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Abstract: Ni contamination from crude oil in the Fluid Catalytic
Cracking (FCC) process is one of the primary sources of catalyst
deactivation, thereby promoting dehydrogenation-hydrogenation and
speeding up coke growth. Herein, single particle X-ray fluorescence,
diffraction and absorption (UXRF-uXRD-puXAS) tomography has
been used in combination with confocal fluorescence microscopy
(CFM) after thiophene staining to spatially resolve Ni interaction with
catalyst components and investigate zeolite degradation, including
the processes of dealumination and Brgnsted acid sites distribution
changes. The comparison between a Ni-lean particle, exposed to
hydrotreated feedstock, and a Ni-rich one, exposed to non-
hydrotreated feedstock, revealed a preferential interaction of Ni,
found in co-localization with Fe, with the y-Al,O; matrix, leading to
the formation of spinel-type hotspots. Although both particles show
similar surface zeolite degradation, the Ni-rich particle displayed
higher dealumination and a clear Brensted acidity drop.

Fluid Catalytic Cracking (FCC) is the leading industrial
technology in the production of gasoline and bulk chemicals,
such as propylene. The high activity of the FCC catalyst is
governed by the interplay of the meso- and macroporous
alumina-silica matrix, mixed with a clay binder, and the
embedded zeolite microporous active phase. While the y-Al,O3;
matrix ensures the pre-cracking of larger hydrocarbons enabling
their accessibility to the zeolite pore network, Brgnsted acid
active sites introduced upon Al insertion in the zeolite framework
promote the cracking reaction.?!

The detrimental effect of poisoning metals contamination
and the zeolite hydrothermal degradation lead the catalyst to
irreversible deactivation.? Poisoning metals, such as Fe, Ni and
V, are normally contained in the Vacuum Gas Oil (VGO)
feedstock and are accumulated in a shell-like manner over time,
while the catalyst runs through the reactor-regenerator cycles.>
41 For this reason, their concentration is a direct indicator of the
catalytic age of individual equilibrium catalyst (ECAT) particles.!
While Fe contributes to surface vitrification of the catalyst,
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hindering catalyst accessibility, Ni and V promote hydrocarbons
(de-) hydrogenation reactions  speeding up coke
deactivation.26.10.15-181 |n this regard, hydrotreatment is a method
used to clean up the feedstock from contaminants prior to its
injection in the reactor, consisting in the selective hydrogenation
of the organic framework (e.g. porphyrin) coordinating poisoning
metals in crude oil.['® Hydrothermal degradation occurs during
catalyst regeneration due to the high temperatures and the
presence of in situ steam produced during burning of coke and
unreacted hydrocarbons.?’?"l These conditions promote zeolite
collapse and dealumination, leading to an irreversible drop in
Brensted acidity and cracking performances.®?2-%! For this
reason, zeolite Y is often stabilized with Rare Earth (RE)
elements (e.g. La) and steaming treatments in order to increase
hydrothermal stability.?

The spatially resolved interaction of Ni with the FCC
catalyst components and its possible role in the zeolite
hydrothermal degradation is up to date poorly understood. Ruiz-
Martinez et al. compared for the first time the phase
transformations occurring between fresh and ECAT single
particles: by using a combination of X-ray Diffraction and X-ray
Fluorescence tomography with 5 pm spatial resolution, they
highlighted an egg-shell distribution for Ni and V and an egg-yolk
distribution for zeolite in the ECAT, thereby correlating zeolite
destruction with Ni and V poisoning.’ A more recent study by
van Bokhoven group, correlated metal deposits on the surface
with the formation of an outer amorphous silica-alumina (ASA)

layer, containing degraded zeolite, hindering reactants
accessibility.?®?"]  Regarding zeolite phase deactivation,
Confocal Fluorescence Microscopy (CFM) after thiophene

staining is a powerful approach to track the 3-D distribution of
the Brensted acid sites within FCC catalyst particles: in fact,
thiophene can selectively react with Brensted acid sites in the
zeolite, forming fluorescent oligomers that can be detected by
CFM.28l

Herein, we report new physicochemical insights on the
interaction of Ni with the FCC catalyst components and assess
its role in catalyst deactivation at the single particle level.
Moreover, intra-particle spatial heterogeneities related to zeolite
amorphization, dealumination and Brgnsted acid sites
distribution, have been parallelly investigated to draw a complete
deactivation picture. In order to achieve these goals, we have
developed a unique correlative microscopy approach and
combined X-ray fluorescence, diffraction and absorption
tomography (i.e., MPXRF-uXRD-uXAS tomography) with
laboratory-based CFM after thiophene staining. Figure 1
summarizes the experimental approach taken, and highlights the
information obtained. MXRF-uXRD-puXAS tomography
measurements were carried out at the Swiss Light Source (SLS)
XO05LA microXAS beamline. Since we wanted to assess Ni
interaction with the catalyst components we have compared two
industrially deactivated particles of approximately the same
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Figure 1. a) Schematic of the lab-based

Confocal Fluorescence Microscopy (CFM) -
e after thiophene staining - experiment (left) and
UXRF-uXRD-pXANES tomography  setup
(right) used to collect virtual slices on the
same single FCC catalyst particle. A single
catalyst particle is mounted on a goniometer.
The uXRF signal is measured using two XRF
detectors, while pXRD is simultaneously
collected using an Eiger 4m detector. In the
same region, pXANES has been measured
around Ni K-edge. X-ray tomography data are
acquired in the angular range 0-180°, using a
step size of 2°. For each rotation angle a line
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scan along Y is collected using 1 ym step size.
CFM after thiophene staining has been
measured on a spherical cap of the catalyst
single particle. This setup allowed to obtain
information about b) poisoning metals, in
particularly Fe and Ni, c) crystallographic
phases of the different FCC catalyst
components and d) Brensted acid sites
distribution, together with e) Ni oxidation state
and local structure in comparison with Ni, NiO
and NiAl2O4 references. The NiAl20s XANES

weses Ni Foil

rrrrr NiALO
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catalytic age (Figure 1): i) a ‘Ni-rich’ single particle (further
denoted as ECAT1-F1), exposed in the reactor to non-
hydrotreated feedstock and selected from the heaviest fraction
F1 of a density separated ECAT batch containing on average
3500 ppm of Ni and 2500 ppm of V; ii) a ‘Ni-free’ particle (further
denoted as ECAT2) selected from a batch that was exposed to
hydrotreated feedstock, with average Ni and V concentration <
50 ppm. This particle still contained Fe deposits, presumably
from reactor hardware corrosion contamination. Catalyst
particles selection was a crucial step for this study: laboratory
MXRF analysis allowed to perform a spatially-resolved screening
of the metal contaminants in ECAT1 and ECAT2 batches and
select single particles appropriate for this study. Figure 2a
provides an overview of the poisoning metals content, as
obtained from laboratory puXRF, in the unseparated ECAT1,
unseparated ECAT2 and in the density sorted F1-F2-F3-F4
ECAT1 fractions. Details about particles selection criteria, batch
characterization, experimental procedure and crystallographic
phases characterization are explained in the Supporting
Information (SI).

This unique set of industrially deactivated samples allowed
us to isolate Ni contribution to catalyst deactivation and simulate
for the first time the effect of hydrothermal degradation on the
zeolite phase in the absence of metals (Ni and V) promoting de-
hydrogenation, while still having Fe as indicator of the catalytic
age. In fact, Radial Distribution Analysis (RDA) of the uXRF
tomography dataset, as shown in Figure 2b and 2c, highlighted
similar Fe contents in both ECAT1-F1 and ECAT2, thereby
suggesting similar catalytic age.®! On the other hand, Ni displays
the same average distribution as Fe in ECAT1-F1, but it is
almost absent in ECAT2. Both metals have a maximum
concentration at ~3 um from the surface, which is in line with
previous studies.>® Despite the similar RDA average ring-like
distribution of Ni and Fe in ECAT1-F1, we observed for the first
time the presence of Ni hotspots in high correlation with the y-
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Energy (eV) reference material is taken from literature.[2°30

Al,O3 matrix through the whole particle (Figure 1b and 1c).
Principal Components Analysis (PCA) and k-means/Gaussian
Mixture Model (GMM) cluster analysis (CA) on y-Al,O3 [400]
reflection helped us to rationalize this evidence and compare
matrix distribution in presence or absence of Ni (Figure 3a,
details in Sl section S.3.E), while having approximately the same
Fe concentration in both particles.B'" While Ni-rich ECAT1-F1
sample formed these y-Al,O; hotspots, having high spatial
correlation with Ni and Fe regions (particularly on the surface),
Ni-lean ECAT2 preserved a more uniform matrix distribution,
with few y-Al,O3 hotspots and a surface ring mostly correlated
with Fe. The Red Green Blue (RGB) maps in Figure 3b,
respectively show y-Al,O; (red)-Fe (green)-Ni (blue) and y-Al,Os
(red)-FAU (green)-Ni (blue) overlay maps. It is evident that on
the outer surface of the particle Ni, Fe, and y-Al,O3 are highly
correlated spatially. However, in the central region, we mainly
observe the formation of Ni (blue)-y-Al,O3 (red) hotspots (shown
in purple). In this inner region, Fe is present at much lower
concentration and is more uniformly distributed. In fact, it is
known from literature that in ECAT particles Fe not only exists
as Fe® surface deposit (from VGO feedstock contamination),
but it is also naturally contained in lower concentration in the
kaolin clay binder as Fe?*.I'"l |t is also interesting to note how the
regions occupied by intact zeolite phase (green) showed no
spatial correlation with Ni (See Supporting Information Figure
$10). y-Al2O3 has a defective spinel structure, with vacancies on
the AI** position to fulfil stoichiometry, belonging to the cubic Fd-
3m space group. If we extract the average XRD pattern from the
Ni/Fely-Al,O3 surface region A and from Ni/y-Al,O3; hotspot B,
located in the inner part of the catalyst, and compare these
patterns with the virtual slice average pattern C (Figure 3b), it is
evident that both A and B are dominated by the presence of a y-
Al,O; phase. These results strongly suggest a preferential
interaction of Ni with the matrix, with surface regions showing a
more evident Ni/Fely-Al;,O3 co-localization.
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Figure 2. a) Laboratory uXRF pre-characterization of the catalyst materials under study and represented by a histogram distribution showing the average Fe, Ni,
V XRF intensity. The samples under study include ECAT-1 and ECAT-2 samples, which are respectively Ni-rich and Ni-poor. The Ni-rich ECAT-1 sample was
then further density separated in four fractions, labelled as F1, F2, F3, and F4, with fraction F1 having the most Ni, while F4 having the least Ni. b) Radial
Distribution Analysis (RDA) plots of the Ni (blue) and Fe (red) distribution, as obtained from the uXRF tomography data, for the ECAT1-F1 and ¢) ECAT2 samples.

To further understand the nature of Ni-matrix preferential
interaction, we have carried out uXAS tomography at Ni K-edge
on the same virtual slice previously measured with uXRD-uXRF
tomography. The average XANES extracted over the whole
ECAT1-F1 virtual slice was compared with Ni, NiO and NiAl,O4
reference compounds (Figures 1e and S9, data analysis details
are reported in Sl section S.3.E). The edge position indicates
that Ni is found in the oxidation state 2+ and that metallic Ni is
absent. Moreover, the shape of the ECAT1-F1 spectrum and the
whiteline position are more similar to the spinel-type NiAl,O4
reference than NiO, indicating that Ni local structure is
compatible with the spinel phase. Since no peak related to Ni or
NiO (Sl section S.3.C, Figure S6a) was clearly detected, we can
assume that the majority of Ni, co-localized with Fe in the matrix
domains, is mostly incorporated in the y-Al,Os, giving rise to
solid solutions retaining the spinel structure. However, although
the XANES of the sample is more similar ‘to the NiAl;O4
reference, there are also small differences between these two
spectra, that might be related to the structural complexity of the
ECAT. In fact, the matrix is the first phase to be in contact with
the feedstock and therefore with different types of poisoning
cations. Given the high correlation of Ni and Fe in the surface
region, the formation of Ni(FesAl1x)204 mixtures might be
possible (see Sl section S.3.C, Figure S6b). In this case, when
also Fe and/or other cations enter the spinel structure, the
XANES profile might show some changes compared to pure
NiAl,O4 and the structural disorder around the absorber might
increase damping the whiteline intensity, as we observe in
ECAT1-F1. Another parameter to consider is also the
reactor/regenerator temperature. The highest temperature in the
FCC process is reached during regeneration, when coke
deposits are burned at around 760°C. This temperature is too
low to form highly crystalline aluminate spinels, that require
temperatures above 850°C to be formed.’2-34 |n situ studies
related to Ni-containing glasses, also containing other cations,
showed that below 800-850°C the Ni K-edge XANES appears
less structured than pure NiAl,Os and similar to the XANES
reported in Figure 1e and in Figure S9.1%%!

Pearson Correlation Coefficient analysis highly supports this
result, as both Ni and Fe are found in high spatial correlation
with the spinel phase, corroborating the evidence of a solid-state

interaction (S| section S.3.F). The high mobility of Ni in solid
state structures and its strong tendency to react with y-Al,Osis
well-known in literature:333438 in fact, NiAl,O4 spinel is usually
formed over y-Al,03/NiO and/or kaolin reaction and has a similar
XRD pattern to y-Al,03.57-39 |t is also reported that, in presence
of Fe;03, NiO and y-Al,O3 Ni(FexAl14)204 solid solutions can be
formed.B2
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Figure 3. a) Principal Component Analysis (PCA) and k-means/GMM Cluster
Analysis (CA) results for the spinel [400] X-ray Diffraction (XRD) peak of y-
Al2Os. Left: image segmentation. Right: average XRD pattern for each cluster.
b) Red-Green-Blue (RGB) overlay of y-Al20s, Fe and Ni (left) and y-Al2Os,
zeolite Y (with the FAU framework structure) and Ni maps (center) and
average X-ray Diffraction (XRD) pattern extracted from the A and B hotspots
(where Ni and y-Al203 have high spatial correlation) in comparison with the
average pattern over the whole virtual slice (right) in the sample ECAT1-F1.
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Figure 4. a) Principal Component Analysis (PCA) and k-means/GMM Cluster Analysis (CA) results for the [111] X-ray Diffraction (XRD) peak for zeolite Y with the
framework structure FAU. Left: Image segmentation. Center: average XRD pattern for each cluster. Right: average XRD pattern for each cluster in the whole 26
range. Binary masks set for each cluster are reported on the top for ECAT1-F1 and on the bottom for ECAT2. The results of filtering the XRD pattern with the
clusters binary masks revealed that in the Ni-rich ECAT1-F1 sample, when the zeolite [111] XRD peak intensity decreases, the y-Al.O3 [400] XRD peak intensity
increases, while for the ECAT2 sample no matter the variation in the zeolite [111] XRD peak intensity, the y-Al203 [400] XRD peak intensity stays always constant.
This indicates that in the ECAT2 sample the matrix is more uniformally distributed and mostly unaffected by the metal poisons. b) FCC catalyst components. c)
Zeolite [111] reflection shift caused by faujasite dealumination due to in situ steam formation, occurring during burning of coke and unreacted hydrocarbons.

However, the temperatures reached  during FCC
reaction/regeneration cycles, are not high enough to generate
high intensity peaks related to highly crystalline phases in the
XRD pattern: clear changes in the intensity of the y-Al,O3 XRD
peak in Ni-enriched hotspots, together with the indication of a Ni
short range structure that is compatible with a spinel structure,
pinpoint to a Ni-matrix interaction occurring during FCC. These
results indicate that the matrix, essential in the pre-cracking of
larger hydrocarbons, acts as a metal trap and helps to passivate
Ni in the oxidation state +2, that is not active towards de-
hydrogenation. However, although no peaks related to metallic
Ni are found in the XRD pattern, we cannot exclude that the 2+
oxidation state is not maintained and can shift to metallic state in
the riser, due to the production of Ha.

Despite the exposure to different crude oil feedstocks
containing different amounts of metals, both catalyst particles
showed similar surface zeolite amorphization. Using La (Ls) map
as pristine zeolite distribution marker (see Sl section S.3.G), we
observed zeolite collapse on the outer surface (Figure S11),
which is obviously more exposed to the feedstock and the harsh
reactor conditions, and has a crucial role in providing
accessibility to the active sites of the particle core. Moreover,
this degraded surface region, is the one where in both samples
Fe is accumulated, corroborating what has been previously
demonstrated by Ihli et al. about Fe active role in pore clogging
and ASA shell formation.l?6274041 Zeolite dealumination was
studied by using again PCA and CA, this time by focusing on the

zeolite [111] main reflection (Figure 4): the ECAT1-F1 particle,
exposed to non-hydrotreated feedstock and therefore rich in Ni,
V and Fe, showed a shift in the 26 position of the [111] XRD
peak compared to ECAT2, indicating a higher degree of
dealumination. CFM measurements acquired prior to X-ray
beam irradiation on a 3-D spherical cap of the single particles
(movies M1 and M2) in the same region of interest where X-ray
tomography was carried out, showed that the higher degree of
dealumination in ECAT1-F1, exposed to metals rich feedstock,
corresponds to an overall drop in Brgnsted acidity (Figure 1d).
This is in sharp contrast with the ECAT2 sample where a clear
fluorescence can be observed after staining the catalyst particle.
Moreover, the small angle peak detected for both samples in the
26 range 0.8-1.8° suggests an overall higher mesoporosity for
ECAT2, compatible with less reacted nanosized matrix at
negligible Ni concentration. This higher mesoporosity in ECAT2
also means that particle exposed to hydrotreated feedstock
would maintain a higher matrix accessibility: this would also
contribute, together with the higher Al content in the zeolite
framework, to the much higher fluorescence intensity compared
to ECAT1-F1, since thiophene oligomers would have more
porous space to rapidly expand. ECAT2 also showed an outer
layer with reduced mesoporosity that is correlated with Fe
distribution and with those regions displaying zeolite
amorphization (Sl section S.3.H).#2431 These results related to
the small angle peak analysis align well with the pore blocking
effect of poisoning metals observed in industrially deactivated
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ECAT samples and show that the surface regions, where Fe
from feedstock contamination is accumulated, exhibit lower
mesoporosity - in particular those where the small angle peak
shows lower intensity in the Ni-lean particle. On the other hand,
the central part of the catalyst, which mostly contains Fe from
the clay, maintains high mesoporosity. However, when Ni is also
present, the overall intensity of the small angle peak is lower
even in the inner part of the catalyst, suggesting that the co-
presence of Ni and Fe together causes structural
rearrangements in the matrix, possibly leading to reduced
mesoporosity.

In  conclusion, we have used pXRD-pXRF-uXAS
tomography and CFM after thiophene staining as a powerful
method to determine the effect of Ni poisoning metal within real-
life FCC catalyst single particles. By simulating the effect of
hydrothermal degradation in absence of those metals promoting
de-hydrogenation reactions, we observed that Ni preferentially
interacts with the alumina phase, forming Ni-rich spinel hotspots.
These hotspots help to trap and passivate Ni in the oxidation
state 2+, but if Ni oxidation state shifts to metallic during reaction
and coke is accumulated in these regions, they might also act as
nucleation spots promoting hydrothermal degradation of the
zeolite material in the surrounding regions. In this case, as coke
and unreacted hydrocarbons are burned during regeneration,
the production of in situ steam in the FCC catalyst
microstructure would promote zeolite dealumination, leading to
an irreversible drop in acidity, cracking activity and catalyst
performances. Both FCC catalyst particles showed similar
surface zeolite degradation in the same region where Fe and Ni
were accumulated, suggesting that the formation of this
amorphous silica-alumina shell is most probably an effect of
hydrothermal degradation and direct exposure to the harsh
regeneration conditions. Therefore, the use of a hydrotreated
feedstock is highly recommended in order to extend the lifetime
of the catalyst material. The results deriving from single particle
analysis also showed the importance of tweaking the matrix
composition in order to trap poisoning metals contained in the
feedstock.
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