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Abstract:

The selective oxidation of n-butane over vanadium phosphorus oxides to maleic anhydride is a crucial step in the
production of unsaturated polyester resins. As the demand for maleic anhydride is steadily rising, we are urged to
develop heterogeneous catalysts of still higher productivity and longer lifetime. To satisfy this demand, we require
knowledge of the conversion process on the molecular level, the structure of the catalyst on the nanometre level,
e.g. the exposition of active sites in nanoporous and millimetre-sized catalyst bodies or pellets, and an
understanding of how these pellets behave within the industrial setting. Here, using scanning X-ray diffraction, we
visualize how industrial reactor operation affects commercial porous Raschig-ring-type pellets. The examination
of a pristine catalyst pellet and two pellets extracted from an industrial reactor after four years of operation, one
from the reactor hot spot zone, revealed a series of structural and compositional modifications that can be linked
to decreased catalyst performance and the well-known, low degree of pore utilization, hence, a spatially non-
uniform utilization of the catalyst pellets. Specifically, we observe how the suggested differential thermal stress
and diffusion limitations induce a radial transformation of the pellets. This process is intensified in the hot spot
zone. We hope these observations reiterate the importance of characterizing heterogeneous catalysts at all length
scales to contextualize catalyst performance and provide insights that can help to optimize the design of catalyst

bodies for the industrial setting.



1. Introduction

The selective oxidation of n-butane (C4Hio) over vanadium phosphorus oxides (VPO) to maleic anhydride (MA)
(C4H20:5) is a crucial step in the production of polymers.[1-4] As the production of maleic anhydride[5] is steadily
increasing with a current demand of 2 million tons p.a., a plea is present to produce catalysts of increased
efficiency. To fulfil such a desire, we require an understanding of the catalyst’s structure-property relationship
within the context of its industrial setting. Specifically, an understanding of the conversion process on the
molecular level,[6] the structure of the catalyst on the nanometre level,[7] i.e. the frequency, density, and
accessibility of active sites to the reactive medium in nanoporous and millimetre-sized catalyst bodies, or so-called
pellets, and how these catalyst pellets behave within the industrial setting.

On a molecular level, several mechanisms have been suggested for the exothermic selective oxidation of
n-butane,[6, 8-10] including redox couple mechanisms.[6] These mechanisms suggest a conversion of surface-
bound n-butane through a series of intermediates to MA. Surface-available redox pairs are considered to separate
between n-butane activation and the oxidation to MA. It comes as such to no surprise that vanadium phosphorous
oxides of increased structural disorder, such as nanoparticles and amorphous solids, possessing a greater density
of these pairs, are found in industrial VPO catalysts.[4, 5, 11-20] The dominant oxide is vanadyl pyrophosphate,
(VO)2P207, often prepared from vanadyl hydrogenphosphate hydrates (VO(HPO4)(H20)n).[5, 16, 21-23]

Industrial level conversion is historically carried out in fixed-bed reactors, operated in upward flow
configuration at roughly 400°C. These reactors consist of a series of actively cooled reactor tubes immersed in a
molten salt bath and are filled with VPO catalyst pellets. The tubes are fed with preheated mixtures of oxygen, n-
butane (< 2 vol.%), water (~ 3 vol.%), and trimethyl phosphate (TMP) (~ 1 ppmV).[5] The latter two are added to
combat catalyst deactivation mechanisms, commonly registered in the form of a decreasing MA yield and
selectivity as well as a decreasing phosphorus to vanadium ratio in the catalyst bodies, and to decrease the
temperature of the hot-spot formed in the feed entrance region of the reactor tube. The employed pellets themselves
are frequently of the porous bulk type, i.e. consist dominantly of catalytic matter with a specific surface area < 50
m?gl.[24, 25]

One of the problems prohibiting process improvement is that these catalysts undergo, yet to be fully
understood, compositional and structural changes over years during industrial operation on the nm and pm level.
This not only makes catalyst design optimization challenging but also contributes to a discussion regarding active
sites and general reaction mechanisms. In an earlier study, we examined changes on the nanometre-level through
means of spectro-tomography on pm-sized samples.[7] A change was revealed from a mesoporous pristine
catalyst, composed of a series of amorphous and nanocrystalline vanadium phosphate phases, to a macroporous
catalyst composed of micron-sized and defect-rich vanadyl pyrophosphate after years of industrial use.

Here, we extend the scope of observation by visualizing reactor operation-induced spatio-chemical
heterogeneities across the entire catalyst pellets. This was achieved by cross-sectioning of catalyst pellets extracted
from a fixed-bed reactor and their examination using scanning X-ray diffraction.[26] The examination of a pristine
catalyst, and two used catalysts, one from the reactor hot spot zone, revealed location-specific phase
transformations and microstructural modifications that can be linked to decreasing catalyst performance.
Specifically, we observe how the diffusion limitation due to the well-known, low pore utilization leads to

differential thermal stress and, hence, in turn to a spatially non-uniform utilization of the catalyst pellets which



induces a radial restructuring of the catalyst pellet.[27] This process appears intensified in the hot spot zone,

exemplified by, an increased amorphization of the catalytically active (VO)2P207.



2. Bulk Characterisation of Vanadium Phosphorus Oxide Catalysts

Pristine (i) and two types of used VPO catalyst pellets (ii&iii) were provided by Clariant AG.[22] The catalysts
were prepared to apply the so-called organic synthesis route in which vanadium pentoxide is reacted with
phosphoric acid and benzyl alcohol in isobutanol as a solvent to form the catalyst precursor vanadyl hydrogen
phosphate hemihydrate VOHPO4-0.5 H2O (“VHP”) under reflux conditions. After drying and addition of minor
amounts of graphite, as an aid in the pelletizing process, the material was shaped into pellets which were finally
subjected to an activation process under stepwise heating to approximately 400°C in a humid air/nitrogen
atmosphere resulting in the catalytically active (VO)2P207.[28] The thus produced catalyst was loaded into an
industrial reactor with standard reactor tubes of a diameter of 21 mm. The catalyst was used for four years in the
production of maleic anhydride before being discharged from the reactor. Two types of used pellets were studied
to showcase how the environmental heterogeneity in an industrial reactor affects the catalyst structure. One type
of the used pellets (ii) was sourced from the centre of the catalyst bed, exposed to rather constant reaction
conditions and temperature (400°C), the other (iii) was extracted from the hot spot zone close to the feed entrance
where temperatures frequently reach 460°C (Figure 1 a).

Physisorption measurements revealed a decrease in specific-surface-area and average pore diameter with
reactor use. The surface area decreased from 20 m2g™! of the pristine catalyst (i) to 11 m?g™! (ii) and 6 m?g™! (iii)
with use. The average pore diameter changed from 33 nm (i) to 65 nm (ii) and 187 nm (iii) (Table S1). While these
changes are reflective of substantial catalyst restructuring with reactor use, accentuated in the hot spot zone, reactor
productivity (mt MA h') and selectivity (mol% MA), both, dropped by only ~ 10 % over the studied period.
Performance values are derived from integral measurements of the industrial reactor and as such do not allow
differentiation between the two used catalysts. For the complete performance profiles, and salt-bath temperature
evolution please refer to Figure S1. The feed composition, i.e., butane, water, and TMP concentrations, were held
near-constant during the studied period.

Optical micrographs, Figure 1b, further revealed a change in the colour of the catalyst pellets, from dark
green-blue (i) to lint green (ii) with use. The change is suggestive of vanadium atoms with a reduced oxidation
state compared to the pristine catalyst. The latter possesses a nominal oxidation state of V#', i.e. observed is a
partial reduction to V3" (see Table S1). The used catalyst pellet extracted from a reactor hot spot (iii) possesses an
additional grey-blue and micron-thick surface layer of different texture. This layer is present on the outer and inner
ring surface zones of the Raschig-ring-type catalyst pellets. Noteworthy, this layer is continuous on the inner ring
surface but sporadic or patchy on the outer ring surface.

Powder X-ray diffraction (PXRD) of entire catalyst pellets, Figure lc, discloses that these changes in
catalyst appearance and performance are concomitant of operation-induced compositional and microstructural
modifications. Compositionally, we observe a slight change in the present crystalline catalyst components. The (i)
pristine VPO catalyst consists dominantly of vanadyl pyrophosphate ((VO)2P207), with minor amounts of
VOHPO4-4H20 and V(POs); contributing combined well less than 10% of the crystalline material and nearly no
VOPO4. The used pellets (ii&iii) are still dominantly composed of (VO)2P207. The amount of the minor phases
however increases and changes significantly. In the case of the used pellet (ii) we see a reduction in VOHPO4-4H.O
and an increase in VOPOsand V(POs)s content. For the hot spot extracted pellet (iii) this trend appears intensified.
In other words, on average we observe a minor shift in composition towards V>" and V** based components

(VOPO4 and V(POs)3) with reactor operation. A shift or transition is enhanced in the reactor hot spot zones, but
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still minor, as the catalyst pellets on average are still composed of well over 80% of vanadyl pyrophosphate after
long-term reactor use. In combination, the observed and uniform change in pellet colour towards lint green with
reactor use suggests the change in pellet colour to derive from a structural modification of the vanadyl
pyrophosphate crystals with reactor use. Some microstructural transformation of the vanadyl pyrophosphate
following reactor use is indeed evident in the diffraction patterns. Observable is a decrease in amorphous solids
with use and an increase in the average coherent domain of grain size of (VO)2P207. The latter grows from < 250
nm in the pristine catalyst to on average greater than 500 nm for both used catalysts. Changes in grain size suggest
the presence of grain growth or coarsening process with the operation.[29] A process, that is based on changes in
the Bragg reflection intensity of the {024} and {200} reflections, also alters the morphology of the (VO)2P.07
domains. Observable is a relative intensity decrease in the {200} reflections (~10%). As the corresponding facets
have been suggested to expose most of the selective active sites,[16, 30, 31] this change correlates well with the
measured reduction in catalyst selectivity. Furthermore, visible in these pellet-averaged diffraction patterns is a
slight shift of the (200) reflection towards a larger d-spacing, as well as the detection of shoulders or satellite
reflections in the used catalyst around this reflection (Figure 1c). Both shift and satellite formation are more
pronounced in the hot spot extracted sample. While the shift can be explained by a uniaxial elongated unit cell or
macrostrain, satellite formation is yet in need of an explanation. Detailed structure refinement of these catalysts is

the topic of a follow-up study having access to higher quality diffraction data.

3. Scanning X-ray Diffraction of Vanadium Phosphorus Oxide Catalyst Pellets

To visualize how reactor use affects the composition and crystallinity of the pellets locally, we deferred to scanning
X-ray diffraction (Figure 1d). The required thin sections, up to 20 pm in thickness, extracted central-height of the
pellet, were prepared using resin embedding and mechanical polishing. Sections were deposited on silicon nitride
membranes. Thin sections provide a radial and cross-sectional view of one pellet quadrant (Figure 1). A
perspective that allows us to investigate how proximity to the main feed stream relates to changes across the
catalyst pellet width. The pixel size of the obtained diffraction maps 2x2 pm?, to improve the signal-to-noise ratio
maps were binned to 4x 4 um? for evaluation. Shown in Figure 1d is an example of a pixel-level diffraction pattern
and a scanning diffraction map. Please refer to the Supporting Information and Figure S2 for acquisition details.

Animations of the acquired diffraction maps are provided in Movie S1-S3.

3.1 Compositional Analysis

Figure 2 shows the projected density and compositional maps of the main catalyst components. Presented from
top to bottom is the distribution of the five most abundant catalyst components, (VO)2P207, amorphous solids,
VOHPO4-4H:0, V(POs3)3, and VOPOq, in the three catalyst bodies.

(1) The pristine VPO catalyst pellet possesses a mostly uniform density and homogenous composition.
However, visible is a slight density gradient, with areas close to the inner ring surface possessing a lower density
compared to areas close to the outer ring surface. Looking at the distribution of the two predominant catalyst
components, (VO)2P207 and amorphous solids, this density gradient appears to derive from a compositional

zonation between these two phases. While both phases are present throughout the pristine catalyst, contributing,



on average in this pellet ~80 and ~20 % respectively, amorphous solids, e.g., vanadium metaphosphate and carbon,
are found enriched in the less dense areas close to the inner ring surface. Vice versa, more (VO)2P207is found in
high-density regions located close to the outer ring surface. Furthermore, it appears that amorphous solids
preferentially occupy/ are associated with the macroscopic pore space inside of the pristine catalyst (black arrow,
Figure 2i). The latter may be a result of the above-described activation process. During activation, the VHP
precursor is dehydrated to the catalytically active (VO)2P207. As this process is carried out in steam containing
atmosphere where diffusion into the pore structure of the catalyst could be a limiting constraint, we expect the
material building up in the macroscopic pore space to be the subject of multiple dehydration and re-hydration
cycles during catalyst activation. In other words, a fraction of the catalyst internal water originating from the
transformation of VHP to (VO)2P207 maybe temporarily re-adsorb on the catalyst surface before being entirely
removed from the pellet, a process that could facilitate nanocrystalline or amorphous solids formation. The minor
components, VOHPO4-4H20 and V(PO3)s, are found homogeneously distributed throughout the catalyst at the
achieved spatial resolution. The nominally V> representing VOPOy4 is found preferentially on the pellet exterior
surfaces.

(i1) With utilization in the reactor, both the density and the compositional distribution of present materials
changes. For the used VPO catalyst pellet, extracted from the centre of the catalyst bed (Figure 2ii), observable is
a homogenous density in the centre of the pellet. The density increases in the outermost microns, on both the inner
and outer ring surface; potentially a result of thermal stress-induced grain growth and or pore closure/ collapse. [7,
32, 33] This change in density correlates with an apparent increase in (VO)2P207 content on both exterior surfaces.
Interestingly, and unlike the pristine catalyst pellet, the outermost microns are nearly completely composed of
(VO)2P207, and are followed by spatially-extended troughs of reduced (VO)2P207 presence (<80%) close to the
pellet exterior before reaching a compositional crest of (VO)2P207 in the interior centre of the imaged quadrant.
Dispersed in the pellet centre are micron-sized islands entirely composed of (VO)2P207 being absent in the pristine
catalyst. This relative increase in (VO)2P207 with reactor use is at the expense of amorphous solids and
VOHPO4-4H:0. Notably, their distribution is a negative image of the (VO)2P207 distribution. Distribution profiles
are suggestive of phase transformation processes that depend on the distance to the exterior pellet surface.
Distribution profiles of V(PO3); and VOPOs echo this suggestion. Still contributing on average less than 5 % of
the material visible is a significant increase in their presence compared to the pristine catalyst. While the V(POs)3
distribution mirrors the distribution of amorphous solids and VOHPO4-4H20, VOPO4 deviates from this pattern.
Instead, we observe the formation of individual islands with selected pixels reaching a compositional contribution
0f 30%, located overall closer to the outer ring surface. The existence of two zonation patterns for such chemically
distinct components as V(POs); and VOPOs, suggests the existence of two transformation processes.
Colocalization implies VOPOjs to form at the expenditure of (VO)2P207, i.e., through an oxidation process.[34, 35]
While this transformation is benefitting from an increased reaction temperature, the distribution throughout the
pellet in the form of micron-sized islands suggests this process not to be entirely dependent on the presence of
either butane or oxygen at the observable length scale. V(POs)s on the other hand appears to form at the expense
of amorphous solids or VOHPO4:4H:0, a transformation process given the localisation towards the reaction
medium fostered by the increased presence of H>0 in this region.[33, 36]

(iii) Distribution profiles of the hot spot extracted VPO catalyst pellet (Figure 2iii), support these
suggestions. The density distribution reveals the presence of a comparatively low-density interior flanked by two

high-density rings facing towards the exterior surfaces. Furthermore, and selectively found on the inner ring

7



surface is another low-density layer. The absence of such a layer and the comparatively patchy high-density layer
on the outer ring surface coincides with a slightly smaller ring diameter of this pellet compared to the pristine and
the used pellet extracted from a colder reactor zone (i&ii). Compositionally, the density profile can be broken
down as follows. (VO)2P207 still represents the most abundant component, however observable is a reduction to
~ 50-70 % in the high-density rings and in selected areas close to both exterior surfaces to less than 5%. The
fraction of amorphous solids in this pellet is even less compared to the used catalyst outside of the hot spot (~10%).
The central low-density region is poorer in amorphous solids, compared to the surrounding high-density rings. The
relative reduction in both of these components is at the hands of V(POs); and VOPOs, with V(POs); abundant
throughout the pellet and dominantly populating both exterior-facing surfaces. VOPOs again reveals a differing
distribution. While also present on the exterior surfaces, the distribution follows that of (VO)2P207, i.e., more

abundant in the central low-density interior.

3.2 Microstructural Analysis

In face of the ubiquity of vanadyl pyrophosphate and PXRD detected changes in Bragg reflection intensity,
microstructural analysis focused on the (200) and (024) reflection of vanadyl pyrophosphate.

Figure 3a provides maps that display the local intensity ratio between (200) and (024) reflections of
vanadyl pyrophosphate of the three catalyst pellets (i-iii). According to these maps, we observe a morphological
transition of coherent scattering domains towards a reduced expression of the catalytically active {200} facets
following reactor use. This change is less obvious in the case of the pellet extracted from the catalyst bed centre
(i1), more visible here is a spatial rearrangement, i.e., we observe a relatively higher intensity of the (200) reflection
in areas closer to the outer ring surface. Such a zonation is absent in the pristine catalyst, and in line with the
compositional changes of the used catalyst and a further indicator of spatially uneven thermal stress across the
pellet.[37] In the case of the pellet extracted from the hot spot (iii), we observe throughout the pellet comparatively
reduced (200) intensities.

Figure 3b displays local micro strain evaluations extracted from either the (200) or the (024) reflection of
vanadyl pyrophosphate.[38, 39] (i) Visible in the micro strain maps of the pristine catalyst is a near homogenous
strain profile (Figure 3bi). Noteworthy, micro strain evaluations from either reflection are very similar in
magnitude and distribution. A minor difference being an increase in micro strain from the inner ring towards the
outer ring surface, selectively visible in the (024) based evaluations and correlated with the amorphous solids’
distribution (Figure 2i). (ii) Following reactor use, we observe an increase in micro strain in both catalyst pellets
(i1 & iii). Interestingly, this increase is significantly more pronounced in the (200) based evaluations in both pellets,
potentially speaking to the more active utilization of corresponding surfaces. The used pellet extracted from the
centre of the reactor (Figure 3b ii) reveals a strain profile mirroring the distribution of the two most abundant
catalyst components in the pellet. Observed are enhanced strain levels in the centre of the pellet occupied
dominantly by vanadyl pyrophosphate, with regions closer to the outer ring surface known to be rich in amorphous
solids experiencing less strain. (iii) For the hot spot extracted pellet (Figure 3b iii), we observe a similar pattern in
the (200) based evaluations, with regions richer in amorphous solids, such as the two-high density rings, to be less
strained. This is compared to the centre of the pellet, possessing more vanadyl pyrophosphate, being more strained.
The enhanced strain level in the outermost microns/ pixel on both the inner and outer ring surface, visible in all

three samples, can be attributed to sample preparation introduced artefacts.






4. Discussion

Taken together, these observations advocate for the presence of the well-known heat and mass transport limitations
within the catalyst pellets under reactor operation conditions, resulting in increased thermal stress and catalytic
load on the inner and outer ring regions of the pellet.[27]

The pellet-average loss of amorphous solids and increase in porosity, i.e., the catalyst fine structure,[7]
with reactor use can in part be explained by wear and grain growth processes. The presence of diffusion limitations,
for example, represented by a gradient in the water concentration across the pellet width, i.e., a higher
concentration at the exterior compared to the interior of the pellet, could provide an explanation for the developing
compositional zonation with reactor use. This is based on the knowledge that water encourages the transformation
and back reaction of (VO):P207 to VOHPO4-4H>O and amorphous solids.[22, 23] A gradient in water
concentration within the pellet would, hence, foster the formation of amorphous solids close to the exterior and
explain the relative increase in (VO)2P207 in the more interior regions of the pellet. Furthermore, limited transport
of water to the catalyst interior and poor heat removal from the catalyst would aid the generation of V>* species
(VOPOy) in the pellet interior. The detection of isolated VOPO4 clusters in the used and, especially, in the hot-
spot extracted pellet interior moreover implies the presence of particularly isolated domains, and as such local
overheating within the pellet (VOPOs formation is favoured at higher temperatures.).[34] A similar process might
take place for the formation of V(POs)s in regions closer to the pellet’s exterior, i.e. governed by the increased
mobility of P-containing species.

The suggested differences in environmental conditions and mentioned transformations across the pellet
width may also explain the reduced expression/ changing relative intensity distribution of the {200} facets of
(VO)2P207 with reactor use. Here, we consider an environment-dependent adaptation of different (VO)2P2.07
morphologies (Figure 3a) as a result of ongoing grain coarsening across the pellet and the preferred dissolution/
amorphisation of locally present (VO)2P207 close to the exterior, both altering the relative reflection intensity.

The pellet-average increase in micro strain with reactor use, we attribute to the catalytic load/use of the
material (Figure 3bii) as well as the grain coarsening of the material. The marked strain distribution in the hot-spot
extracted pellet (Figure 3biii), i.e., the relatively reduced strain level of (VO)2P207 in the high-density layers
(Figure 2iii), is possibly the result of (a) the water-induced transformation of a fraction of locally present
(VO)2P207 and or (b) the result of a fractional amorphization of the present (VO)2P207 to release the stress-induced
strain in this region of the pellet.

Lastly, the newly deposited low-density layer on the inner ring surface of the hot-spot extracted sample
(Figure 3iii) in combination with its patchy outer ring exterior (Figurelb iii grey-blue outer surface), implies
environmental conditions in the hot-spot to locally weaken the structural integrity of the pellet. We currently
foresee two possible origins for the deposited inner and the patchy outer layer. (1) Use wear of the outer ring
surface and the pellet interior fine structure followed by a re-deposition of material on the inner ring surface. The
latter being less subjective to wear. (2) Used catalyst discharge from an industrial reactor. During discharging, i.e.
prior to analysis, the catalyst pellets experience a physical fall out of the production reactors by up to 6 meters.
Fall through the tube and the following impact on the collecting bucket may result in an abrasion on the outer ring
surface of the pellet and fine particle formation. The latter, as ultrafine dust, might possibly re-deposit on the inner

ring surface.
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To consider how the detected changes may affect the catalyst’s performance, we follow the consensus that
(VO)2P207 is the active material and that the catalytic activity scales with its crystallinity. This is while
acknowledging the nature of active sites (suggested have been a vast number of surface modifications and
secondary colocalized oxide species), the role of water and TMP dosing during the reaction are still widely
debated.[5, 10, 33, 36] A fraction of these debates arise from: The study of model systems that are not
representative of the industrial in-use catalyst, our inability to mirror industrial conditions, or the examination of
catalysts that are not equilibrated. The provided examination of catalyst pellets extracted from an industrial reactor
of known operation history reiterates this notion. Performance profiles (Figure S1), imply that the catalysts undergo
an evolution for years before reaching a steady composition and structure. At this stage, i.e., after four years of
operation, the catalysts still display a remarkable performance compared to the pristine catalyst. Remarkably, as
despite a loss in a minimum of 50% of surface area and an increase in pore diameter, we only observe a 10% drop
in productivity and because of the needed salt bath temperature increase also in selectivity. On a surface-area-
specific basis, the used catalyst performs better than the pristine catalyst, assuming an unchanging active site
density.

Bulk characterisation and scanning XRD mapping propose this level of productivity is retained through:
(1) A relative increase in vanadyl pyrophosphate crystallinity, domain size, and amount with reactor use (ii), i.e. a
spatially higher density of active sites compared to the pristine catalyst; (2) An increase in porosity and average
pore diameter (Table S1), possibly lessening in later stages of reactor operation initial mass transport limitations.
Combined these factors might offset the loss of, potentially, active surface area with continued reactor use and the
spatially unequal catalytic utilization of the pellet. [33-36] Ignoring the nature of the involved active site(s) for a
moment, and focusing solely on the increasing understanding that the (200) planes of vanadyl pyrophosphate are
the most selective.[5, 10, 33, 36] The observed decrease in selectivity can be explained by an overall decreasing
expression of {200} facets.

Lastly, on the importance of secondary vanadium pyrophosphate oxides for the performance VPO
catalysts. We are doubtful that the sparse distribution of larger deposits of V(POs); and VOPO4 detectable in this
study exert a substantial effect on the catalytic performance. The limited spatial resolution and sensitivity of these
measurements make it however impossible to provide any comment on the presence and importance of
nanocrystalline domains of these secondary oxides on top vanadyl pyrophosphate crystals towards VPO activity

and the reaction mechanism.[10, 36]

5. Conclusion

In summary, scanning X-ray diffraction allowed us to visualize how utilization and location in an industrial reactor
impact the structure, composition, and structural integrity of state-of-the art VPO catalyst pellets.[10] These
investigations suggest a spatially non-uniform and un-optimized utilization of the catalyst pellets in line with the
well-known low pore utilization especially in the hotspot zone, as a result of heat and mass transport limitations.
These limitations promote spatial heterogeneity within the pellet in the form of a more heavily altered exterior,
including changes in apparent porosity, an increase in amorphous solids as well as the formation of performance
impacting oxides. These changes are more pronounced in hot spot zones of the industrial reactor.

These results reiterate the importance of characterizing heterogeneous catalysts at all length scales to understand

their performance and to optimize their design for the industrial setting.
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TOC Entry

Structural and Compositional Heterogeneity in Selective Oxidation Catalyst Pellets;
Expressions of Industrial Use

Scanning X-ray diffraction is used to visualize compositional and structural changes in selective oxidation
catalyst bodies as a function of location and utilization in an industrial reactor.

Pristine VPO

Density (vo),P,0, Amorphous Solids Strain

Use VPO

Highlights
* Performance Profile of an Industrial Vanadium Phosphorus Oxide (VPO) Reactor.

» Compositional and Structural Changes of a VPO Catalyst Under Industrial Conditions.

* Visualization of Catalyst Body Heterogeneities as a function of Reactor Location.

* Loss of Amorphous Solids and Porosity Increases Industrial VPO Catalyst Performance.
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Figure 1: Powder and Scanning X-ray Diffraction of Industrial Vanadium Phosphorus Oxide (VPO)
Catalyst Pellets. (a) Schematic representation of a fixed-bed reactor and VPO catalyst bed utilized in the selective
oxidation of n-butane to maleic acid. (b) Optical micrographs of the Raschig ring-type VPO catalyst pellets. Shown
are a pristine (i), an in-use pellet (ii), and a pellet extracted from a reactor hot spot zone (iii). The general extraction
locations are indicated in (a). Scale bar is 1.5 mm. (c) Catalyst pellet averaged PXRD patterns. Selected Bragg
reflections of prominent crystalline catalyst components are highlighted. (d) Scanning X-ray diffraction acquisition
scheme. A series of two-dimensional diffraction patterns were acquired by raster-scanning (x-y) a thinned catalyst
pellet quadrant. Following azimuthal integration, these patterns can be assembled into scanning X-ray diffraction
maps, for example, stressing the distribution of selected crystalline phases. This is here demonstrated for a pristine
catalyst pellet, showing the (VO)2P207 distribution using a singular selected reflection.
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Figure 2: Compositional Mapping of Industrial VPO Catalyst Pellets. Density and compositional maps of
three raschig ring-type VPO catalyst pellets. Specifically of one quadrant from the inner ring surface (left) to the
outer (right). Provided cross-sectional views were obtained using scanning X-ray diffraction. Provided from left
to right are maps of a pristine (i), an in-use pellet (ii), and a pellet extracted from a reactor hot spot zone (iii).
Presented from top to bottom are maps showing the distribution of the main catalyst components. Scale bars are
400 um. Maps belonging to a catalyst pellet share a common colour map, ranging from white to red.
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Figure 3: Microstructural Mapping of Vanadyl Pyrophosphate in Industrial VPO Catalyst Pellets. Cross-
sectional maps of one quadrant of three VPO catalyst pellets obtained using scanning X-ray diffraction. Provided
from left to right are maps of a pristine (i), an in-use pellet (ii), and a pellet extracted from a reactor hot spot zone
(iii). (a) Maps showing the local intensity ratio between the (200)/(024) reflections of vanadyl pyrophosphate.
Scale bar is 400 um. Maps share a colour map, ranging from black to white. Furthermore, shown are a series of
Wulff constructions of vanadyl pyrophosphate crystals emphasising possible morphological transitions of the
scattering domains. The intensity ratio of the six most dominant reflections was considered in these Wulff
constructions. (b) Reflection-specific micro strain maps of vanadyl pyrophosphate. Shown are maps for the (200)
and (024) reflections. Maps share a colour map, ranging from blue to yellow.
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Supporting Information:

Materials

Pristine and industrial in-use VPO catalyst pellets, roughly 5 mm in diameter, produced in a fully automated
and computer-controlled plant were provided by Clariant AG. The in-use pellets were sourced from an
industrial fixed-bed reactor after 4 years of operation, i.e. after an overall time on the steam of 38000 hours.
Specifically, they were extracted from a catalyst bed, operated in an upward gas flow configuration and at
near-constant salt bath temperature. The temperature was held at ~400°C until 16000 hours of operation before
gradually increasing the temperature to 420°C to ensure a steady conversion rate in face of catalyst
deactivation, Figure S1. A pellet from the pristine and two from the used catalyst population were examined
by scanning X-ray diffraction. The two used catalysts differ from each other on the basis of their location in
the fixed-bed reactor. One type was extracted from the centre of the bed, while the other was extracted from a
hot spot zone reaching temperatures up to 460°C close to the feed stream inlet. Samples were stored in
environment-isolated containers as much as possible prior to examination. The industrial VPO catalysts
themselves are porous bulk type vanadyl phosphate catalysts and as such, they are predominantly composed
of vanadyl pyrophosphate, (VO)2P207, and to a lesser extent of various vanadium phosphate phases,
VOxPO4(H20)u.[1, 40] Furthermore, catalysts are sparsely decorated with bismuth oxide nanoparticles, Figure

S3, which are added to increase catalytic activity and selectivity towards maleic anhydride.[41]

General Methods

Catalyst Composition: The population average chemical composition of the industrial VPO catalysts was
determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). The catalyst was
dissolved in aqueous H2SO4 prior to the measurement. Bulk Vanadium Oxidation State: Following dissolution in
aqueous H2SOq, the catalysts' average oxidation state was determined using redox titration. KMnO4 and FeSO4
were used as titration reagents to determine the initial amounts of V4" and V> in the respective catalyst samples.
The reported vanadium oxidation state in Table S1 represents the concentration average of both species. Catalytic
Properties and Performance: The performance of industrial VPO catalyst samples was evaluated over the whole
catalyst lifetime using a 3-channel IR sensor (butane, CO, CO?) after scrubbing all organic acids (maleic anhydride,
acetic acid, acrylic acid) and drying of the reaction gas. Porosity: Average pore size and total porosity of the
pristine and used VPO catalysts were determined on a bulk-level by nitrogen physisorption and mercury intrusion
porosimetry. Prior to each measurement, the sample was degassed for 10 h. The pore diameters were calculated
using the Washburn equation with a contact angle of 140°. The bulk- average results are given in Table S1.
Electron Microscopy (EM): Scanning electron micrographs (SEM) were acquired using a Quanta 200F operated
at 20 kV. The as-obtained samples were deposited on a carbon tape supported on SEM stubs.
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Scanning X-ray Diffraction

Sample Preparation: Catalyst pellets were dissected twice along the pellets' long axis to extract a single quadrat
approximately 1.5 mm in diameter. From this quadrant, we then extracted a single thin section up to 20 pm in
thickness central to pellet height. Thin sections were prepared by embedding the isolated quadrant into epoxy resin
and mechanical polishing. These sections were then transferred on a silicon nitride membrane. Examination of a

single pellet quadrant was deemed sufficient to investigate changes given the pellets' radial symmetry.

Setup and Data Acquisition: Scanning X-ray diffraction experiments were performed at beamline ID 13 (micro-
beam hutch) of the European Synchrotron Radiation Facility (ESRF).[42] The photon energy was set to 13 keV
using a Si (111) channel-cut monochromator. The beam was focused to 2um spot size using Beryllium compound
refractive lenses with parabolic lens elements of 50um radius of curvature at the apex. The sample holding
membranes were aligned perpendicular to the x-ray propagation direction using an on-axis video microscope. A
beam stop was placed behind the sample to block the transmitted primary beam and to reduce the background
signal. Diffraction patterns were recorded using an Eiger X 4M detector (Dectris, pixel size 75 pm?),[43] covering
a g-range of 1.414 to 56.232 nm'!. The sample to detector distance was calibrated using a-Al2Os. Catalyst pellet
thin sections were raster-scanned with a step size of 2 um and scanning point acquisition time of 200 milliseconds.
Following the acquisition, we were first azimuthally integrated the 2D diffraction patterns per scanning point using
the PyFAI library.[44] The obtained 1D diffraction patterns were next converted to g-space. The spatial resolution
of the diffraction maps was evaluated by means of Fourier ring correlation (FRC),[45] based on intensity maps
acquired away from the main diffraction peaks, i.e. at a q value of 2 nm™!, Figure S2. Analysis of diffraction
patterns was carried out using ImageJ[46] and matlab routines. To improve the signal-to-noise ratio, we binned
the diffraction maps to a pixel size of 4 x 4 um?. Next, we converted the data to d-spacing allowing for a direct
comparison with the literature reported diffraction patterns of common catalyst components. In figure 2,
compositional maps were created via component-specific signal integration. The two most dominant reflections
for each component were considered. In figure 3, microstructural maps were obtained using the approach described

in Pokroy et. al. (2006) and (2017).[38, 39]
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Supporting Figure S1: VPO Catalyst Performance over Catalyst Lifetime in an Industrial Fixed-Bed
Reactor. Shown in the top panel are the catalyst productivity data of the studied catalysts over the catalyst lifetime
or time on steam. Provided in the bottom panel is the corresponding reactor, i.e., Salt bath, temperature (SBT), and

hot spot temperature (HST) over the catalyst lifetime.
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Supporting Figure S2: Fourier Ring Correlation of Scanning X-ray Diffraction Maps. Provided are FRC
curves of the binned scanning X-ray powder diffraction maps shown in the main text, for the pristine and the two
used VPO catalysts (The pixel size is 4 um for all samples). The pristine and the used catalysts reached a pixel-

size-limited resolution using the 1-bit threshold.
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Supporting Figure 3: Scanning Electron Microscopy of Pristine and used Industrial VPO Catalysts.
Micrographs of mechanically fractured catalyst pellets showing the interior of the catalyst. Micrographs were
recorded with backscattered electrons at an increasing magnification of a pristine (i) and a used (ii) catalyst pellet.

To note, are the changes in pellet-interior porosity and morphology with industrial use.
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Supporting Table S1: Properties and Composition of Pristine and Used Industrial VPO Catalysts.

e | e | mue |

Bulk Analysis

OO s e ams

Average Pore Diameter [nm] ~33 ~65 ~187

Mean Vanadium Oxidation State 4.08 4.02 (Population Average)
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Supporting Move S1-3: Virtual Slices Through the Scanning X-ray Diffraction Data of Industrial VPO
Catalysts. Shown are cut slice animations through the raw 1D diffraction patterns of the acquired powder X-ray

diffraction micrographs of the VPO catalyst thin sections shown in the main text. Presented is the full field-of-

view.
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