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Packed powder beds and coatings are two relevant forms of catalysts, applied in industrial heterogeneous
catalysis and multiple fundamental studies including operando spectroscopy. Both types have their
individual advantages and disadvantages in regard to the performance and characterisation causing some
complexity in the resulting flow patterns, possible temperature inhomogeneities in the reactor and the
dynamic evolution of chemical state of the noble metal during the reaction along the catalytic bed. The
well-known CO oxidation reaction over Pt/Al,Oz catalysts was used in this study to uncover the influence
of the gas phase compositions and the temperature on the evolution of the electronic structure of Pt for
powdered and coated catalysts at comparable length scales. Advanced operando investigations were used
to demonstrate the influence of spatial gradients in the gas phase for washcoats in contrast to packed
powder beds. Additionally, transient gradients in the chemical state of Pt which occurred more
pronounced for packed powder beds than for coated monoliths were followed and traced back to heat
and mass transfer effects. Finally, the catalytic activity can be linked to the temperature distributions for
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both types of samples. These findings will be valuable for planning and evaluating future combinations of
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1 Introduction

Effective and stable catalysts are essential for the chemical
industry, in the circular economy and in environmental
chemistry."”> Depending on the requirements of the process,
different structured catalysts are applied. Whereas in the lab
sieved catalyst powders and coated catalysts are applied, in
industrial applications both extrudates including shell-
impregnated pellets and coated substrates are used.® The
choice of the kind of structured catalyst is important, because
accessibility of the active sites limited by internal and external
mass transfer processes and stability in regard to the process
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conditions must be assessed.”” Thus, for each application, the
type of catalyst has to be individually chosen to achieve the
highest process efficiency while simultaneously being easy to
manufacture. Challenges like pressure drop at high space
velocities as well as internal mass and heat transfer limitations
can be minimized by using thin washcoats.® For this reason
thin catalytic layers on e.g. monolithic or annular reactors are
advantageous and often utilized for performing fast kinetic
studies on heterogeneous catalysts in various fields of catalysis
like emission control, steam reforming and methanation.”®
In-situ spectroscopic studies have been conducted on catalysts
of different shapes, for instance on packed powder bed reactors
using X-ray spectroscopic and scattering techniques as well as
Raman spectroscopy,”'® on thin catalyst coatings using
fluorescence X-ray spectroscopy, surface X-ray diffraction®"' ™
and transmission electron spectroscopy'® and on crystalline
surfaces (e.g. by XRD'®). However, external and internal mass
transfer limitations can still occur for non-ideal reactor
geometries'” and have already been visualized in a two
dimensional manner by the planar laser induced fluorescence
(PLIF) method."®' Possibilities to minimize external mass
transfer limitations by increasing the Reynolds number for
monolithic samples which leads to a turbulent gas flow®® and
therefore prohibits gas from bypassing the monolith, or by
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changing the reactor geometry to a packed powder bed reactor
have been explored. Packed beds have the advantage that the
reactor concept is rather flexible and can easily be down-scaled,
making them attractive for catalytic tests in laboratories and for
advanced in-situ/operando characterization methods like X-ray
absorption spectroscopy (XAS) which provides insights into the
chemical state of active noble metal with a time scale of minutes
and a spacial resolution in the mm range. XAS experiments
require a suitable reactor design, so that the structure-
performance relations can be revealed.>’ Besides mass transfer
limitations the catalyst shape affects the catalytic behaviour on
multiple dimensions in form of pressure drop formation in the
reactor,” complex flow patterns depending on geometry and
temperature®>** and particularly for exothermic reactions in the
appearance of strong temperature gradients along the reactor.>
The reaction temperature directly influences the rate and (local)
changes in the temperature can lead to significant differences in
the chemical state of the active metal as it might reduce/oxidize
during the reaction.”® Donazzi et al>’ showed that the
temperature of a monolithic cordierite honeycomb surface
measured by optical pyrometry is similar to that of the gas-
phase. Therefore, active noble metal species and the gas phase
exhibit a very similar temperature for thin coatings. In contrast,
packed powder beds may exhibit strong temperature gradients
throughout the catalyst bed cross-section (from the centre to the
surface of the packed bed).*® As pyrometry measurements of
packed powder beds reveal only the temperature on the surface,
the temperature within the packed powder beds can be
determined with a thin thermocouple, like realized in the
SpaciPro testing setup which is wused for monolithic
honeycombs®**® or with a compact profile reactor (Reacnostics
GmbH) developed by Horn et al*'* Catalytic coatings and
packed powder beds both have their individual advantages
which makes them mandatory for specific measurement
techniques. However, transfer of knowledge between these
systems is challenging as secondary effects such as temperature
or mass transfer have strong influences on the reaction rates.
The scope of this paper is to compare the catalytic performance
of typical reactors with power beds and structured catalysts.
Hereby, the catalytic performance and the structure of the
catalyst are linked to the catalyst shape. For this purpose we
report the temperature gradients, the different chemical states of
Pt and the gas phase composition for three types of catalysts:
honeycombs with thin coating layers, a chip with a thick coated
layer and packed powder beds. As model reaction, the CO
oxidation under lean conditions with a Pt/Al,O; catalyst is used
since this reaction is well understood and frequently used as
benchmark in literature.

2 Experimental
2.1 Catalyst preparation

The catalyst was prepared by an automated incipient wetness
impregnation utilizing a SYNTHESIZER CATIMPREG platform
(Chemspeed Technologies AG).*® Tetraamine platinum nitrate
(Alfa Aesar/Strem Chemicals) was used as precursor. For the
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support commercially available y-alumina (Puralox TH 100/150,
Sasol Germany GmbH) was used. The platinum loading was
confirmed by ICP-OES measurements. The noble metal particle
size was determined by transmission electron microscopy
(TEM). The Pt/Al,O; catalyst exhibited a Pt loading of 1.88 + 0.10
wt% and an average noble metal particle size of 2.0 + 0.9 nm.

2.2 Catalyst shapes

2.2.1 Packed powder bed catalysts. The catalyst was used in
different ways: As a powder, the catalyst was first pressed for 5
min with 6.6 kg mm™ and afterwards mortared and sieved
with a sieve fraction of 100-200 um. For diluted powders, pure
v-Al,O; was added to the catalyst powder while mortaring prior
to the pressing and sieving. Sieved powder catalyst bed 1: the
catalyst was diluted to 0.38 wt%. 210 mg of the diluted Pt/Al,O;
catalyst were filled into a quartz capillary with an inner
diameter of 4 mm. The catalyst was diluted to obtain a similar
catalyst bed length at the same amount of Pt in comparison to
the 9-channel monolith. The catalyst powder bed length was 20
mm and the powder was held in place by quartz wool. Sieved
powder catalyst bed 1 was used for spatially resolved CO
conversion investigations. Sieved powder catalyst bed 2: the
catalyst was diluted to 0.27 wt% in order to prevent hot-spot
formation. 5.7 mg of the diluted Pt/Al,O; catalyst were filled
into a quartz capillary with an inner diameter of 1.5 mm. The
catalyst bed length was 6 mm and the powder was held in place
by quartz wool. Sieved powder catalyst bed 2 was used for
spatially resolved Pt L;-edge XAS operando investigations of the
catalysts chemical state. Due to the different dilutions of the
Pt/Al,O; powders with y-Al,O; the weight hourly space velocities
(WHSYV), defined by the total gas flow divided by the amount of
Platinum are presented for all reactions instead of the gas
hourly space velocities (GSHV), which do not consider the
different Pt loadings of the catalysts.

2.2.2 Washcoated catalysts. For the catalyst in a coated
form a suspension was prepared by adding 56.9 mg of
commercial aluminium hydroxide (Dispersal P2, Sasol
Germany GmbH) to 569 mg of the catalyst followed by
mortaring. Then 10 ml of distilled water were added, followed
by ball milling at 500 rpm for 5 min. Afterwards, nitric acid
was added under constant stirring until the pH-value reached
3. This suspension was then applied to different substrates.
Coated catalyst 1: the coating was conducted by dip-coating the
cylindrical monolith (diameter 24 mm, length 24 mm, channel
size 1.04 x 1.04 x 24 mm?®) under constant stirring, followed by
blowing off excess liquid at room temperature and drying the
sample at 300 °C for about one minute. These steps were
repeated until 1.54 g of the catalyst was deposited on the
monolith, followed by a calcination at 550 °C in static air. A 3 X
3 channel piece of the monolith containing 800 pg of Pt with
an estimated layer thickness of about 100 um was cut out and
placed inside a quartz capillary with an inner diameter of 5
mm. The monolith was held in place by glass wool. The coated
catalyst 1 was wused for spatially resolved conversion
measurements. Coated catalyst 2: the coating was conducted

This journal is © The Royal Society of Chemistry 2025
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by dip-coating the cylindrical monolith (diameter 24 mm,
length 24 mm, channel size 1.04 x 1.04 x 24 mm®) under
constant stirring, followed by blowing off excess liquid at room
temperature and drying the sample at 300 °C for about one
minute. These steps were repeated until 0.36 g of the catalyst
was deposited on the monolith followed by a calcination at 550
°C in static air. One wall of a channel was cut out, shortened to
a length of 7.5 mm and placed inside a quartz capillary with
an inner diameter of 1.5 mm. This monolith wall sample
contained 2.45 pg of Pt with a resulting washcoat thickness of
well below 100 pm. The monolith was held in place by quartz
wool. The coated catalyst 2 was used for spatially resolved Pt
L;-edge XAS operando investigations of the chemical state of
the catalyst. Coated catalyst 3: the coating was conducted by
drop-casting without spin-coating on a chip (material: Rubalit
708S, L x W x H = 25.4 X 4.1 x 0.63 mm®, company: CeramTec)
followed by drying at 75 °C. Hereby, only about 11 mm of the
chips length were coated (Fig. 1c). This procedure was repeated
several times until 12.7 mg of the catalyst was deposited.
Afterwards, the chip was calcined for 5 hours in static air. The
chip with an estimated washcoat thickness of 700 um was
mounted inside a continuous flow cell.*® The coated catalyst 3
was used for Pt L;-edge XAS operando investigations of the
chemical state of the catalyst.

2.3 Characterization methods

For all experiments, gases were dosed by mass-flow controlers
(MFC, Bronkhorst Deutschland Nord GmbH) through the
reactor and the gas conversions were determined by mass-
spectrometry (Omnistar™, Pfeiffer Vacuum GmbH), Fourier-
transform infra-red spectroscopy (FTIR, Gasmet, MKS
instruments), non-dispersive infrared spectrometry (company
ABB) and micro gas chromatography (LGC, Inficon Fusion,
Inficon GmbH). The Pt/Al,O; catalyst was investigated using
operando techniques including spatially resolved gas phase
profiling, spatially resolved analysis of the chemical state and
distribution of the temperature via infrared thermography.
Spatially resolved gas phase profiling. For the spatially
resolved gas phase profiling a compact profile reactor
(Reacnostics GmbH) was used.”’ The reactor consists of a
large metal body which is internally heated by resistive
heating. A small tubular quartz reactor (inner diameter 4-5
mm) which contains the catalyst is placed inside. Through
the middle of the catalyst, along the catalyst bed a 75 pm
thick hollow metal capillary for gas sampling with 4 orifices
that are close to each other was positioned. The orifices of
this metal capillary can draw a tiny amount of gas in, which
then flows to the gas analytics. By moving the catalyst in
respect to the orifices of the metal capillary, the gas phase
can be probed in a spatially resolved manner. For the
investigation of the monolith, a 3 x 3 channel chunk of the
monolith (coated catalyst 1) was cut out and placed inside of
a quartz capillary with an inner diameter of 5 mm. The
sampling metal capillary went hereby through the central
channel. The monolith was held in place by glass wool. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Different forms of the Pt/Al,O3 catalyst used for activity tests,
IR and XAS characterisations: (a) packed powder bed inside of a quartz
capillary micro-reactor placed above a hot air gas blower; (b) monolith
wall coated with a catalyst slurry inside a quartz capillary which is
placed on top of a hot air gas blower; (c) coated chip with resistive
heating patterns on its uncoated backside inside a continuous flow
cell. (d) Total CO conversions (dosed: 1000 ppm CO, 10% O, in inert
gas) at different average temperatures for the three different forms of
catalysts. (e) Dimensionless numbers for the three different catalyst
shapes. Average catalyst temperature (T), weight hourly space velocity
(WHSV), pressure drop (Ap), Reynolds number (Re). Criteria for external
mass transfer limitations (MTL): Damkdéhler number Il (Da;) and Mears
criterion. Criteria for internal mass transfer limitations: Thiele modulus
(@), effectiveness factor 5 and Weisz modulus (7). Details on the
estimations are provided in the ESI}

sampling metal capillary was connected to a mass
spectrometer (MS) and a micro gas chromatograph (uGC).
The CO and CO, concentrations were obtained from the
measurements of the puGC. For the investigation of the
packed powder bed catalyst, a dilution with further y-Al,O;
was necessary (sieved powder catalyst bed 1) to achieve a
reasonable comparison to the monolith with a similar
catalyst bed length. The concentration profiles were
determined by a MS while a Fourier transform infra-red
(FTIR) spectrometer monitored the concentrations behind
the end of the reactor. For both, the monolith and the packed
powder bed, the gas flow was set to 50 ml/min in total,
containing 1000 ppm CO, 10 vol% O, and a mixture of the
inert gases N, and He for the rest. The weight hourly space
velocity (WHSV) for both samples was 3700 L h™ g™* (litres of
gas per hour and grams of platinum).

Spatially resolved analysis of the oxidation state and
structure. The chemical state of platinum was determined by

React. Chem. Eng., 2025, 10, 1233-1243 | 1235
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X-ray absorption spectroscopy (XAS) at the Pt L; edge (11.564
keV) at the CAT-ACT beamline’” of the KIT Light Source
(Karlsruhe, Germany). A Si and a Rh mirror together with a
Si(111) double crystal monochromator were used for the
experiments. The beamsize (W x H) was 1.0 x 1.0 mm” for
the packed powder bed, 1.5 x 1.5 mm® for the coated
monolith wall and 1.5 x 2.0 mm? for the coated chip. The
absorption spectra were recorded in transmission mode
with gas ionisation chambers (OKEN Ltd, Japan) and
simultaneously in fluorescence mode using a SDD solid state
detector (1E-Vortex, Hitachi High-Tech America, Inc.). Three
different forms of the same catalyst were investigated by XAS:
a powder inside a quartz capillary (sieved powder catalyst bed
2, 2.0 x 10> L h™ ¢g"), a coated wall cut out of a monolith
inside a quartz capillary (coated catalyst 2, 1.2 x 10° L h™
g ") and a coated chip inside of a continuous flow cell
(coated catalyst 3, 1.2 x 10* L h™" g™'). While the gas flow
was identical across the experiments, the amount of catalyst
varied due to experimental limitations resulting in different
WHSVs. The capillaries with the powdered catalyst and with
the coated monolith wall were placed 5 mm above the hot-
air gas blower for the heating. The chip which was placed
inside a 32 ml continuous flow cell with an X-ray transparent
Kapton window on the back side and an infrared radiation
and X-ray transparent polyamide window at the front side
was heated by Ag/Pd resistive heating structures on the
backside of the chip.

Due to the low amounts of noble metal loading, X-ray
fluorescence data (Pt Lo, » lines) were used for the evaluation of
the XAS spectra instead of transmission data. The X-ray
absorption near edge structure (XANES) data was calibrated,
background subtracted, normalized and smoothed (boxcar
average, kernel size 7) using the Demeter software package
Version 0.9.26.°® For the linear combination analysis
transmission XANES spectra from a Pt foil (Pt°) and an oxidized
Pt/AlLLO; pellet (Pt"") were chosen as standards. It is known from
literature®® that Pt** also plays an important role for CO
oxidation. However, identification of Pt*" using conventional
XANES is not unambiguously possible since a linear
combination of Pt” and Pt"" can easily be mistaken for Pt*". For
this reason, only the most reduced and oxidized Pt species were
used as references for the LCA.

Temperature distribution. For the infrared thermography
(IRT) measurements an ImageIR camera (InfraTec GmbH)
was used. The thermograms were collected using the IRBIS 3
Software (InfraTec GmbH). The average temperatures of the
catalysts during the XAS measurements were calculated from
the IR measurements, using in-house developed scripts based
on the software IgorPro version 8.0.

3 Results and discussion

3.1 CO conversion over different catalyst shapes and reaction
cell geometries

For comparing the chemical state of Pt for different catalyst
shapes, operando XAS measurements were conducted on a
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packed powder bed and a coated monolith wall in a quartz
reactor as well as on a coated chip in a high flow cell (Fig. 1a-c).
The chemical state of Pt is dependent on the gas atmosphere
which changes with the temperature due to catalytic conversion.
The corresponding CO conversion curves are shown in Fig. 1d.
For the experiments a lean gas mixture of 1000 ppm CO and
10% O, in inert gas was dosed. Due to the different geometries
and amounts of catalyst, the weight hourly space velocities

Vgas

dv . .
WHSV = ’f:‘ ® were different for each experiment. Here
“Itpt

is the total gas flow and mp, - the mass of Platinum. The
corresponding WHSVs are included in Fig. 1, which shows the
total conversion of CO as a function of the average sample
temperature for the three catalytic systems.

The packed powder bed showed a steep conversion profile
with 50% conversion at around 75, = 155 °C. The powder
catalyst was the only one of the 3 geometries with principally
100% conversion. In regard to the pressure drop, the packed
bed was estimated to exhibit a difference in pressure Apy
along its whole length Lj, in the range of 0-10 mbar (see ESIT
for estimation), which is well within the recommended range

APy < 0.2 0t
Ly, b

pressure drop can be expected to be even lower for the
washcoated catalysts than for the packed powder bed.
Furthermore, the reactor diameter was 10 times the particle
diameter which implies, that wall effects can be neglected.*’
In the kinetic regime (CO conversion Xco < 20%) at 150 °C
(see Fig. 1e), the packed powder bed exhibited a Damkohler
number II of Day ~ 0.002. Such a small value below the
threshold of approximately 0.02, indicates that the catalyst is
unlikely to suffer from external mass transfer limitations
(MTL).** Furthermore, the Thiele (#) and the Weisz (¥)
moduli were 0.09 and 0.003 respectively, indicating also the
absence of internal mass transfer limitations. Note that in
general, for a Thiele modulus below 0.3 and a Weisz modulus
below 0.1 for first order reactions, the catalyst is considered
to be unaffected by internal mass transfer limitations.** In
regard to the flow profile, the Reynolds number was
approximately 8, which suggests a laminar flow profile. Note
that turbulent flow for packed beds with spherical particles
occurs for Reynolds numbers above 10> (¢f ref. 43), for
cylindrical reactors without powders above 2300 (c¢f ref. 20)
and for overflown plates in the order of magnitude 10°.

The coated monolith wall (Fig. 1d) exhibited the same
light-off temperature (Ts, = 155 °C) as the packed powder
bed. However, it was not able to reach 100% CO conversion,
even at 500 °C. According to literature, the relatively shallow
temperature dependent CO conversion increase could suggest
internal mass transfer limitations.** However, the Thiele
modulus (@) was 0.08, indicating that the catalyst was
unlikely to be influenced by internal mass transfer
limitations. Since the Damkohler number II was, with a value
of 2.5, relatively high, external mass transfer limitations can
not be excluded. Therefore, the shallow conversion increase
above 200 °C could originate from external mass transfer

for catalytic experiments:*’ Note that the

This journal is © The Royal Society of Chemistry 2025
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limitations. Furthermore, the fact that the catalyst did not
reach full conversion may even suggest a gas bypass."”*’

The chip within the continuous flow cell (Fig. 1c) showed
a maximum CO conversion of about 40%. The Damkohler
number II was estimated to be 94, suggesting the presence of
external mass transfer limitations. The washcoat on the chip
was, with a calculated thickness of 700 um much thicker
than that on the monolith wall (21 pm) or the particle size of
the packed powder bed (150 + 50 um). Therefore, internal
mass transfer limitations are more likely to occur. The Thiele
modulus (@) was estimated to be 2.6, which is above the
threshold value of 0.3 above which internal mass transfer
limitations are generally expected to be present.*” Note
furthermore that due to the large dead volume of the reactor,
a bypass of gas can also not be excluded. Although for XAS
such unfavourable geometries for in-situ cells can be
circumvented, we find various cells like this in literature, e.g.
for surface X-ray diffraction,*® operando transmission electron
microscopy®” and in-situ X-ray photoelectron spectroscopy.*®

3.2 Structural evolution of Pt along the catalyst bed

In a next step the effect of CO-conversion in the various
spectroscopic reaction cells on the chemical state of the
catalyst is discussed as the local CO and oxygen
concentration have a direct influence on the state of the
catalyst. This can lead to spatial gradients of the chemical
noble metal state along the catalyst bed.*® Furthermore, the
bulk sensitivity of XAS® can result in diminished changes
of the chemical noble metal state if the catalyst is subject
to internal mass transfer limitations (e.g. for thick
washcoats).” In this study, the electronic state of Pt was
investigated during the CO oxidation reaction not only
operando and in a spatially resolved manner but also for
different catalyst shapes as shown in Fig. 2 and 3. The
chemical state of the catalyst was evaluated by linear
combination analysis (LCA) with oxidized Pt (obtained from
measurement of oxidized reference sample) and reduced Pt
(obtained from measurement of a Pt foil) as LCA references.
Pt with adsorbed CO was not used as a reference species
since it is hardly distinguishable from metallic Pt with
standard XANES.

Due to the initial high oxidation state of the samples at
room temperature (Fig. 2a), the Langmuir-Hinshelwood
mechanism®" may be suppressed due to the lack of available
metallic Pt sites, where CO and oxygen can adsorb. Above
room temperature the catalyst started to reduce likely due to
small amounts of CO that reacted with oxygen from the
oxidized Pt particles, desorbed and left behind metallic sites
that are available for CO adsorption. When the lowest
oxidation state possible for the system was reached, the
conversion increased and the catalyst started to re-oxidize.
This re-oxidation which can be seen in Fig. 2a at
temperatures above 150 °C, is a direct consequence of the
higher oxygen to CO ratio in the gas. This is sketched in
Fig. 2b and has already been observed before in

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 a) Temperature dependent evolution of the Pt oxidation state at
different position for the packed powder bed shown in Fig. 1. The
standard error of the LCA is £2%. Black arrows indicate the temperatures
where the re-oxidation occurs. The corresponding temperature
dependent total CO conversion is shown in Fig. 1d. b) Sketch of the gas
composition and the chemical state of Pt along the packed bed for
different temperatures. The dashed lines indicate where the X-rays
(depicted exemplary for one position in yellow) penetrate the packed
powder bed during the spatially resolved investigation.

literature.”*>> At 160 °C the catalyst achieved full CO
conversion along the whole catalyst bed and CO was still
present at all positions along the catalyst bed. With increasing
temperature the front where CO was absent and the catalyst
was exposed only to CO, and O, moved upstream and led to a
re-oxidation of the catalyst at different positions of the bed.
For temperatures above 230 °C, CO became already
completely converted at the very start of the catalyst bed and
the whole length of the bed exhibited a high oxidation state.
Note that since the X-rays hit the sample under an incident
angle of 45° which was chosen for obtaining a sufficient but
unsaturated fluorescence signal (90° between incoming beam
and detector’®), the information obtained from the XAS
measurements was an average of a larger area. This is
sketched for the start position at 160 °C in Fig. 2b.

The temperature dependent evolution of the chemical
state of Pt for the coated monolith wall and the coated chip
from Fig. 1b and c are displayed in Fig. 3. The general
behaviour of the monolithic sample was similar to that of
the packed powder bed, but the spatial gradient seen for
the packed bed (Fig. 2a) was absent. The re-oxidation

React. Chem. Eng., 2025, 10, 1233-1243 | 1237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4re00262h

Open Access Article. Published on 24 marzo 2025. Downloaded on 16/10/2025 01:55:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a
& 1.0F '
kS [ i T,
g 0.8 0‘0 _____ . N -
p 06} L P39 900
o] Iy
s 041 Q@ start \
& 02f 06 £37°
g 0.0 o o end 1 L L 100 1 150 200I
b 0 100 200 300 400 500
g 10F
° 08}
(%)
w 0.6
S
c 04F
S
5 02 y
5 00l central position
0 100 200 300 400 500
Taverage (OC)

Fig. 3 Temperature dependent evolution of the platinum oxidation
state for the a) monolith wall and b) chip, shown in Fig. 1. The standard
error of the LCA is £2%. The corresponding temperature dependent
total CO conversions are shown in Fig. 1d.

occurred for all positions at the same temperature (130 °C)
due to the higher WHSV and external mass transfer
limitations (Daj = 2.5), so that CO was always present at
every position along the catalyst. In contrast to the packed
powder bed, there was no clear front in the gas phase
beyond which CO was absent.

The evolution of the oxidation state of Pt on the chip is
shown in Fig. 3b. The XAS measurements were conducted at
the central position of the chip. Below 200 °C no visible
changes in the oxidation state of Pt were observed. Due to the
large thickness of the coating most of the Pt on the chip is more
likely to suffer from internal mass transfer limitations (@ = 2.6)
which limited the CO oxidation reaction more to the surface
of the washcoat. Therefore, XAS which is a bulk sensitive
technique showed hardly any changes in the oxidation state of
Pt, since changes would mostly occur at the outer surface. For
temperatures above 300 °C all three catalysts (packed powder
bed, coated monolith wall, coated chip) showed a reduction
behaviour. This reduction can be explained by the increase in
empty Pt sites at elevated temperatures due to the decreasing
residence time of adsorbates on Pt.*

In summary, external mass transfer limitations which we
observed for the washcoats, but not for the packed powder
bed were shown to lead to diminished gradients in the
chemical state of the catalyst. For the thick washcoat,
internal mass transfer limitations allowed only the outer
surface of the catalyst to participate in the reaction.
Therefore, changes in the chemical state of the catalyst in the
surface layer were barely observed by bulk sensitive XAS. As a
consequence, when the chemical state of the catalyst is to be
compared between laboratory studies and industrial scale in
a global as well as in a spatially resolved manner, the
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WHSV as well as the mass transfer have to be considered
(e.g. for VOC oxidation'”*?).

3.3 Evaluation of temperature distribution along the catalytic
bed

For the heating of catalysts, compromises between heating
efficiency and feasibility have often to be made, especially
when it comes to operando XAS measurements. A hot air
blower is for example an often used and easy to handle way
to heat packed powder beds. Typically heat shields of X-ray
transparent materials (e.g. Kapton) are utilized in order to
provide a better temperature homogeneity. This is however
not possible, when the temperature is observed by Infra-red
thermography since the IR radiation cannot penetrate the
heat shield. Depending on the experimental requirements
(e.g. isothermicity, heating rate) optimized heating methods
(e.g. split furnace) can be applied. But such heating methods
are also not universally applicable and fail for experiments
where fluorescence or diffraction is recorded (e.g HERFD-
XAS, fluorescence XAS, XRD). In this study, the packed
powder bed and the monolith wall have been heated by a hot
air blower which is displayed in Fig. 1a. The coated chip
exhibited resistive heating structures, printed on its backside.
Since the catalytic activity and the chemical state are strongly
dependent on the temperature as can be seen in Fig. 1d, 2a
and 3 the temperature distributions over the catalyst bed for
the different catalytic systems should be known in detail.
Therefore, infrared thermography measurements were
conducted on a packed powder bed and a monolith wall
inside quartz reactors above a hot air gas blower as well as
on a coated chip in a continuous flow cell which was heated
by resistive heating structures printed on its backside (see
Fig. 1la-c). The results of the temperature analysis are
displayed in Fig. 4. Note that in contrast to the chip and the
packed bed, the temperature of the coated monolith wall was
not measured during the light-off experiments displayed in
Fig. 1d but separately on another, identical sample.

Even for the closest packed powder bed in a capillary the
sample does not reach the temperature set in the temperature
controller of the hot air gas blower.** The temperature
distributions in Fig. 4 show the temperature profiles of the
marked area for selected average temperatures. The
distributions that are depicted in orange and which have
similar average temperatures were obtained at a temperature
set point of 170 °C for the packed powder bed, 225 °C for the
monolith wall and 150 °C for the chip. Since the packed
powder bed and the monolith wall exhibited similar average
temperatures, even though the set point of the hot air gas
blower was 55 °C higher for the monolith wall, it can be
concluded that the heating of the monolith wall was much less
efficient, likely due to the low contact of the monolith wall with
the capillary reactor. The chip was heated directly by resistive
heating structures printed onto the chips backside and
exhibited the narrowest temperature distribution. For all three
samples no shielding was applied for reducing gradients in
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Fig. 4 Selected temperature histograms (left) and the typical
thermograms with the marked in red analysed areas (right): (a) packed
powder bed, displayed in Fig. 1a; (b) coated monolith wall, similar to
the one displayed in Fig. 1b; (c) coated chip, displayed in Fig. 1c. The
average temperatures are indicated. The gas inlet is on the left side. (d)
Definition of the temperature range T; < T < T, based on analysis of
thermograms. (e) Temperature distribution for different catalyst forms
at different average temperatures.

temperature and therefore these measurements are extreme
cases. For the packed bed and the monolith in the quartz
reactors the hottest areas were those closest to the hot air gas
blower nozzle and the temperature decreased strongly in
horizontal and vertical direction. In case of the chip the
temperature decreased at the positions far from the electrodes
due to the low thermal conductivities of the coating and the
chip material. The temperature ranges 7) < T < T, are
evaluated for every temperature for all three samples and
displayed in Fig. 4e. Ranges were chosen by weighting the
number of pixels within the marked area with their respective
temperature, which is depicted as the area beneath the curve
in Fig. 4d, followed by selecting the temperatures T4/7, below/
above which 25% of the temperature weighted amount of
pixels lay. The range was chosen in this way, so that small areas
with strong deviations in temperature from the majority of the
sample, do not influence the temperature range. From Fig. 4e
it can be seen that the sample variation of temperature
increased for all samples with increasing average temperatures.
The monolith wall showed the broadest temperature
distribution followed by the packed powder bed. The narrowest
distribution was obtained for the coated chip. The broad
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temperature distribution of the monolith wall was likely due to
the limited contact with the quartz reactor while the high
homogeneity of the chip can be attributed to the evenly
distributed resistive heating structure that is in direct contact
with the chip.

The broader temperature distribution of the coated
monolith wall could explain the light-off behaviour shown in
Fig. 1d. Here, the packed bed and the monolith wall
exhibited CO oxidation insets at roughly the same
temperatures. Due to the WHSV of the monolith wall being 6
times higher than that of the packed powder bed, the
monolith walls light-off is expected to occur at higher
temperatures than that of the packed bed. However, since
the monolith wall exhibited a larger temperature distribution
(note that usually a heat shield or similar efforts are taken to
prevent this), some parts of the washcoat had a higher
temperature in comparison to the packed powder bed for the
same average sample temperature. According to the
Arrhenius equation the catalytic activity roughly doubles with
every additional 10 degrees in temperature.® Therefore, in
case of the monolith wall, the hotter parts of the catalyst that
exhibited higher temperatures than those of the packed bed
would contribute much more to the catalytic activity. This
could explain, why no difference in light-off temperature was
observed between the powder packed bed and the monolith
wall despite the difference in WHSV.

The temperature distribution had a noticeable influence
on the catalytic activity. Resistive heating structures showed a
narrower temperature distribution than the heating with a
hot air gas blower, which makes them superior in terms of
exploiting the largest amount of noble metals due to the
strong activity dependence on the temperature. The broad
temperature distribution of the packed bed and the monolith
wall heated by hot air blower indicate the need for improved
heating methods like e.g. heating coils in close contact to the
reactor” or inductive heating.”®®” Furthermore, applying a
cap with Kapton windows above the hot air blower and
around the quartz reactor is known to improve the
temperature ~ homogeneity.  Alternatively, = for  XAS
investigations on weakly absorbing samples, a split furnace
can be utilized®® which generally exhibits a more
homogeneous temperature profile.

3.4 Spatially resolved CO conversion study

A direct comparison of the CO conversion was performed for
the Pt/Al,O; catalyst in packed powder bed form and as a
coated layer on a 3 x 3 channel monolith. The catalysts inside
the quartz reactors were mounted inside the Reacnostics
compact profile reactor. Both samples exhibited a similar
catalyst length, the same amount of platinum and an
identical WHSV. Also for these catalysts, the pressure drop
and the reactor diameter in ratio to the sieve fraction were
well within the recommended limits (see ESIT).*

Fig. 5a displays the CO conversion profiles along the
catalyst packed powder bed. For all temperatures the CO
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conversion increased linearly along the catalyst bed. Such a
linear conversion behaviour can also be found in literature
for catalyst foams in a similar reactor.®’ Note that the
position uncertainty with this setup was always +2 mm.
Fig. 5b shows the conversion profiles for the 3 x 3 channel
monolith, which increase linearly along the monolith
channel within the first half of the catalyst. In the second
half of the catalyst, the conversion per length decreases. In
literature, a non-linear behaviour of a Pt/Al,O; coated
monolith has also been observed for the same gas
composition at a 16 times higher WHSV.* Hereby, the
sampling technique was however different, which affects the
gas phase.”® For the coated monolith wall the CO conversion
rate deviated from the linear behaviour towards the end of
the reactor (Fig. 5b). As indicated by the Damkohler numbers
II and the Thiele moduli in Fig. 5c, none of the two catalysts
is likely to suffer from external or internal mass transfer
limitations since Day and @ are small. Therefore, mass
transfer limitations are unlikely to be the cause for this non-
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Fig. 5 Spatially resolved, temperature dependent CO conversion
profiles of Pt/Al,O3z catalysts: (a) diluted Pt/Al,Oz packed powder bed
(sieved powder catalyst bed 1) inside a quartz reactor with an inner
diameter of 4 mm; (b) 3 x 3 channel monolith with a Pt/Al,O3 coating
(coated catalyst 1) inside a quartz reactor with an inner diameter of 5
mm. Gas feed: 1000 ppm CO and 10% O,. (c) Dimensionless numbers
for the two different catalyst shapes. Average catalyst temperature (7),
weight hourly space velocity (WHSV), pressure drop (Ap), Reynolds
number (Re). Criteria for external mass transfer limitations (MTL):
Damkoéhler number Il (Da;) and Mears criterion. Criteria for internal
mass transfer limitations: Thiele modulus (®), effectiveness factor n
and Weisz modulus (¥). Details on the estimations are provided in the
ESI} (d) Sketch of the monolith within the quartz reactor: gas velocity
vectors show the gas flow behaviour, gas feed from left.
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linear conversion behaviour. It is claimed in literature®® that
the introduction of a gas sampling capillary, which reduces
the cross section of the channel leads to a lower gas velocity
within that channel. As a consequence, the gas that went
through the central channel, which was the probed channel,
exhibited a higher CO conversion due to the lower WHSV in
comparison to the gas which went through the other
channels. The gas with the higher velocity from the other
channels mixed with that of the probed channel at the end of
the catalyst via gas diffusion as depicted in Fig. 5d. The
mixture of the central channel gas with gas that experienced
less conversion led then to a decrease in measured CO
conversion towards the end of the central channel of the
monolith. Note, that there is also the possibility that, due to
the laminar flow profile (Re(T) < 10) some of the CO
completely bypassed the monolith as suggested within
Fig. 5d. For a direct comparison of the two catalyst forms
the conversion rates normalized to the amount of
platinum were calculated for different temperatures. Due
to the non-linear behaviour of the conversion observed for
the monolith, only the first half of the catalyst bed was
used for the calculation of the normalized conversion
rates and the results are depicted in Fig. 6.

The normalized to the amount of platinum conversion
rates of CO at different reactor temperatures for the packed
powder bed and the monolith are shown in Fig. 6. The
measurement of the packed powder bed was conducted at
117 °C instead of 123 °C, where both samples would have
been comparable. This lower temperature of 117 °C was
chosen because the packed powder bed exhibited already full
conversion at 123 °C. This full conversion can occur due to
the heat release during the exothermic reaction when the
catalyst powder is not sufficiently diluted. The temperature of
99 °C where CO conversion is in the range of 10% to 20%
(kinetic regime) is best suited for a comparison of the two
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Fig. 6 CO conversion rates (integrated over the first half of the bed)
normalized to the amount of platinum in the packed powder bed and
coated monolith. The calculations are given in the ESI}
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systems because the signal to noise ratio is sufficient (in
contrast to 25 ©°C) and the slope in the conversion-
temperature curve is much shallower in contrast to 117 °C.
At 99 °C the normalized reaction rate of the monolith was
50% higher than that of the packed powder bed. Because the
temperature profile within the packed powder bed, measured
with a thermocouple, was very homogeneous and showed
only a temperature increase of 0.2 °C along the whole catalyst
bed, any influences of temperature hot spots which can occur
for exothermic reactions®®° could be excluded here. The
monolith showed a higher normalized reaction rate, likely
because of the change in gas velocity the probed monolith
channel experienced because of the influence of the sampling
capillary. Due to the generally lower WHSV of the probed
channel the normalized reaction rate of the monolith shown
in Fig. 6 is overestimated. That is, without a gas sampling
probe, the normalized reaction rate would be lower.

Spatially resolved conversion measurements with the
capillary sampling technique on a coated honeycomb showed
non-linear behaviours in contrast to the packed powder bed
which exhibited linear profiles along the catalytic bed.
Therefore packed powder beds appear to be more suitable for
this type of testing.

4 Conclusions

In this study coatings with different thicknesses as well as
packed powder beds were investigated with the intent of
unravelling similarities, differences and limitations of these
catalyst shapes for operando spectroscopic studies. For this
purpose a state-of-the-art Pt/Al,O; catalyst prepared with
incipient wetness impregnation was investigated during CO
oxidation under lean conditions as example reaction. The
occurrence of internal and external mass transfer
limitations and their influence on the oxidation state of the
catalyst were evaluated.

In the kinetic regime at 150 °C, the packed powder bed
which was not subject to any kind of mass transfer
limitations, showed spatial gradients in the oxidation state of
Pt during the reaction, due to the presence and absence of
CO along the catalyst bed. At this temperature, the coated
monolithic sample, which suffered from dead volume and
external but likely not from internal mass transfer limitations
showed no spatial gradient in the oxidation state of Pt. We
attribute this to a homogeneous CO distribution in the gas
phase along the catalyst bed. For a thick coating layer, which
was subject to internal and external mass transfer limitations
at 150 °C, changes in the chemical state of Pt were
diminished. The bulk probing XAS technique is therefore not
applicable to systems, where changes occur only close to the
surface of the catalyst. These findings reveal, that internal
and external mass transfer limitations have to be considered,
if spectroscopic data obtained on different catalyst shapes
are to be compared.

Furthermore, the temperature profiles of the different
catalytic shapes were analysed. The chip with the printed
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resistive heating structure showed the best temperature
homogeneity due to the uniform heating. The monolith wall
and the packed powder bed were heated by a hot air blower
which led to vertical and horizontal temperature gradients in
the absence of shielding and broadened the temperature
profile. In comparison to the packed powder bed the
monolith wall showed a broader temperature distribution
due to limited contact with the quartz reactor. This had an
influence on the light-off behaviour because some parts of
the washcoat exhibited a higher temperature where the
catalyst could already ignite. This investigation emphasizes
the importance of sufficient catalyst dilution and the choice
of heating method in combination with the reasonable
choice of the catalyst form and reactor geometry for operando
experiments. For coatings, the possibility of integrated
resistive  heating may overcome the limitation of
inhomogeneous temperature profiles, ensuring an optimal
usage of the noble metal.

At last, the gas phase distribution during CO oxidation was
investigated in a spatially resolved manner. Due to the gas
sampling method, which introduces a sampling capillary
through the catalyst, the WHSV within the probed channel of
the monolith decreased which led to an overestimation of the
catalytic activity. This was revealed by a direct comparison to a
packed powder bed, containing the same amount of platinum.
In the kinetic regime at 99 °C where the comparison was
conducted, both catalysts were not subject to mass transfer
limitations.  Therefore, spatially resolved gas phase
investigations should either be conducted on packed beds in
order to obtain realistic gas flow profiles, or obtained by non-
invasive techniques like e.g. planar laser induced fluorescence.
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