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Introduction

Exploring structure, temperature and activity
correlations in the selective oxidation of lower
olefins over Bi-Mo-Co-Fe-O catalysts by spatial
reactor profile measurementst

Linda Klag, @2 Sebastian Weber, @2° Raimund Horn,*
Thomas L. Sheppard @iab and Jan-Dierk Grunwaldt @ *3°

Improving process efficiency in selective oxidation of lower olefins over mixed metal oxide catalysts
requires profound knowledge of the dynamic behaviour of exothermic reactions along the reactor. For this
purpose, structure-activity correlations of two Bi-Mo-Co-Fe-O model catalysts were investigated by means
of structure, temperature and activity profiling in selective propylene and isobutene oxidation. Both
catalysts showed pronounced differences in selectivity, which strongly affected the temperature and gas
phase concentration gradients along the reactor, and thus the reaction network of each olefin oxidation
process. Complementary structure profiling by synchrotron XRD identified the evolution of crystalline metal
oxide phases after testing in propylene oxidation. Molybdate-based structures (e.g.. a-BiM0ozOg,,
BizsFeM0,0;,) were found to moderate oxygen mobility during catalytic reaction and increase selectivity
towards acrolein/methacrolein, while particularly single metal oxides (i.e., CozO4, Fes04) enhanced oxygen
mobility drastically and favoured total oxidation. Comparison of selective propylene and isobutene
oxidation revealed the metal oxide phase ensembles within each catalyst had comparable effects on both
reaction networks. Hence, the spatially-resolved testing and characterization allowed a systematic study of
the catalytic processes along the reactor, showing great promise for knowledge-based optimization of
selective oxidation processes.

understanding of the working principles of MMO catalysts.”

The mechanism and kinetics in selective propylene (amm)

The selective oxidation of lower olefins over bismuth-
molybdate based mixed metal oxides (MMO) is of great interest
in chemical industry for the production of various organic
intermediates (e.g., acrolein and methacrolein)."* Although
these processes are well-established, neither selective propylene
nor isobutene oxidation runs at maximum selectivity but rather
produce undesired by-products such as CO,.>* Enhancing
process efficiency by improving catalytic performance and
lowering CO, emissions requires the combined efforts of
industry and academia,™® including a fundamental
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oxidation over bismuth molybdates were recently reviewed by
Bell,"" reporting general acceptance of the Mars-van-Krevelen
mechanism and identifying C-H bond activation in the methyl
group of propylene as a rate-limiting step. Notably, most
research has focused on selective propylene oxidation over
bismuth molybdate catalysts, while different mechanisms have
been proposed for isobutene oxidation.™ In parallel, the
characterization landscape has evolved significantly,'®>
making it more feasible to tackle the structural complexity of
such catalysts.”®> For example, operando characterization has
produced conclusive data on structure-activity correlations of
simplified model systems (e.g., 2-component Bi-Mo-0).*
Further structural insights into more active multicomponent
systems (e.g., 4-component Bi-Mo-Co-Fe-O) were gained
recently, therefore unravelling the complex phase mixtures
present, and the role of individual metal oxide phases.**°
Parallels between the selective oxidation of propylene to
acrolein and isobutene to methacrolein were also found.>”**
Most studies of selective olefin oxidation on bismuth
molybdates have been conducted in an integral manner, by
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correlating reactor in- and outlet measurements and
deconvoluting the catalyst structure at a fixed bed position.
However, selective oxidation of both propylene and isobutene
are highly exothermic reactions. This can lead to temperature
gradients along the reactor, which can in turn cause catalyst
structural gradients and affect local reactant and product
concentrations. For this reason, recent developments in
literature have moved towards in situ/operando spatially-
resolved techniques, which are sensitive to gradients in
temperature, structure, and/or concentration within the
catalyst bed.>*' Touitou et al. published one of the first
setups for combined temperature and concentration profiling
along powdered catalyst beds,**** which was later extended
to simultaneous X-ray absorption spectroscopy (XAS) profiling
by Goguet et al®*?°> Moreover, Horn et al. reported on
spatially-resolved experiments in a lab-scale compact profile
reactor (CPR) under various pressures,’*® temperatures,’” and
with simultaneous spectroscopy®*®° and diffraction studies.*’
Especially from an industrial point of view, it is essential to
understand the dynamics along the reactor to e.g., prevent by-
product formation. Apart from CO and CO,, acrylic acid is a
common by-product in selective propylene oxidation, which is
mainly undesired due to its tendency to polymerize and
subsequent difficulties in removing it from the product
stream.'® Improving process selectivity requires profound
knowledge on the complex reaction networks, which in turn
allows further optimization of process parameters and reactor
design.”" On a fundamental level, such reaction networks were
mainly predicted from simulations and kinetic studies in the
past.*” Since the assumptions for such kinetic models (e.g.,
low conversion, isothermal conditions) are often rather
simplified, more realistic parameters need to be considered to
optimise the catalytic processes under operating conditions. For
this purpose, non-isothermal spatial profiling experiments can
enable new insights beyond the conventional “black box”
approach and can validate or complement theoretical
predictions about catalyst behaviour. In this context, Ganzer and
Freund derived a detailed reaction network for selective
propylene oxidation from spatially-resolved data over an
industrial multicomponent bismuth molybdate catalyst in a
pilot plant.*® Stehle et al investigated a Bi-Mo-Co-Fe-oxide
catalyst by activity and temperature profiling under industrially
relevant conditions in a fixed-bed lab-reactor, which led to
validation of the proposed reaction networks in literature.*
However, previous spatially-resolved studies in selective
propylene oxidation did not combine catalytic testing and
characterization simultaneously. Consequently, these studies
did not consider the influence of temperature and concentration
profiles on the local catalyst structure, and thus on the reaction
network. Instead, variations in the profiles were rather induced
by adapting the process parameters (e.g., coolant temperature,
oxygen-to-propylene ratio).***° Hence, it is equally important to
rationalize the structure and performance of different catalysts
together with resulting gradients along the reactor. Such an
approach can deliver profound insights into the roles of various
metal oxide phases in the selective oxidation of lower olefins.
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In this study, we report on spatial profiling experiments
during both the selective oxidation of propylene and
isobutene over Bi-Mo-Co-Fe-oxides in a CPR setup. Two
flame-spray prepared catalysts differing strongly in
selectivity®® were investigated with respect to temperature
and gas phase concentration gradients along the catalyst bed.
Flame spray pyrolysis is advantageous for the systematic
study of such complex mixed metal oxides in terms of easy
adjustment of elemental composition including high
reproducibility and accessibility to certain metastable phases
in a single step.>**”>' On the one hand, a selective catalyst
towards acrolein/methacrolein was chosen, on the other hand
a more unselective system mostly forming total oxidation
products. The spatially-resolved data obtained for selective
propylene oxidation was complemented by investigations on
possible structural gradients of both catalysts using ex situ
synchrotron XRD after testing. Together with the activity and
temperature profiles obtained for isobutene oxidation, the
datasets allowed a better comparison of both olefin
oxidations and gave new insights into their reaction
networks. In this way, we aimed for a deeper understanding
of the catalytic behaviour of Bi-Mo-Co-Fe-O catalysts in two
potentially similar oxidation reactions by studying the spatial
evolution of their metal oxide phases, gas phase
concentration and temperature, and thus the dynamics along
the reactor.

Experimental

Catalyst synthesis and characterization

Two Bi-Mo-Co-Fe-O catalysts (denoted as FSP-Co and FSP-U)
were prepared by flame spray pyrolysis (FSP) as described in
ref. 28. The catalysts differed in their elemental composition
(Table 1), with FSP-Co containing the highest amount of
cobalt (40 mol%) and FSP-U containing the highest amount
of molybdenum (50 mol%), referring to an elemental
composition firstly reported and recommended by Moro-Oka
and Ueda.” Both catalysts were characterised by various
complementary techniques, including Raman spectroscopy
and X-ray diffraction (XRD) to provide information on both
the amorphous and crystalline metal oxide phase mixtures
present.

Spatially-resolved catalytic testing in a compact profile
reactor (CPR)

The spatially-resolved catalytic testing in selective propylene
and isobutene oxidation was performed in a CPR setup
(REACNOSTICS GmbH). The spatial profiling technique along

Table 1 Elemental composition of the as-prepared FSP catalysts as
determined by ICP-OES

Metal ratio/mol%

Sample Bi Mo Co Fe
FSP-Co 5.0+0.1 35.0£0.9 40.1 £ 0.8 19.9 + 0.5
FSP-U 4.2 +0.1 50.2 £1.3 33.3£0.6 12.3 £ 0.3

This journal is © The Royal Society of Chemistry 2024
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packed beds of powdered catalysts was conducted in a similar
way as in previous work.*®*® Further information on the CPR
setup is given in the ESIf (section S1). In this way, the gas
concentration and catalyst temperature along the catalyst bed
were recorded within a single experiment. In addition, the CPR
allows recording structure profiles by e.g., XAS (ESL,;} section S6)
and synchrotron XRD (see results and discussion section).

For each profile measurement, the catalysts FSP-Co and
FSP-U were ground, pressed, and sieved (sieve fraction of 300-
450 pum). In the case of selective propylene oxidation, 600 mg
of the sieve fraction was filled in a fused silica tubular reactor,
while for selective isobutene oxidation 100 mg of the sieved
catalyst was diluted with 300 mg SiC (450-600 pum) to avoid
thermal runaway. This resulted in a catalyst bed length of
25 mm in selective isobutene oxidation, and 31 mm (FSP-U)
or 43 mm (FSP-Co) in selective propylene oxidation. The
variations in bed lengths for the latter were related to a
slight difference in thickness of the reactor tubes and their
wall thickness. The catalyst bed was fixed by quartz wool
plugs and a sampling capillary was vertically positioned
through the centre of the catalyst bed. For preconditioning,
the catalysts were heated to 180 °C (5 °C min™') in synthetic
air (N,/O, = 80/20 vol%). Subsequently, each catalyst was
heated stepwise (2 °C min™") up to the respective ignition
temperature under reaction conditions (N,/O,/C,H,,/H,0 =
70/14/8/8 vol%, ~1 bar). An overview of the chosen reaction
conditions for each reaction is given in Table 2.

Prior to each profile acquisition, the catalyst was stabilized
for ~2 h under reaction conditions as monitored by gas
chromatography (GC) measurements behind the catalyst bed.
These measurements were repeated after profile acquisition
to confirm that the integral catalytic performance remained
constant during each experiment. Additionally, the oxygen
content of the integral product stream was constantly
monitored by an on-line oxygen sensor, showing stable
oxygen consumption. Preliminary tests in a lab-scale testing
unit further supported stable catalytic performance of FSP-Co
and FSP-U during several days on stream and showed the
same integral olefin conversions as observed within this
study in the CPR.

For each profile, the reactor/oven unit was moved stepwise
along the sampling capillary from outlet to inlet of the
catalyst bed. Typically, a step size of 3-4 mm was chosen, but
smaller steps (1-2 mm) were applied in the beginning and
end of the catalyst bed to properly detect the transition zone
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between catalyst and quartz wool. This resulted in at least 10
individual measurement points for each profile. GC data
acquisition at each measurement point lasted for 20 min,
resulting in a total profile acquisition time of ~4 h. From the
resulting chromatograms, olefin and oxygen conversion, yield
and selectivity towards the reaction products was calculated,
as described in the ESIj section S2. Based on the resulting
concentration profiles, local reaction rates were calculated
(ESLt section S2), which report the conversion or formation
of species between two consecutive measurement points.

Spatially-resolved characterization by synchrotron XRD

Spatially-resolved synchrotron XRD experiments were
performed ex situ at the P21.1 beamline (DESY, Hamburg,
Germany). For this purpose, the catalysts were cooled down
to room temperature in inert atmosphere after catalytic
testing in propylene oxidation, and sent to the beamline.
XRD patterns were acquired using a Perkin Elmer XRD1621
detector and monochromatic beam (1 = 0.12224 A, 700 x
700pum?). Azimuthal integration of the acquired 2D images
was done with the pyFAI package.’> XRD patterns were
recorded along the spent catalyst bed with a step size of
2 mm (FSP-Co) or 0.912 mm (FSP-U) and 60 s acquisition
time. Additionally, a LaBs reference was measured for
sample to detector distance calibration and to retrieve an
instrumental profile function. Sequential Rietveld refinement
(20 = 1-6°) was performed using TOPAS (v.6, Bruker AXS),*
with references available in the Inorganic Crystal Structure
Database (ICSD, see ESIt section S3). From Rietveld
refinement crystalline phase amounts and crystallite sizes
were obtained. More details on the sequential Rietveld
refinement can be found in the ESI} section 3.2.

Results and discussion

Catalysts and process conditions for spatial profiling in
selective olefin oxidation

Two FSP-prepared Bi-Mo-Co-Fe-O catalysts with different
elemental composition were investigated in a compact profile
reactor (CPR) during the selective oxidation of propylene and
isobutene, respectively. The corresponding metal oxide phase
composition of the “as-prepared” catalysts FSP-Co and FSP-U
is summarized in Table 3. Both catalysts were chosen as
representative model systems for providing high catalytic
activity and enabling either a rather selective (FSP-U) or

Table 2 Overview of the experimental conditions for activity profiling in selective propylene and isobutene oxidation

Propylene oxidation (He/O,/C3He/H,O = 70/14/8/8 vol%)

Catalyst Total flow mL min™* Toven/°C Meadl Dilution cat. : SiC GHSV/h™*

FSP-Co 75 380 600 — 10877

FSP-U 75 380 600 —_ 10877
Isobutene oxidation (He/O,/C4Hg/H,0 = 70/14/8/8 vol%)

FSP-Co 50 400 100 1:3 12473

FSP-U 50 450 100 1:3 12473

This journal is © The Royal Society of Chemistry 2024
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Table 3 Crystalline metal oxide phases in FSP-Co and FSP-U determined by complementary Raman spectroscopy and synchrotron XRD and their
quantification derived from Rietveld refinement before catalytic testing

Catalyst Raman spectroscopy Synchrotron XRD Crystalline phase amounts/wt%
FSP-Co a-CoMoO, a-CoMo0O, 30.5 £ 0.3
B-CoMoO, B-Cog.,Fey3M00, 37.3+0.3
C030,/Fe;0, Co30, 6.9 + 0.3
Fe;0, 19.0 + 0.6
Bi;FeM0,0,, 6.0+ 1.3
FSP-U“ o-CoMo0O, o-CoMoO, 12.9 + 0.6
3-CoMoO, B-Coy ,Fey 3M00, 58.6 £ 0.8
a-Bi;M0;04, 0-Bi;M0;04, 16.5 + 0.4
Fe,M0304, 12.0 + 0.8
% An additional phase, which was not conclusively identified, was detected but disappeared during reaction.
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Fig. 1 Catalytic activity, selectivity and temperature profiles (a and b), concentration profiles of the reaction products (c and d) and formation/
reaction rates to the products (e and f) for FSP-U (left) and FSP-Co (right) during selective propylene oxidation. Profiles were acquired under
reaction conditions (N»/O,/CsHe/H,O = 70/14/8/8 vol%; GHSV 10 877 h™) at respective ignition temperature (380 °C). Position 0 mm refers to the
beginning and position 31 mm (FSP-U) and 43 mm (FSP-Co) to the end of the catalyst bed.
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unselective (FSP-Co) reaction pathway in propylene and
isobutene oxidation.

For each reaction, same catalyst masses of FSP-Co and
FSP-U were chosen for comparability. However, selective
isobutene oxidation required a higher GHSV compared to
propylene oxidation due to a generally higher reactivity.
Hence, both catalysts were diluted with SiC to compromise
between controllable and comparable reaction conditions
during isobutene oxidation while still achieving an ideal flow
pattern (e.g., catalyst bed length to reactor diameter ratio).>*
This resulted in different bed lengths for each lower olefin
oxidation. For better comparison, we discuss the profiles with
respect to their relative catalyst bed position compared to the
full catalyst bed length (“0” at the beginning, “1” at the end).
Moreover, each condition (catalyst composition, hydrocarbon
species) required different temperatures to initiate the
reaction. For this reason, the oven temperature was adapted
to the respective ignition temperature of the reaction. An
overview of the chosen reaction conditions for each
experiment is shown in Table 2.

Selective propylene oxidation: influence of elemental
composition on activity and temperature profiles

The temperature and activity profiles of FSP-U and FSP-Co
with corresponding product amounts and formation/reaction
rates measured during selective propylene oxidation are given
in Fig. 1. Under identical reaction conditions, FSP-U showed
an integral propylene conversion of ~60% (Fig. 1a), while
FSP-Co was significantly more active showing ~80%
propylene conversion (Fig. 1b). The high activity of FSP-Co
was linked to increased oxygen consumption of ~90% and
high selectivity towards the total oxidation products CO and
CO, (Sco, ~40%). Notably, only low selectivity (~3%) towards
acrylic acid was obtained in the case of FSP-Co. In contrast,
the selectivity towards CO, reached only ~13% in the case of
FSP-U, while other reaction products included acrolein (Sacr
~68%) and acrylic acid (Sxa ~14%). Other by-products were
minor for both catalysts and are thus not further discussed.
The calculated carbon balance closed within 97 + 3% in the
case of selective propylene oxidation over FSP-U, while larger
deviations were found over FSP-Co (91 + 5%).

Moreover, different temperature profiles were obtained for
both systems. For FSP-U, a hot-spot was observed in the first
third (1/3) of the catalyst bed with a maximum at ~405 °C
and pos. 4.9 mm, correlating to the highest observed acrolein
formation rate (Fig. le). Hence, the heat load was highest
where the highest reaction rate of the selective oxidation
of propylene to acrolein occurred. In contrast, lower
temperatures correlated with enhanced by-product formation.
Thus, CO, CO, and acrylic acid formation rates increased
along the catalyst bed, with highest acrylic acid formation in
the second third (2/3) and highest CO, formation in the last
third (3/3) of the catalyst bed. This temperature dependency
of the acrolein and acrylic acid formation is comparable to
those in literature.*® The increase in acrolein formation rate

This journal is © The Royal Society of Chemistry 2024
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at 29 mm in Fig. 1e may be due to inhomogeneities in the
catalyst bed or to a local measurement error at the end of the
catalyst bed.

Interestingly, similar temperature regimes detected in the
first third of the catalyst bed of both FSP-U and FSP-Co
resulted in significantly lower acrolein but higher CO,
formation rate for FSP-Co (Fig. 1f). This emphasizes that
solely adapting the catalyst temperature to an optimum is not
sufficient to guarantee catalyst selectivity. Even though the
reaction rate to acrolein in FSP-Co further increased with
higher temperatures (T > 405 °C), CO, and CO formation
drastically increased towards the end of the bed of FSP-Co.
This was accompanied by a pronounced hot-spot (~450 °C) in
the last third of the bed and very high oxygen conversions (up
to 90%, Fig. 1b). This led also to a higher CO,-production
towards the end of the catalyst bed (crossover point of CO and
CO,-production at about 30 mm of the catalyst bed).

Notably, the acrolein yields obtained for FSP-Co and
FSP-U dependent on propylene conversion were nearly
identical within the entire conversion range (Fig. 2) and
almost stoichiometric at conversions <25% (in the first third
of the bed). This indicates that both catalysts follow the same
kinetics with respect to the first reaction step. As FSP-Co was
less selective than FSP-U, the integral catalytic performance
of each 4-component system was therefore defined by side
reactions. Such consecutive or parallel side reactions were
further indicated by the slopes of the acrolein yields
measured along the catalyst bed (see ESLi Fig. S1), which
flattened from the second third of the catalyst bed at further
increasing propylene conversion. Similar behavior was also
reported in literature,”®*>° with an even more pronounced
flattening of the acrolein yield curves that reached an
optimum at propylene conversions >80%. Still, acrolein
yields and byproduct formation are correlated, as byproducts
are partly formed from acrolein.

In order to unravel the reaction network for selective
propylene oxidation, the (by-)product yield ratios obtained

50
/
/
/, o 0©°
i o
40 // o© 14
/ °
/
R S/ ec®
~ 30 / .
x /e
2 /o
=} /7
2 20 2
> /e
//°
/oo
10 e
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0 20 40 60 80

Propylene conversion / %

Fig. 2 Acrolein yield over propylene conversion for FSP-Co (light) and
FSP-U (dark) measured during selective propylene oxidation. Dotted
line indicates the progress of the stoichiometric reaction.
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along the catalyst bed are given in Fig. 3. Particularly acrylic
acid was found to be formed consecutively from acrolein
(Fig. 3a), which agrees with previous reports on the reaction
networks in propylene oxidation over bismuth molybdate
based systems.*®**° However, similar acrolein amounts
formed in both catalysts resulted in different acrylic acid
yields. According to this, the high hot-spot temperature
measured in FSP-Co seemed to either suppress the partial
oxidation of acrolein to acrylic acid, or accelerate the acrylic
acid decomposition to CO,.

For both catalysts, CO formation was detected starting from
relative bed position 0.35 (Fig. 3b and c¢). This was
accompanied by a bed temperature of ~400 °C in both cases.
However, with further increasing CO formation from this
position, the catalyst temperature increased in the case of
FSP-Co while it decreased for FSP-U. Thus, no clear trend in
temperature dependency was observed, which hinted to
different reaction pathways for CO formation within each
system. In the case of FSP-U, CO formation started together
with the maximum of Yacr/Yco, at decreasing propylene
reaction rate (Fig. 3b), indicating that CO is rather formed
consecutively from acrolein. Since similar acrolein yields were
found for FSP-U and FSP-Co in dependence of propylene
conversion, the lower Yjcr/Yco ratios in FSP-Co suggest that
CO is rather formed from acrylic acid or propylene directly,
which is also supported by the increased propylene
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conversion. Notably, in both cases no CO was detected in the
first third of the catalyst bed at similar oxygen over propylene
conversions (see ESLj Fig. S2). Hence, CO formation was
suppressed at X, /Xcp, < 0.5. In contrast, CO, was already
detected in the first third of the bed, indicating its parallel
formation to acrolein directly from propylene for both catalysts.
In addition, the Y,cr/Yco, ratios decreased in the second and
last third of the bed for both catalysts, indicating that CO, was
additionally formed from acrolein (Fig. 3b) and acrylic acid
(Fig. 3d). Notably, CO, and CO formation were more favored
along the entire catalyst bed of FSP-Co (Fig. 3b-d), even though
temperature regimes were partly similar to FSP-U.

Hence, the pronounced differences in terms of catalytic
performance are probably related to the different metal
oxide phase composition of FSP-Co and FSP-U. Their
opposite selectivity trends in turn resulted in distinct
temperature gradients along the catalyst bed, leading to
extensive combustion at the end of the bed in FSP-Co
coupled to a hot-spot. This further correlated with different
oxygen/propylene ratios along the reactor (Fig. 4), although
the same gas feed mixture was dosed for the selective
oxidation over FSP-Co and FSP-U. Notably, the same catalyst
temperature did not involve the same oxygen to propylene
ratio for each catalyst. This indicates that the metal oxide
phases within FSP-Co and FSP-U induce a different oxygen
mobility within the catalytic reaction.
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catalyst bed during selective propylene oxidation.
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Fig. 4 Molar ratio of oxygen to propylene for FSP-Co (light) and FSP-U
(dark) together with temperature profiles along the catalyst bed during
selective propylene oxidation.

While it is well-known that the selective oxidation of
propylene proceeds via the Mars-van-Krevelen mechanism,"
implying that nucleophilic oxygen species from the bulk form
acrolein, with subsequent re-oxidization by gas phase oxygen,
the role of the metal oxide phases and the exposed surfaces
is still not fully understood. Bielanski and Haber postulated
the concept of nucleophilic and electrophilic oxygen species,
which describes the partial or total oxidation pathway over
transition metal oxides based on the reactivity of their metal
centers.”> Accordingly, molybdate structures induce the
formation of nucleophilic oxygen species which participate
in the selective pathway, while e.g, Coz0, generates
electrophilic oxygen species which adsorb on the metal oxide
surface and lead to total oxidation. Hence, the different metal
oxide phases within FSP-Co and FSP-U seem to trigger a
different shift in the equilibrium between the nucleophilic
and electrophilic oxygen species. Consequently, both catalysts
enabled different reaction pathways within the complex
reaction network of propylene oxidation over Bi-Mo-Co-Fe-O
catalysts (Fig. 5). At the same time, the selective pathway
further includes several mechanistic steps,'”'"*® including
olefin adsorption, H-abstraction, O-insertion and aldehyde
desorption. However, different metal centers contributing
to the redox cycle were described.’*™® Generally, a
multifunctionality of the active sites is suggested,® with the
selective oxidation being claimed to take place on bismuth
molybdate sites, while the activation of gas phase oxygen to
nucleophilic O*” is suggested to proceed on iron molybdate

CO 1010) CcO
\O \O
/j):\ / H\<m
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sites.”*® Since both «-Bi,M0;0,, and Fe,M0;0,, were
detected in FSP-U, this supports that both phases are crucial
for the selective reaction pathway. To further investigate the
influence of catalyst structure on concentration and
temperature distribution, their structural composition was
unraveled by synchrotron XRD profiling after selective
propylene oxidation.

Ex situ synchrotron XRD profiling after selective propylene
oxidation

The characterization of the 4-component Bi-Mo-Co-Fe-O
system requires advanced and complementary techniques,
including Raman spectroscopy, synchrotron XRD and multi-
edge X-ray absorption spectroscopy (XAS).>* Due to the complex
metal oxide phase mixtures, we used synchrotron-based
methods for spatially-resolved characterization. Note that
access is limited and thus, we report on selected ex situ
synchrotron XRD profiles of FSP-Co and FSP-U after testing in
selective propylene oxidation (Fig. 6a and b). The spatial
profiling of the catalyst structure with respect to crystalline
metal oxide phase amounts and crystallite sizes (via Rietveld
refinement) allowed to relate these to the strong temperature
and concentration gradients, thus giving insights on structure-
activity correlations along the catalyst bed. Note that
experiments in a microreactor setup showed that the crystalline
metal oxide phase composition of each catalyst remained
stable after catalytic testing with cooling in He atmosphere.

Similar to the initial compositions of both catalysts (see
Table 3), also the (in situ) activated states of each catalyst
strongly differed from each other. Notably, each metal oxide was
detected along the entire catalyst bed of both systems, but
several quantitative differences were found (Fig. 6¢ and d). In
the case of FSP-U, gradients in the amount of B-CoMoO,,
0-CoMoO, and Mo,50s5, were observed (Fig. 6¢). The strongest
gradient was detected in the first third of the catalyst bed, with
an increasing amount of B-CoMoO, (from ~54 to 59 wt%)
together with decreasing a-CoMoO, (~6 to 4 wt%) and Mo;40s,
(~11 to 7 wt%) amounts. Thus, the hot-spot found in the first
third of the bed of FSP-U was accompanied by the
transformation from o-CoMoO, to B-CoMoO,, indicating that
both phases are more temperature sensitive compared to
crystalline Fe,Mo03;0;,, Fe;0, and o-Bi,M030;,, which remained
stable.

In contrast to the other metal oxides, Mo;305, was formed
during catalytic reaction for FSP-U and was more prominent in

,co /,co ,co
CO, CO, \ cO,

Fig. 5 Schematic illustration of the reaction network for selective propylene oxidation over FSP-Co and FSP-U. Bold arrows indicate the most
favoured reaction pathway and dashed arrows the least favoured. The arrows depict the general pathways but do not imply more detailed

mechanistic information.
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Fig. 6 Ex situ XRD profiles of FSP-U (a, left) and FSP-Co (b, right) acquired after catalytic testing in selective propylene oxidation with subsequent
cooling in inert He atmosphere. Distribution of crystalline phases (c and d) and crystallite sizes (e and f) derived from Rietveld refinement. The
results were averaged and plotted over the relative catalyst bed position. Non-averaged data points are given together with additional Rietveld
refinement results in the ESI,7 section S5. Note that crystallite sizes of certain metal oxides could not be stably refined.

the last third of the catalyst bed. The formation of Mo,30s, is
probably associated to the reduction of Fe,Mo0;0;, to FeMoO,
and Mo0;.%° Since Ressler et al observed Mo,g0s, as an
intermediate during TPR of MoO; in propylene atmosphere,®!
this might indicate a more reduced or less re-oxidized catalyst
with lower bed temperatures. This is probably attributed to the
lower oxygen concentration (Fig. 1a) and would further explain
the increasing molar ratio of oxygen/propylene towards the end
of the bed (Fig. 4). Moreover, it is possible that the higher
temperatures in the first third of the bed promoted the
incorporation of Mo;30s, together with iron oxide into
B-CoMo00O,, forming B-Co,,Fe,3;M00,. Since also highest
acrolein formation was found in the first third of the bed, at
constant a-Bi,Mo03;0,, amount, this suggests a selective role of

870 | Catal Sci. Technol, 2024,14, 863-877

B-Coy.,Fey 3M00,. The phase interaction between
B-Coo sFeg 3sM00, and o-Bi,M0;0;, is generally assumed to
enhance catalytic performance.®*® Due to their isostructural
nature, -CoMoO, and B-Co,,Fe,;M00, could not be clearly
distinguished even by synchrotron XRD. Still, the corresponding
crystallite sizes of f-CoMoO, increased significantly in the first
third of the bed, which could indicate that more iron was
incorporated at higher temperatures (Fig. 6e). Notably, the
higher crystallite sizes of B-CoMoO,/B-Co, ;Fe,3M00, directly
correlated with increasing acrolein amounts in relation to
propylene conversion in both catalysts (see ESL; Fig. S8), further
strengthening its relevance for high selectivity. Notably,
crystallite sizes of B-CoMoO,/B-Co,,Fe,3;M00, were in a
comparable regime for FSP-U and FSP-Co, and those of Fe;0O,

This journal is © The Royal Society of Chemistry 2024
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and Coz0, remained nearly constant, while an increase in
crystallite sizes of y-Bi,M0Os was detected in the last third of
the bed of FSP-Co (Fig. 6e and f). Hence, the different
temperature gradients and hot-spot positions within each
catalyst bed affected metal oxide phases differently in both
systems.

In contrast to FSP-U, o-CoMoO, was completely
transformed to B-CoMoO, in FSP-Co, without showing any
pronounced gradients in B-CoMoO, amounts (~68-70 wt%,
Fig. 6d). Even though this implied a relatively high amount
of tetrahedrally coordinated Mo®" sites, which were for
example discussed within scheelite-structured bismuth
molybdates (e.g., BizFeMo0,0;,, @-Bi;M03;0;,) to enhance
catalytic performance,®* FSP-Co was less selective. This again
points to the relevance of phase cooperation® as well as to
the donor and/or acceptor properties of the respective metal
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oxide phases.®® Notably, the amount of crystalline Co;0,
increased in the last half of the catalyst bed, which correlated
with an increased oxygen consumption, higher CO,
formation and thus higher hot-spot temperature. At the same
time, this correlated with a decreased Bi;FeMo,0,, amount,
which was in turn higher in the first half of the bed. Hence,
these results support the selective role of Bi;FeMo,0;, and
the unselective role of Co;0, found in the context of selective
isobutene oxidation.”® Moreover, Biz;FeM0,0;, might
moderate the oxygen mobility through the catalyst bulk,
while Co;0, enhances the oxygen mobility drastically. This
supports the findings of Liotta et al, who attributed an
increased activity of Co;0, to the higher mobility of lattice
oxygen forming mainly CO, in total oxidation experiments.®”
Consequently, the local insights into catalyst structure could
be correlated to distinct features in catalytic activity and
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Fig. 7 Catalytic activity, selectivity and temperature profiles (a and b), concentration profiles of the reaction products (c and d) and formation/
reaction rates of the products (e and f) of FSP-U (left) and FSP-Co (right) during selective isobutene oxidation. Profiles were acquired under reaction
conditions (N/O,/C4Hg/H,O = 70/14/8/8 vol%; GHSV 12473 h™) at respective ignition temperatures and catalysts were diluted with SiC (1:3).
Position 0 mm refers to the beginning and position 25 mm to the end of the catalyst bed.
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selectivity, thus providing information on the roles and
cooperation of the metal oxide phases in catalytic reaction.

In the end, the phase mixture within FSP-U led to a more
moderate oxygen mobility compared to FSP-Co, resulting in a
better balance of the oxygen/propylene concentration along
the reactor and thus a less pronounced hot-spot. Hence, the
molybdate-based structures in FSP-U (ie., a-Bi;M030,,
Fe,Mo03;0;,) revealed better redox properties compared to
the increased amounts of single metal oxides (i.e., Fe3O,,
Co30,) in FSP-Co, which rather favoured overoxidation. As
a next step, the CPR setup further allows simultaneous
structure, activity and temperature profiling of the catalyst
under working conditions (operando). For demonstration of
this capability, spatially-resolved XAS results (Mo K-edge)
measured during selective isobutene oxidation over FSP-U
are given in the ESL} section S6.

Selective isobutene oxidation: influence of elemental
composition on activity and temperature profiles

Spatially-resolved measurements of temperature and activity
were further conducted during the selective oxidation of
isobutene over FSP-U and FSP-Co (Fig. 7), again showing
strong differences in catalytic activity. Notably, at the same
GHSV (12473 h™") different oven temperatures were required
to ignite the reaction. In the case of FSP-U, the reaction
started at 450 °C and an integral isobutene conversion of
~80% with high selectivity to methacrolein (Syac ~80%) was
detected (Fig. 7a). For FSP-Co, a lower temperature (400 °C)
was sufficient to ignite the reaction, reaching an integral
isobutene conversion of ~70% (Fig. 7b). However, isobutene
conversion was limited by the gas phase oxygen, as an oxygen
consumption of ~97% was measured. This was accompanied
by a comparably high selectivity towards total oxidation
products (Sco, ~35%). Notably, for both catalysts no
significant total amount (<0.002 umol) of methacrylic acid
was measured. Similar to selective propylene oxidation, only
other minor by-products were detected and were not further
followed up. The calculated carbon balance ranged within
89 + 5% over FSP-U and 92 + 6% over FSP-Co. This was
attributed to carbon deposits as product
polymerisation and depositions, which were inevitably
observed at high olefin conversions.

For both catalysts, hot-spot formation (~475 °C) was
observed within the first third of the catalyst bed.
Considering the lower ignition temperature for FSP-Co, the
heat release was much more pronounced over FSP-Co than
over FSP-U. This resulted in a stronger gradient within the
first third of the catalyst bed of FSP-Co. The temperature
gradient was rather constant (~410-390 °C) within the last
part of the reactor (9-25 mm) considering the lower oxygen
content (Fig. 7b), which probably even led to carbon
formation. Such carbon formation has been typically
observed for propylene oxidation wunder reducing
atmosphere.”® Notably, oxygen consumption exceeded
isobutene conversion from the position of the hot-spot

well as
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onwards (~2 mm). In this hot-spot regime, the highest
reaction rates were detected and decreased with lower
temperature (Fig. 7f). Moreover, the formation rate of CO,
was higher than for methacrolein at each bed position
measured. Hence, the origin of the strong hot-spot in the
case of FSP-Co was clearly due to the unfavoured total
oxidation of isobutene as evidenced by the increased CO,
concentration at the hot-spot position, which remained high
along the entire catalyst bed (Fig. 7d).

For FSP-U, temperature and concentration gradients were
more evenly distributed along the entire catalyst bed (0-25 mm),
not showing any increased oxygen consumption. In contrast
to FSP-Co, the hot-spot in FSP-U correlated to the highest
reaction rate to methacrolein (at ~4 mm, Fig. 7e). CO,
formation was enhanced in the second and last third of the
catalyst bed, accompanied by decreased temperature. Hence,
a temperature dependency for methacrolein formation was
found, which was underlined by similar slopes of the
temperature and methacrolein formation rate along the
entire catalyst bed. Still, similar temperature regimes in
FSP-Co resulted in enhanced oxygen consumption and thus
higher CO, formation, emphasizing again that catalyst
selectivity cannot solely be controlled by temperature. At the
same time, the absolute methacrolein amounts formed at
similar conversion were nearly identical for both catalysts
(Fig. 7c and d), thus underlining the relevance of catalyst
temperature for the product formation.

The methacrolein yields measured over isobutene
conversion showed nearly stoichiometric behaviour for FSP-U
in the first third of the catalyst bed (up to Xisobutene ~40%).
For FSP-Co, such stoichiometric behaviour was only observed
up to Xisobutene ~10% and the methacrolein yields in
dependence of isobutene conversion remained generally
lower at increasing conversion (Fig. 8). This indicates that for
FSP-Co by-products were already formed at low conversion
directly from isobutene. Notably, for both catalysts the
methacrolein yields increased rather linearly over isobutene
conversion, which suggests that no significant product
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Fig. 8 Methacrolein yield over isobutene conversion for FSP-Co (light)
and FSP-U (dark) measured during selective isobutene oxidation.
Dotted line indicates the progress of the stoichiometric reaction.
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amounts were formed consecutively from methacrolein.
Hence, in both cases by-products were mostly formed in
parallel to methacrolein directly from isobutene.

In the case of FSP-U, CO formation was detected from
relative bed position 0.25 onwards (Fig. 9a). Since this
correlated with the maximum of Yyac/Yco, at increasing
oxygen/isobutene ratio, CO might have been additionally
formed consecutively from methacrolein in FSP-U. However,
CO formation remained rather constant in the second and
last bed third, suggesting low temperature dependency and a
rather low consecutive formation from methacrolein. Instead,
CO formation might be rather dependent on the X, /X,
ratio, as also suggested for propylene oxidation. Again, CO
was only detected at Xo /Xc y, ratios higher than ~0.5 (see
ESL} Fig. S4).

For FSP-Co, Ymac/Yco, and Yuac/Yco remained nearly
constant along the entire catalyst bed supporting that CO,
was mainly formed from isobutene directly. This was further
underlined by the constant product concentrations from the
hot-spot onwards. For both catalysts, CO, formation was
higher than CO formation, as also represented by the yield
ratios of CO, obtained for both catalysts (Yco/Yco, < 1, see
Fig. 9b). Hence, the reaction rate of isobutene to CO, was
significantly faster than for the oxidation to CO on both
catalysts. The lower Yco/Yco, ratios in the case of FSP-Co
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Fig. 9 Yield ratios of methacrolein/CO, (a) and CO/CO, (b) for FSP-Co
(light) and FSP-U (dark) along the catalyst bed during selective
isobutene oxidation.
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underlined its higher tendency of CO, formation. Moreover,
the spatially-resolved insights revealed that the reaction in
FSP-Co took place entirely within the first third of the catalyst
bed, pointing out the high catalyst activity and lower
methacrolein selectivity due to total oxidation.

Similar to propylene oxidation, both catalysts enabled
different reaction pathways within the complex reaction
network of isobutene oxidation over Bi-Mo-Co-Fe-O
catalysts (see Fig. 10), which showed comparable trends for
both hydrocarbon reactants. Hence, the catalyst structures
had similar effects on the catalytic behaviour during both
propylene and isobutene oxidation.

Comparison of reaction networks in selective olefin oxidation

To draw conclusions on the catalytic behavior and reaction
networks in lower olefin oxidation, we directly compared the
profiles acquired for FSP-Co and FSP-U during selective
propylene and isobutene oxidation. Since both reactions
required different conditions (e.g., catalyst dilution or
reaction temperature, see Table 2), Thotspot/Toven Tatios were
calculated for better comparison of the released heat.
Remarkably, these ratios revealed similar values for FSP-U
and FSP-Co during both reactions (Fig. 11a). In both cases,
FSP-Co favored more the total oxidation. Notably, the relative
position of the hot-spot differed, being shifted more towards
the end of the catalyst bed during propylene oxidation. This
might be attributed to the catalyst composition resulting in a
slower reaction or total oxidation of propylene compared to
isobutene. The higher amount of unselective reactions over
FSP-Co in isobutene oxidation culminated even in nearly full
oxygen consumption at lower olefin conversions, despite the
catalyst was more diluted compared to propylene oxidation.
Hence, the gas phase oxygen was more easily converted to
CO and CO, in the presence of a second methyl group.

As discussed in the previous sections, the released heat
during each reaction correlated with the oxygen to
hydrocarbon ratio, with low ratios resulting in increased hot-
spot temperatures (Fig. 11a and b). Notably, the oxygen to
hydrocarbon concentration was nearly identical for FSP-U
over both propylene and isobutene conversion (see ESL;} Fig.
S6). This went along with similar amounts of acrolein and
methacrolein formed in each reaction. Remarkably, the
reaction rate achieved in the first third of the bed for FSP-U
was about twice as high for methacrolein compared to

P
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\
“Fspco /& W )\f

002 2 OZ

Fig. 10 Schematic illustration of the reaction network for selective
isobutene oxidation over FSP-Co and FSP-U. Bold arrows indicate the
most favoured reaction pathway and dashed arrows the least favoured.
The arrows depict the general pathways but do not imply more
detailed mechanistic information.
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along the catalyst bed of FSP-U and FSP-Co during selective propylene
(filled) or isobutene (empty) oxidation.

acrolein. Thus, the selective oxidation of isobutene proceeded
faster than the selective propylene oxidation, which is most
likely attributed to its additional methyl group. This further
resulted in a higher integral conversion of isobutene at
higher GHSV compared to propylene.

For both reactions, similar CO amounts were detected,
emphasizing its previously discussed dependency on the
oxygen to hydrocarbon ratio. Notably, CO formation was
found slower in isobutene oxidation than CO, formation, but
equally fast in propylene oxidation. This could indicate that
the olefins rather tend to form CO,, while acrolein or
methacrolein oxidation rather results in CO formation,
supported by the apparently greater stability of methacrolein
compared to acrolein. The consecutive formation of CO and
CO, from acrolein competed with its partial oxidation to
acrylic acid, which resulted in similar amounts of all three
by-products over FSP-U. In contrast, methacrolein was not
found to be partially oxidized to methacrylic acid. Hence, the
partial oxidation of acrolein proceeded faster than the total
oxidation of propylene over FSP-U, while the opposite trend
was observed for the partial oxidation of methacrolein.
However, with higher temperatures in propylene oxidation
over FSP-Co subsequent acrylic acid formation could not be
observed. Regardless of the catalyst, it was found that for
propylene oxidation the consecutive oxidation of acrolein was
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more critical for the overall catalytic performance in terms of
selectivity, while for isobutene the parallel reactions to its
selective oxidation seemed to determine the performance.

Overall, the results show that both catalysts enabled
comparable reaction pathways (selective vs. unselective) in
both selective propylene and isobutene oxidation. Hence, the
catalytic performance and released heat were rather
predominated by the catalyst structure than by the applied
process conditions. In particular, the metal oxide phase
ensemble of each catalyst was found to affect oxygen mobility
during lower olefin oxidation in a similar way regardless of
feedstock, indicating that a certain optimum in the oxygen to
olefin ratio and catalyst temperature is needed for high
selectivity. Even though it was reported that temperature
profiles in selective propylene oxidation strongly depend on
the experimental conditions (e.g:, temperature, pressure,
oxygen-to-propylene or water-to-propylene ratio),*® it seems
that such parameters rather influence the temperature and
concentration distribution along the reactor than the overall
integral catalytic performance. Finally, the spatial profiles of
FSP-Co and FSP-U represented a suitable reflection of the
selective and unselective reaction pathways in lower olefin
oxidation.

Conclusions

Two FSP-prepared Bi-Mo-Co-Fe-O catalysts with different
elemental composition were investigated during selective
oxidation of propylene and isobutene by spatially-resolved
experiments in a compact profile reactor. The catalysts were
chosen as model systems exhibiting high selectivity towards
acrolein/methacrolein (FSP-U), or unselectively forming other
by-products such as CO and CO, (FSP-Co). Spatial profiling
revealed strong temperature and concentration gradients
along the reactor with additional structural insights into
metal oxide phase distribution.

The initial composition of the as-prepared catalyst
directly influenced the reaction network of both selective
propylene and isobutene oxidation. This was attributed to
a different oxygen mobility of specific metal oxide phases
when cooperating with further phases in the 4-component
system. In particular, single metal oxide phases detected
in FSP-Co (i.e., Fe;0,, C030,4) lead to unselective reactions,
while molybdate structures (e.g., o-Bi;M030;,, Fe,M030;,)
within FSP-U were found to be more selective. Probably,
they moderate oxygen availability and thus improve the
redox  properties and  decrease  total  oxidation.
Consequently, the more active and unselective catalyst
FSP-Co additionally showed increased oxygen consumption
compared to FSP-U. This further resulted in a more
distinct hot-spot and high CO, formation. In contrast,
temperature and concentration gradients were more
uniform along the catalyst bed for FSP-U.

Notably, both catalysts showed several parallels in
selective propylene and isobutene oxidation, e.g., similar
oxygen/olefin concentration gradients. Moreover, the heat

This journal is © The Royal Society of Chemistry 2024
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release during each reaction was found nearly identical for
both catalysts, although the hot-spot positioned differed for
FSP-Co. This was attributed to the higher activity and thus
faster reaction rates found in selective isobutene oxidation.
Overall, these results show that the catalyst composition
affected the temperature and concentration profiles during
each reaction in a comparable way.

The distribution of crystalline metal oxide phases of FSP-U
and FSP-Co were obtained by spatially-resolved synchrotron
XRD with Rietveld refinement after testing in propylene
oxidation. For FSP-U, strongest gradients were observed for
crystalline B-CoMoO,;, a-CoMoO, and Mo,:30s5,, which
resulted in different amounts of tetrahedral and octahedral
coordinated Mo along the catalyst bed. An increased
amount of tetrahedrally coordinated Mo detected in the first
third of the bed correlated with an increased acrolein
formation and was further attributed to the formation of
selectively acting B-Co,,Fey3;M00,, with larger crystallite
sizes of B-CoMoO,/B-Co, ;Fe,3M00, in the hot-spot regime.
Increased amounts of Mo,305, towards the end of the
catalyst bed of FSP-U indicated a higher degree of catalyst
reduction, which correlated with a lower oxygen
concentration and higher CO, formation instead. For FSP-Co,
the phase mixture differed from FSP-U. An increased amount
of Coz0, probably enhanced the total oxidation, while
Bi;FeMo0,0;, performed more selectively. In addition, the
high temperature in the catalyst bed led to larger crystallite
sizes of y-Bi,M0Og. Although the phase interplay of the entire
phase mixture including the surface structure in such
complex 4-component systems is crucial for the overall
catalytic performance, especially ternary phases (ie.,
B-Coo.;7Feg3sM00,, BizFeMo,0;,) were found beneficial for
enhancing selectivity, while single metal oxides (i.e., Fe3O,,
Co30,) favoured the highly exothermic total oxidation in both
selective oxidation reactions.

Overall, the spatially-resolved studies of Bi-Mo-Co-Fe-oxides
in selective olefin oxidation have provided a further
understanding of structure-activity correlations, which is crucial
for knowledge-based catalyst design. In future, the spatial
profiling approach can be extended towards e.g, long-term
stability tests or kinetic modelling for a more profound
understanding of the reaction mechanisms. Moreover, spatially-
resolved studies on multi-zone catalyst beds with systems clearly
differing in activity appear promising to further understand
industrially-relevant multicomponent catalysts. Finally, the
approach to combine spatially-resolved activity/performance,
temperature and structural studies should be extended to
further operando techniques, such as XAS, XRD/PDF or Raman
spectroscopy.
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