm long catalyst bed (Fig. 2e).
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Fig. 3. Absorption extracted from transmission images (recorded by the CCD camera; flat- and dark-field corrected) of Rh/Al,O5 inside the microreactor at 362 °C
during the CPO of methane at the energies indicated in the corresponding images; centre position is 1.8 mm for image (1)—(5); (6) shows the extracted XANES spectra
from the flat- and dark-field corrected transmission images at about 0.3 and 3.3 mm at 362 °C.

Also the selectivity towards hydrogen and carbon monoxide 3.2. 2D-monitoring of structural changes occurring in the
decreased (entry 6 in Table 2). Note that a too strong catalyst bed using a CCD camera

temperature decrease led to an extinction of the reaction

(observed at 300 °C, cf. entry 5 in Table 2). This resulted in an Fig. 3 depicts selected flat- and dark-field corrected
oxidation of the Rh-species along the whole catalyst bed. Ata  transmission images at 362 °C, corresponding to the 1D-scan
slight temperature increase from 330 to 338 °C the gradient in Fig. 2c. Five characteristic energies were selected as marked
zone was instead shifted to 6 mm (Fig. 2f). Within in the XANES spectra of Fig. 3, which were extracted at
the accuracy of the local probing technique the gradient position 0.3 and 3.3 mm in the catalyst bed. The centre position
zone was reproducible. Also the catalytic performance was the same as during the 1D-scan in Fig. 2¢c. Below the Rh K-
was similar. edge (Fig. 3(1), 23198 eV) the absorption is significantly

200 um

o2l U VA

Reduced

Oxidized

Absorption / a.u.
o

0 500 1000 1500 2000 2500 3000
Distance / pm

Fig. 4. Extracted components from the analysis of the 160 dark- and flat-field corrected transmission images: (a) oxidized Rh-species; (b) reduced Rh-species; (c)
featureless background; (d) relative concentration of the oxidized (red) and reduced (blue) Rh-particles in the axis of the fixed-bed (conditions: 362 °C, space velocity
1.9 x 10° h™"). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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smaller than above the Rh K-edge (Fig. 3(3—-5)) and due to the
strong whiteline of Rh in oxidized state (23236 V), the
absorption is higher at the inlet of the microreactor. In this case
altogether 360 images, at each energy one with and one without
the microreactor, were recorded with the CCD camera resulting
in 160 flat- and dark-field corrected transmission images of the
Rh/Al,O5 catalyst inside the microreactor (available as movie
in the support information). These images contain the complete
spectral information for determining the distribution of
oxidized and reduced Rh-species inside the microreactor (for
details on the mathematical transformation and description of
the procedure, cf. experimental part and Ref. [18]). The results
are depicted in Fig. 4.

Operando spectroscopic studies require that the data can be
extracted in a reasonable time interval. The scan shown in Fig. 4
was recorded during 160 min (Table 1) using 1 eV steps. Fig. 5
shows what would happen if the images were taken in larger
energy steps, in a smaller energy range around the absorption
edge, and at a few selected energies. Obviously, still the same
information would be gained. However, the resolution
decreases slightly. This reduction in resolution is probably
due to a reduced sampling of the XANES features and an
overall reduction in counting statistics, a similar effect as
observed if the scans were recorded with lower intensity (see
later). Selecting only five marked points, as, e.g., shown in

Fig. 3(6), did not result in a sufficient signal-to-noise ratio.
Obviously XANES spectra around the Rh K-edge are required,
underscoring the importance of taking images in the entire
XANES region.

Another important issue is the intensity of the incoming
beam and/or the exposure time. Fig. 6 shows that this has in fact
a strong influence. In the first row (Fig. 6a) the images were
taken with 1/10 of the intensity of the beam by detuning to 7%
instead of 70% compared to the other images at other
temperatures (cf. Table 1, Fig. 6b—d). Since the resolution is
worse at lower beam intensity, it can be expected that the
resolution will improve at insertion devices with higher X-ray
beam intensity. Moreover, the whole experiment will be
speeded up in this case.

Fig. 6 also shows variations of the structure in the catalyst
bed as a function of temperature. In agreement with the results
in Fig. 2, the gradient shifts towards the inlet of the
microreactor. By increasing the temperature from 352 to
362 °C, the gradient is shifted by 500 wm towards the inlet and
another 600 pm by further increase to 378 °C (200-300 pm
behind the entrance of the catalyst bed). With the help of the
flat- and dark-field corrected images (on the left in Fig. 6) one
can align the different snapshots within better than 10 pm. Note
the slightly conical shape of the oxidation state distribution in
the gradient zone. While at these relatively high temperatures

Fig. 5. Effect on the distribution of oxidized and reduced Rh-particles when changing the number of images from (a) 160 (1 eV steps, from 23190 to 23350 eV) to (b)
80 (2 eV steps, same energy interval), (c) 40 (4 eV steps, same energy interval) and (d) 40 (2 eV steps, from 23190 to 23270 eV).
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Fig. 6. Flat- and dark-field corrected images and amount of oxidized and reduced Rh-species at (a) 352 °C; (b) 362 °C, (c) 378 °C and (d) 344 °C (space velocity
doubled to 3.8 x 10° h™"); axial position of the entrance of the catalyst bed is indicated.

the change in the position of the gradient zone is only several
100 pwm the change in the gradient location is more significant
when the temperature is lowered to 331 or 338 °C. Fig. 7b
represents the results at 338 °C. The gradient zone is located at
5.8 mm behind the entrance of the catalyst bed. Interestingly, in
that case the conical shape is also less pronounced. In addition,
the conversion to hydrogen and carbon monoxide is lower than
at 352 °C (cf. Table 2).

3.3. Axial change of the Rh-oxidation state in the catalyst
bed monitored during change of the space velocity

The influence of different space velocities on the Rh-
oxidation state was studied at two different temperatures (338
and 344 °C). In Figs. 8 and 9, results from 1D-scans along the
axis of the catalyst bed are shown for the two different
temperatures. Obviously, at 338 °C the gradient moves towards
the outlet of the reactor when increasing the space velocity from
19 x 10°h ' (12.5 ml min ") t0 3.8 x 10° h~' (25 ml min™ ).
As expected, changes in the space velocity were reflected in the
catalytic performance as well, i.e., the yield of hydrogen and
carbon monoxide decreased (cf. Table 2). However, at a higher
temperature (344 °C) an opposite effect was observed. In this

case, the gradient zone moved towards the inlet of the reactor.
This is also supported by the 2D-images of the Rh**/Rh°
distribution in the catalyst bed. At 338 °C, the gradient zone
moved by 750 pm towards the outlet (Fig. 7), whereas at 344 °C
the gradient zone was shifted by 925 pm towards the inlet of the
microreactor compared to the experiment at lower flow at 352 °C
(Figs. 3a and 3d). This striking result may be explained by self-
heating of the catalyst due to faster exothermic reactions and
axial heat conduction which shift the gradient towards the inlet of
the microreactor. At lower temperatures the gradient is shifted
towards the end of the catalyst bed because the reaction rate is
smaller and more methane/oxygen need to be consumed by the
total combustion before in the downstream part of the reactor the
reforming reaction leads to H, and CO-formation.

4. Discussion

The importance of determining structural information on a
molecular level as a function of the position inside a catalytic
reactor under in situ conditions has been demonstrated in the
case of the partial oxidation of methane over Rh/Al,Os;.
Preferentially, such studies could be performed in real catalytic
reactors determining gas and catalyst composition as function
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Fig. 7. Structural changes over the catalyst bed due to variation of the space
velocity at 338 °C: (a) flat- and dark-field corrected image of catalyst bed; (b)
amount of oxidized (red) and reduced (blue) at 338 °C (space velocity
1.9 x 10° h™"); (c) 338 °C (space velocity 3.8 x 10° h™!). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

of the location in the reactor. Here, we simplified the situation
by performing the studies in a microreactor amenable for
transmission X-ray absorption spectroscopy. The structure was
measured either by an X-ray beam of 1 mm x 1 mm or a
position sensitive X-ray camera which results in an effective
spatial resolution of about 20 wm. The two modes were
combined as depicted in Fig. 1.

Due to parallel data acquisition in an area of
3mm x 1.5 mm in situ studies were possible also during
2D-mapping inside a microreactor. At second generation
synchrotron radiation sources, the acquisition time of one
profile of the Rh**/Rh" distribution inside the microreactor is
limited to about 1 h, but the strong influence of the intensity
(Fig. 6) evidences that the signal-to-noise ratio will signifi-
cantly improve at a higher flux. The lower time frame for
spectroscopic profiling will therefore mainly be limited to the
movement of the detector and the microreactor, particularly
since CCD-based systems for time-resolved experiments for the
subsecond region have already been developed [49,51-53].
This will also allow to combine this technique with
tomography. Fig. 5 also shows that advantageously a full
XANES spectrum is taken at each location leading to a better
resolved distribution of the Rh-species inside the catalyst bed.
Selected points as, e.g., depicted in Fig. 3(6) are not sufficient to
determine the concentration of Rh®*- and Rh’-species inside
the catalyst bed.

The gradient inside the microreactor changed in a
characteristic way both as function of temperature and gas
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Fig. 8. XANES spectra taken with a 1 mm x 1 mm X-ray beam at 338 °C and
changed flow conditions: (a) 12.5 ml/min; (b) during increase to 20 ml/min; (c)
20 ml/min.

flow. Below the ignition temperature of the partial oxidation
reaction, thodium was mainly in oxidized state, even if the
catalytic combustion of methane to carbon dioxide and water
was already detected by the mass spectrometer. Above the
ignition temperature of the partial methane oxidation reaction,
the amount of hydrogen and carbon monoxide produced
correlated with the position of the gradient inside the
microreactor: the gradient was shifted towards the inlet of
the microreactor when the selectivity towards hydrogen and
carbon monoxide increased. Both a catalytic combustion and
reforming mechanism and a direct partial oxidation mechanism
were reported in literature [33,34]. Obviously, as long as Rh
remains in oxidized state, methane is totally combusted. The
appearance of the formation of hydrogen and carbon monoxide
concomitant with metallic-like rhodium in the downstream part
of the reactor could indicate a CCR mechanism at these
temperatures, which dominates towards the reactor outlet.
However, another possibility is that the DPO mechanism is only
effective at higher temperatures. In line with our observation,
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Fig. 9. XANES spectra taken with a 1 mm x 1 mm X-ray beam at 344 °C and
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Hu and Ruckenstein conclude that at lower temperatures
combustion and reforming are often prevalent [34]. At higher
temperatures, we also found a significantly higher selectivity
towards hydrogen and carbon monoxide on the present Rh/
Al,Oj3 catalyst (not shown).

Strikingly different effects of the space velocity were
observed at the two temperatures investigated: at lower
temperature the gradient is generally shifted towards the outlet
if the space velocity is increased (Figs. 7 and 8). In contrast, at
higher temperature the opposite was observed (Figs. 6 and 9),
probably due to self-heating and heat conduction in the catalyst
bed as described in various studies before [33,35-37,54,55].
This self-heating of the catalyst bed is also indicated by the
different shape of the gradient that is more conical at higher
temperatures. In future, a combination of the experiment with
an IR-camera to determine the temperature inside the catalyst
bed will therefore be advantageous. This would also provide the
opportunity to compare the data to modelling studies, e.g.,
reported in Ref. [37].

5. Conclusions and outlook

Our study illustrates that in a fixed-bed catalytic reactor
prominent temperature and concentration gradients can result
in a dramatic spatial variation of the catalyst structure,
indicating the need for spatially resolved in situ (or operando)
spectroscopy. X-ray absorption spectroscopy is shown to be a
well-suited tool for detecting such variations and to give
additional insight into the mechanism. XAS can provide
information on the structure (oxidation state, geometry and
nearest neighbors) and is complementary to the recently
applied techniques micro UV-vis, micro Raman, micro XRD,
micro XRF, and magnetic resonance imaging. Parallelization
as by the use of a CCD camera or rapid scanning (QEXAFS,
DEXAFS) in combination with a focused beam are however
required during in situ studies. The application of a CCD
camera for X-ray detection or the use of a microfocussed
beam will strongly depend on the scientific question to be
addressed. For mapping of the oxidation state, as in the
present case, or the coordination geometry with characteristic
changes in the pre-edge region (e.g., octahedral and
tetrahedral titanium, cf. Ref. [56]), the acquisition of XANES
spectra is sufficient and thus the approach using a CCD or
even a Fast Readout Low Noise (FReLoN, cf. [57]) CCD
camera is very attractive. However, in other cases the whole
EXAFS spectrum needs to be recorded. In those studies
scanning of selected parts with a micrometer focused beam
may be advantageous.

In future, it will be interesting to extend such studies from
2D-mapping to tomography as shown ex situ on a Cu/ZnO
catalyst using a combination of microfocussing and QEXAFS
[13]. Furthermore a better focusing, higher X-ray beam
intensity and CCD or FReLoN cameras with better resolution
will enhance both spatial and time resolution. The present
study as well as studies by micro UV-vis, micro Raman and
magnetic resonance imaging show the need for spatially
resolved spectroscopy in catalysis: spatial variations can
occur during catalyst preparation/impregnation [15,19-21]
and in a catalytic reactor during activation and/or reaction,
and can embrace catalyst structure, fluid dynamics and
temperature [16,18,22,58]. In the latter case, structural
studies should be preferentially combined with the local
detection of temperature and performance of the catalysts.
Better understanding of both preparation of catalysts and the
structural evolution of active sites under reaction conditions
will be beneficial to the development of new catalysts and
catalyst optimization. Spatially resolved spectroscopy will
also be interesting for all other fields where spatial variations
of chemical and structural properties are affecting the
functionality of materials.

Support information

A movie showing all flat- and dark-field corrected
transmission images from 23190 to 23350 eV in 1 eV steps
can be received from the author as electronic support
information.
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