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a b s t r a c t

Artificially mimicking aging of an equilibrium catalyst (ECAT) is an effective strategy to model the deac-
tivation of a Fluid Catalytic Cracking (FCC) catalyst during refinery operations. Herein, we have used a
correlative microscopy approach to unravel inter-particle spatial heterogeneities in artificially deacti-
vated catalysts (DCATs) and compared them with a real-life ECAT containing on average 3800 ppm of
Ni and 2300 ppm of V, and a set of density separated ECAT fractions. By doing so we could rationalize
the effect of metal contaminants on catalyst acidity and pore accessibility. More specifically, the Fe, Ni,
and V distributions were obtained using X-Ray Fluorescence (XRF), while Confocal Fluorescence
Microscopy (CFM) after thiophene and Nile Blue A staining, respectively provided a visualization of
Brønsted acid sites and accessibility distribution. We found that not only the metal poisons distribution,
but also hydrothermal degradation, that affects ECATs dealumination and related acidity drop, need to be
properly reproduced by artificial catalyst deactivation protocols. Fe contamination must also be taken
into account since it affects matrix accessibility.

� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fluid Catalytic Cracking (FCC) is one of the main petrochemical
technologies for the production of gasoline and base chemicals,
such as propylene.[1–6] The FCC catalyst is a hierarchical heteroge-
neous catalyst, containing a microporous zeolite active phase (typ-
ically zeolite Y), with a high concentration of Brønsted acid sites.
[1,7,8]. The microporous zeolite is incorporated in a meso- and
macroporous c-Al2O3-containing matrix, which makes reagents/
products transport possible and pre-cracks larger feedstock mole-
cules.[1,7,9] Other components, such as clay, are included in the
catalyst as part of the matrix or binder. During the cracking reac-
tion, FCC catalyst particles accumulate coke and metal poisons
contained in the crude oil feedstock or coming from reactor con-
tamination (i.e., Ni, Fe and V).[7,10–13] In particular, while V pen-
etrates deeper in the catalyst body, Ni and Fe are usually deposited
in a shell-like distribution and they mainly accumulate within the
first 3–5 mm of the catalyst particle surface, irreversibly blocking
pores with a consequent drop in catalyst accessibility, reduced
molecular diffusion and enhancement in surface coke deposition.
[10,11,13–21] Fe is not only deposited on the catalyst particles sur-
face from reactor contamination, but it is also naturally found in
the clay component of the catalyst, and therefore present in the
whole catalyst body. Industrial FCC catalysts are characterized by
a particle age distribution, due to the fact that a portion of the cat-
alyst material is regularly replaced with fresh catalyst. For this rea-
son, we refer to the FCC catalyst in the reactor as equilibrium
catalyst or ECAT.[22] In order to increase propylene yield during
the catalytic cracking reaction, additives containing zeolite ZSM-
5 are used in the reactor.[23,24] In this case, the ZSM-5 zeolite is
embedded in a mesoporous silica matrix and P is usually added
to ZSM-5-silica particles in order to aid the conversion of heavier
molecules.

The development of laboratory deactivation protocols that can
simulate the industrially deactivated equilibrium catalyst (ECAT)
in terms of poisoning metals distribution, pore blocking effects
and zeolite/matrix crystallographic modifications, is relevant for
optimizing refinery operations and helps in the rational design of
methods to improve FCC catalyst resistance to metal deactiva-
tion.[25–27] Up to date, several methods for artificial FCC catalyst
deactivation exist, leading to so-called laboratory-deactivated cat-
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alyst (DCATs) materials. Normally, lab testing of FCC catalysts
involves catalyst metalation with Ni- and V-containing precursors
and hydrothermal aging under reduction–oxidation environment.
The latter aspect is important to mimic the effect of vanadium,
which penetrates and destroys the zeolite much more effectively
in the oxidation state +5. One of the most known FCC deactivation
methods to introduce metals is Mitchell Impregnation (MI), where
the FCC catalyst is impregnated with Ni- and V-organic precursors
and subsequently exposed to a steaming treatment.[26,28] In order
to mimic the reduction–oxidation environment, often a Cyclic
Propylene Steaming (CPS) is used.[29,30] Since this deactivation
method does not result in a Ni distribution similar to the one
observed in an ECAT material due to a too high penetration of Ni
in the catalyst particles during impregnation, other methods have
been developed. For instance, Wallenstein et al. [30] have found
that substituting Mitchell impregnation with spray impregnation
leads after CPS to a Ni and V distribution that is more similar to
the one observed for the ECAT. Previous EDX-SEM studies on cross
sections of ECAT and catalysts that were artificially deactivated
using Mitchell impregnation or spray impregnation in combination
with CPS cycles, showed that spray impregnation better simulates
Ni and V distributions of the ECAT in the FCC catalysts. In particu-
lar, in spray impregnated samples V penetrates deeper within the
FCC catalyst particles only after CPS, while the distribution of V
after Mitchell impregnation was already uniform before the CPS,
with zeolite unit cell size after deactivation being similar to that
of the ECAT sample. This showed that spraying the metals solu-
tions in a FCC catalyst fluidized bed within a spray impregnation
unit followed by CPS simulates fairly well the metals distributions
occurring in the FCC unit.[30]

An alternative to metalation and CPS is Cyclic Deactivation (CD),
that exposes the catalyst to several reaction cycles, mixing the
feedstock with Ni and V naphtalenates.[25,27,31] Although the
reaction conditions are similar to the riser reactor ones, this artifi-
cial deactivation protocol is not able to exactly reproduce real-life
catalyst industrial deactivation.

It is important to note that Psarras et al.[27], amongst other
researchers in academia and industry, have reported improved
artificial deactivation protocols. The study showed that both cata-
lysts, deactivated via improved CPS and CD, showed a more similar
metal distribution as ECAT than conventional CPS and CD respec-
tively, but were also more active. FTIR acidity measurements
showed that the artificially deactivated samples maintained a
higher concentration of acid sites compared to the ECAT.[27] Psar-
ras et al. also showed in the same study the so-called Albemarle
Accessibility Index (AAI) methodology, that tracks via UV–vis spec-
troscopy the diffusion of liquid large organic molecules in the
absence of reaction. The authors report that the artificially deacti-
vated samples showed a higher accessibility than the fresh sam-
ples, that they attribute to structural changes related to the
porous network.[27] In a previous SEM-EDS study on CPS and
CD, Psarras et al. [31] observed that while the ECAT samples
formed upon aging phases containing Ni and Al, laboratory deacti-
vated samples did not, and this was surely a limit of the artificial
aging protocols.

The above discussed studies illustrate how difficult it is to fully
reproduce the complex aging phenomena occurring in an indus-
trial FCC riser-regenerator unit. There is clearly room for further
improvements, in particular to simulate ECATs pore blocking and
accessibility drops.

In order to understand if the artificial deactivation protocols can
reproduce the main characteristics of the industrially deactivated
FCC samples, it is necessary to choose an appropriate set of real-
life ECAT references. To this end, comparing density sorted frac-
tions of an ECAT sample would be ideal to assess the effects of
hydrothermal degradation and metals mediated aging.[32] Density
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separation of the ECAT is usually achieved with a sink-flow
method, where a solvent is used to separate the catalyst particles
according to their metal content: the higher the metal content,
the higher the density of the fraction and its catalytic age.

The use of Confocal Fluorescence Microscopy (CFM) in combi-
nation with probe molecules is a powerful tool in life sciences
research to visualize cellular components by staining with fluores-
cent dyes that selectively react with a specific target.[33–36] This
approach has been successfully used by our research group to track
the acid site distribution in FCC catalysts.[32,35–42] Acid sites
variations can be correlated with poisoning metals distribution
that can be assessed on a laboratory base by using e.g., X-Ray Flu-
orescence Microscopy (lXRF). For example, Buurmans et al. have
developed a staining procedure that allows to simultaneously stain
the FCC catalyst single particle with thiophene and Nile Blue A, in
order to respectively track Brønsted acid sites distribution and
matrix accessibility by means of CFM.[36] In fact, the non-
fluorescent thiophene molecule is small enough to diffuse into
the zeolite domains and react with Brønsted acid sites, forming flu-
orescent oligomers. On the other hand, Nile Blue A can act as size-
exclusion probe for particles accessibility: due to its size, this fluo-
rescent molecule can diffuse through the meso- and macro-pores
of the FCC catalyst matrix, but it cannot enter the zeolite micro-
pores.[36] lXRF is an ideal tool for tracking poisoning metals dis-
tribution and has been recently used as poisoning metals screening
tool in the development of a new method for magnetophoretic
sorting of FCC catalyst particles in our group.[40] More recently,
Nieuwelink et al. [32] have used staining with styrene (as acidity
probe) and Nile Blue A (as accessibility probe) in combination with
laboratory-based lXRF in order to study the complex mechanisms
of ECAT deactivation at a multi-particle level.

The aim of this study is to compare poisoning metals distribu-
tion, catalyst acidity and accessibility in ECATs and DCATs, building
on the knowledge developed by our research group during past
studies of ECATs. One should mention here that the ECATs and
the fresh FCC catalyst used to prepare the DCATs were sampled
from the same industrial plant during the same period of operation
thereby guaranteeing that a more reliable comparison between
ECATs and DCATs can be made. The DCATs under analysis can be
divided in two macro-groups, according to the artificial deactiva-
tion protocol used: D1, D2 and D3 were deactivated using a com-
bination of metalation and CPS,[30] being the metalation method
Mitchell impregnation for D1 and D2 and spray impregnation for
D3, while D4 and D5 were subjected to a combination of CD and
CPS. [29]

The ultimate goal of the current work is to optimize a correla-
tive micro-spectroscopic approach to efficiently compare inter-
particle heterogeneities related to catalyst deactivation in a real-
life industrial ECAT and its density sorted fractions, with artificially
deactivated catalysts (DCATs), to correlate in the same region of
space, or region of interest (ROI), metals distribution, acidity and
accessibility for the same set of particles. A Ni and V-rich unsepa-
rated ECAT material, that was exposed to non-hydrotreated feed-
stock (ECAT) will be analyzed as reference. Moreover, density
separated fractions of the ECAT sample will also be studied in order
to highlight the differences as the metals content varies. Hence, the
aim of this study is to: i) assess poisoning metals distribution by
using lXRF; ii) assess Brønsted acid sites distribution and particles
accessibility by using CFM, after respectively staining with thio-
phene and Nile Blue A; iii) using statistical analysis to correlate
spatial variations in acidity and accessibility with poisoning metals
distribution; and iv) evaluate the fraction of additive particles con-
taining zeolite ZSM-5, that are usually added to real-life FCC cata-
lysts to enhance propylene yields and that usually have different
matrix (therefore accessibility) properties. This will further help
to highlight differences among DCATs deactivated with different
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methods and to establish a robust and practically useful tool for
the future development of laboratory-based deactivation
protocols.
2. Materials and methods

An industrially deactivated unseparated ECAT – containing
approximately 3800 ppm of Ni and 2300 ppm of V –, density sep-
arated [10] fractions of this ECAT further denoted as ECATa, ECATb,
ECATc and ECATd) and laboratory-deactivated DCATs samples (fur-
ther denoted as D1, D2, D3, D4 and D5, all containing a comparable
amount of poisoning metals as the industrially obtained ECAT sam-
ple) were investigated in this study. Table 1 reports the metal con-
tents of the unseparated ECAT and the DCATs. The unit cell size of
zeolite Y within these samples was determined by X-ray Diffrac-
tion (XRD) according to the Standard ASTM D3942-97 procedure.
Surface areas of the different catalyst materials were determined
by nitrogen adsorption using a Micromeritics Tristar 3000 unit,
while the zeolite (ZSA) and matrix (MSA) surface areas were calcu-
lated by the t-plot method.
2.1. Deactivation protocols

Simulation of the deactivation of an FCC catalyst that occurs in
FCC units in the laboratory, is usually done via different accelerated
aging protocols. A choice of the most appropriate protocol is far to
be trivial. One of the challenges is how to properly mimic the effect
of metals in an accelerated aging procedure. In this context, several
different metal deposition techniques could be applied in combina-
tion of a standard aging procedures. The most known metalation
techniques are based on Mitchell impregnation, deposition of met-
als by spay-impregnation and cracking of VGO doped with organic
salts of V and Ni.

D1 and D2 were prepared using the Mitchell-type impregnation
to introduce V and Ni on the catalysts.[30]

The only difference in preparations was in a pre-steaming of the
D2 before impregnation to mimic the thermal choc at the exposi-
tion of a fresh catalyst to the hydrothermal environment in the
regenerator of an FCC unit before the first contact with metal-
containing feedstock. The hydrothermal treatment was performed
by introducing the sample directly in the fluidized type of reactor
at 700 �C for 30 min in 100% steam environment. A strategy behind
was in decreasing of the reactivity of external surface before the
impregnation with metals.

Metalation of the D3 was done using the spray-impregnation
method.[30] The idea behind was in deposition of the metal mostly
on outer surface of the FCC catalyst particles. After the impregna-
tion, D1, D2 and D3 samples were subjected to CPS-3 standard
deactivation procedure.[29]

The samples D4 and D5 were first hydrothermally deactivated
at 780 �C in 100% of steam for 12 h and 32 h respectively. Then,
both samples were subjected to 20 cycles of metal deposition by
cracking of the VGO doped with V and Ni naphthenates at 540 �C
Table 1
Physical and chemical properties of the FCC catalyst materials under study: unit cell size (U
ICP analysis; total surface area (TSA), zeolite surface area (ZSA), matrix surface area (MSA

UCS Fe La Ni V
(Å) ppm wt% (ppm) (ppm)

ECAT 24.302 3800 2.84 3800 2300
D1 24.305 2574 2.85 3200 2200
D2 24.307 2574 2.85 2500 2100
D3 24.295 2574 2.85 2950 2150
D4 24.345 2574 2.85 2799 1987
D5 24.324 2574 2.85 3097 1974
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and regeneration at 780 �C. After the metalation, both samples
were subjected to the CPS – 3 type of aging.[29]

The same concentration targets of 3500 ppm of Ni and
2500 ppm of V were used in all metal-introduction procedures.
The average metals levels determined by ICP analysis are reported
in Table 1.
2.2. Catalytic performance

The catalytic properties of the samples were determined with
an advanced cracking evaluation (ACE) unit[43] at five different
catalyst-to-oil ratios (C/O) from 3.0 to 7.0 g/g and the reaction tem-
perature 535 �C. The catalyst-to-oil ratios were varied by changing
the mass of the catalyst whilst the total amount of feed and time-
on-stream was kept constant. The data reported in this study were
obtained from interpolations at iso- catalyst-to-oil ratio (iso-C/O)
at constant conversion.
2.3. Correlative microscopy

Ex-situ staining was carried out using thiophene and Nile Blue
A. A scheme explaining the staining protocol is shown in Fig. 1a
and b. The FCC catalyst particles were first kept in contact with
15 mL of thiophene in a glass vial in order to favor the diffusion
of the stain inside the catalyst porous network. Then, the mixture
was transferred on a microscopy slide and the Brønsted acid sites
catalyzed thiophene oligomerization reaction was ignited by heat-
ing for 10 s at 100 �C. Afterwards, the catalyst was transferred in
another glass vial and put in contact for 1 h with 15 mL of Nile Blue
A (solution in ethanol 0.1% vol) at room temperature. The solvent
was then evaporated, and the catalyst particles were sprinkled
on Kapton tape using a microscopy slide as support. A paper win-
dow having 0.5 cm diameter was applied on each microscopy slide,
in order to have a homogeneous field of view.

Optical microscopy (OM) images were acquired using a Zeiss
microscope, while CFM measurements were performed with a
Nikon A1 confocal fluorescence microscope (10x objective) in
DU4 mode and the same laser settings were used for all the sam-
ples. A 488 nm and 642 nm lasers were used to respectively excite
thiophene oligomers and Nile Blue A in the same region of interest
(ROI). The fluorescence emitted from the sample was measured in
the spectral range 500–550 nm for thiophene oligomers and in the
spectral range of 662–737 nm for Nile Blue A.

mXRF was measured with an Orbis PC SDD instrument, having a
Rh-tube as X-ray source (40 kV and 200nA). FCC catalyst particles
were scanned with a 30 lm beam, using a step size of 15 lm and
300 ms integration time. A full XRF spectrum per pixel was col-
lected during these measurements. The PyMca software was used
to carry out a batch fitting analysis of the mXRF dataset.[44]
Fig. 1c shows a scheme of the correlative microscopy approach
used in this study.
CS); iron, lanthanum, nickel and vanadium average concentrations as determined by
), micropore volume (Vm) and ZSA/MSA ratio.

TSA ZSA MSA Vm ZSA/MSA
(m2/g) (m2/g) (m2/g) ml/g

170 142 28 0.055 5.1
165 137 29 0.053 4.7
166 136 29 0.053 4.7
171 141 30 0.055 4.7
204 173 30 0.067 5.8
187 159 28 0.062 5.7



Fig. 1. Schematic view of the different staining and analytical methods used in this work for studying FCC materials: a) The thiophene oligomerization reaction was used as
an analytical tool to display the Brønsted acid sites distribution; b) Nile Blue A was used as a size-exclusion probe to visualize particle accessibility. c) Experimental panel
showing the correlative microscopy approach used in this work. FCC catalyst particles were characterized with Confocal Fluorescence Microscopy (CFM), using 488 nm and
642 nm lasers, to respectively excite thiophene oligomers and Nile Blue A. In the same spatial region, or Region-of-Interest (ROI), laboratory-based X-ray Fluorescence
Microscopy (mXRF) was carried out using a Rh-source: a full XRF spectrum was collected for each pixel and the poisoning metals elemental distribution was retrieved through
a batch fitting procedure.
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2.4. X-ray diffraction – X-ray fluorescence tomography

mXRD/mXRF tomography measurements of the FCC additives
particles (i.e., ECATd) were carried out at the Swiss Light Source
(SLS) X05LA beamline. A virtual slice was measured by rotating
the single particle between 0 and 180� (2� step size) and for each
tomographic angle a line scan was collected, using 1 � 1 mm2 beam
size at 12.1 keV.
3. Results

3.1. Catalytic performance

The results of the catalytic tests performed, summarized in
Fig. 2, Table 2 and Table 3 demonstrate a significant difference
between the ECAT sample and the DCATs. The ECAT shows a signif-
icantly higher Liquefied PetroleumGas (LPG) yield at the expense of
gasoline production, which can be attributed to the presence of
propylene additives in the catalyst batch (i.e., zeolite ZSM-5) that
enhance the cracking activity of gasoline to LPG. Moreover, the
low conversion and relatively high Light Cycle Oil (LCO) yield at
iso-C/O could be attributed to diffusivity problems, caused by iron
contamination of the ECAT. It was found that Fe is around 30%more
concentrated on the ECAT compared to the corresponding DCATs
(refer to Table 1). In both ECAT and DCATs Fe is naturally found in
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the clay component of the catalyst, and therefore present in the
whole catalyst body, while in the ECAT only Fe is additionally
deposited on the catalyst particles surfacemainly from reactor con-
tamination. The artificial aging protocols currently described in lit-
erature are mainly focused on simulating Ni and V contamination,
but do not sufficiently address the issue of Fe poisoning. The DCAT
materials of this study were not artificially impregnated with Fe to
simulate the additional deposition of Fe on the catalyst surface. It is
reasonable to think that iron-contamination may impact the diffu-
sion of large molecules and prevent their cracking to gasoline.

Regarding DCATs, LPG yield is lower than ECAT and gasoline
yield higher, due to the absence in the DCATs of ZSM-5 additives,
while gasoline yield shows an inverted trend, with DCATs having
higher yields than ECAT. The LCO yield at iso-C/O for DCATs is sim-
ilar to ECAT and there are not big differences among DCATs deac-
tivated with different methods. The most relevant difference
among DCATs is in the conversion of D1, D2, D3 and D4, which is
higher than in D5 and ECAT. D4 and D5 were hydrothermally deac-
tivated at 780 �C in 100% steam for 12 and 32 h respectively and
then deactivated with the same combination of CD and CPS. The
similarity between D5 and ECAT conversion and their difference
compared to D4 suggests that also hydrothermal degradation plays
a key role in the catalytic activity during FCC. Therefore, this is a
parameter to be taken into account when establishing artificial
deactivation protocols.



Fig. 2. Extrapolated catalyst performances of the ECAT and DCATs under study.

Table 2
Catalytic performance test results at iso-conversion.

CATALYST D1 D2 D3 D4 D5 ECAT

Conversion 76 76 76 76 76 76
C/O 3.5 3.6 3.3 3.7 5.2 5.0
Dry gases 2.9 2.9 3.0 3.4 3.1 3.1
C3
+ 1.4 1.3 1.5 1.4 1.1 1.8

C3
= 4.8 4.7 4.7 4.6 4.5 7.2

Total C3 6.2 6.0 6.2 6.0 5.6 9.0
Total C4

= 5.6 5.5 5.5 5.4 5.3 6.5
Total C4 11.2 11.0 11.2 10.7 10.0 13.2
LPG 17.3 17.0 17.4 16.7 15.6 22.2
Gasoline 50.0 50.3 49.7 48.8 49.8 44.2
Coke 5.8 5.8 5.9 7.1 7.6 6.6
LCO 15.0 15.0 14.8 15.5 15.4 14.8
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Moreover, D4 and D5 exhibit higher coke yields at iso-
conversion compared to the ECAT (Table 2), D1, D2 and D3: coke
yields at iso-conversion seem to be higher in the CD-CPS deacti-
vated samples, that have higher TSA compared to ECAT, D1, D2
and D3 and that were subjected to a long hydrothermal deactiva-
tion treatment.

A significant difference in catalysts performance can be
observed when considering different aging procedures, but these
differences are not correlated with DCATs textural differences.
For example, the D4 sample that shows very different textural
characteristics compared to the other DCATs, having the highest
TSA (Table 1), has more similar performance to the D1-D3 series
than to the D5 sample, which looks more similar to D4 from textu-
638
ral results. This difference could be related to the fact that during
BET measurements all the accessible surface in the particle con-
tributes to the final surface area value, with no influence from dif-
fusion. On the other end, during catalytic performance
measurements, diffusion and feedstock residence time play an
important role. This implies that the active sites that are far from
the center of the catalyst particle contribute with higher turnovers
compared to the active sites in the center. Specific diffusion mea-
surement like AAI accessibility index or inverse GC tools should
be used in this case. However, this type of measurements gives
an average result that does not take into account the inter-
particle heterogeneities of FCC catalyst. It is evident that only cor-
relative analytical techniques may shed light on these differences



Table 3
Catalytic performance test results at iso-C/O.

CATALYST D1 D2 D3 D4 D5 ECAT

Conversion 79.2 78.6 79.4 78.8 76.4 76.8
C/O 5.5 5.5 5.5 5.5 5.5 5.5
Total dry gases 3.2 3.1 3.3 3.1 3.7 3.2
C3
+ 1.6 1.5 1.7 1.5 1.1 1.9

C3
= 5.2 5.0 5.1 4.9 4.5 7.2

Total C3 6.8 6.5 6.8 6.4 5.6 9.1
Total C4

= 5.7 5.6 5.5 5.4 5.4 6.5
Total C4 12.2 11.9 12.2 11.3 10.2 13.4
LPG 19.0 18.4 19.0 17.7 15.8 22.4
Gasoline 49.4 49.8 49.1 49.7 48.4 44.3
Coke 7.8 7.4 8.1 9.0 7.8 7.0
LCO 13.2 13.7 13.1 14.0 15.2 14.4
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in a spatially resolved way, overcoming the limitations of bulk
techniques.
3.2. Metal poisons

Figs. 3 and 4 respectively show the Fe, Ni and V XRF maps for
the ECAT and DCAT materials, while Fig. 5 summarizes the average
poisoning metals distribution in the analyzed Region-of-Interest
(ROI) (also refer to Figs. S4 and S5 for the average XRF counts per
particle). It can be immediately observed that the non-
hydrotreated unseparated ECAT sample shows inter-particle
heterogeneities in Ni and V distribution (i.e., hotspots) and this is
compatible with the age distribution of the FCC particles. Regard-
ing Fe, the unseparated ECAT material shows the presence of Fe-
rich catalyst particles: it is well known that Fe is naturally con-
tained in the clay, but it is also accumulated from feedstock con-
tamination and hardware corrosion in the reactor. We observe a
heterogeneous distribution for this metal, that could be related
to contamination both from crude oil feedstock and reactor com-
ponents, which is in line with the higher amount of Fe contaminant
Fig. 3. Elemental distribution maps of Fe, Ni and V poisoning metals for the different EC
indicates 150 mm.
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found in the ECAT (�3800 ppm) sample compared to other sam-
ples (�2500 ppm).

ECATa, the fraction with the highest skeletal density, has the
highest content of Fe, Ni and V and shows a high number of Ni-V
hotspots, indicating the presence of catalytically old FCC particles.
In the ECATb, ECATc and ECATd fractions, the concentration of Fe
just slightly decreases, but it is still similar to the heaviest fraction
ECATa. On the other hand, the Ni and V concentration in these sam-
ples decreases following the order: ECATd < ECATc < ECATb. Also,
in the ECATc and ECATd samples we basically do not observe Ni
and V hotspots (i.e., they have a more homogeneous low metal
concentration).

Compared to the unseparated ECAT sample, the DCAT samples
have quite a homogeneous Fe distribution, probably because the
artificially deactivated samples did not accumulate additional Fe
and therefore contain only that present in the clay. D1 has the most
similar characteristics compared to the unseparated ECAT, in terms
Ni and V hotspots. Also the D2 and D3 samples have a similar Ni
and V distribution as ECAT, but the number of hotspots decreases
compared to the D1 sample. Hence, there is the following order:
D1 > D2 > D3. Finally, the D4 and D5 samples have a more homo-
ATs samples, obtained after batch fitting analysis of the mXRF dataset. The scale bar



Fig. 4. Elemental distribution maps of Fe, Ni and V poisoning metals for the different DCATs samples, obtained after batch fitting analysis of the mXRF dataset. The scale bar
indicates 150 mm.

Fig. 5. Histogram distribution showing the average Fe, Ni, V poisoning metals content for the considered Region-of-Interest (ROI). The unseparated ECAT and density
separated ECATa, ECATb, ECATc and ECATd data were published in ref. [18].
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geneous distribution of Ni and V compared to the D1, D2 and D3
samples.

It can be therefore concluded that in terms of reproducing inter-
particle heterogeneities (i.e., Ni and V hotspots) a combination of
Mitchell impregnation and CPS seems to work better. However,
this does not directly translate into a catalytic activity similar to
the ECAT. We have previously shown that D5 has lower conversion
than the other DCATs and it is similar to ECAT, suggesting that
hydrothermal degradation conditions of the artificially deactivated
samples are key to reproduce ECAT activity.

3.3. Phosphorus distribution

P has been used as a marker to evaluate the presence of addi-
tives in the considered FCC catalyst samples. Additives, containing
zeolite ZSM-5 embedded in a mesoporous silica matrix, are used in
the reactor to increase propylene yield during the catalytic crack-
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ing reaction.[23,24] P is usually added to ZSM-5-silica particles in
order to aid the conversion of heavier molecules and it can there-
fore be used as a marker for locating these particles in the consid-
ered ROI. Fig. 6.a clearly shows that the fraction with the lowest
skeletal density (i.e., the ECATd sample) contains the highest
amount of additives (i.e., �17% of all particles, as reported in
Table 4). Fig. 6.b shows the overlay map of Nile Blue A (red) and
P distribution (blue-green): it is evident that all the P-rich particles
have very low Nile Blue A fluorescence, which is compatible with
the reduced accessibility.

Synchrotron lXRD-lXRF tomography measurements of a parti-
cle selected from the ECATd fraction show the presence of the zeo-
lite ZSM-5 phase, which is typical for FCC catalyst P-rich additives.
Zeolite ZSM-5, Ni and Fe maps measured at around 18 lm depth
are shown in Fig. 6.c. The average XRD patterns extracted over
the virtual slices clearly show the presence of the zeolite ZSM-5
phase (Fig. 6.d), while no c-alumina XRD peaks are visible. This



Fig. 6. a) P maps for the unseparated ECAT sample and for the ECAT density separated fractions. Scale bar is 150 mm. b) Overlay images of the registered Nile blue A (red) and
P (blue-green) distribution maps of fraction ECATd. c) Single particle selected from ECATd batch: mXRD tomography measurements collected at SLS micro XAS beamline for
slice 1 (18 lm depth) showing zeolite ZSM-5, Fe and Ni distribution (scale bar 10 lm). d) XRD pattern of particles taken from ECATd fraction measured at 18 lm (slice1) and
5 lm (slice2) depth. In the graph the XRD average pattern over different virtual slices is shown. The patterns show the presence of the zeolite ZSM-5 phase. The main ZSM-5
reflection is used to visualize the zeolite phase distribution and it is highlighted in the diffractogram. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 4
Additive particles count, total number of particles and additives percentage for ECATs.

Number of additive
particles

Total number of
particles

Additives
percentage (%)

ECAT 2 92 2.17
ECATa 0 186 0.00
ECATb 2 135 1.48
ECATc 4 91 4.40
ECATd 15 88 17.05
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is compatible with a different composition for these particles
matrix, which is usually made of mesoporous silica.[45] This is also
in line with the reduced accessibility of the P-containing particles.
Furthermore, no additives are present in the DCATs samples.
3.4. Acidity and accessibility

The acidity and accessibility distribution for ECAT samples are
reported in Fig. 7 and S1. Among the density sorted ECAT samples,
the heaviest fraction (i.e., the ECATa sample) has reduced acidity
and accessibility since it is composed by metal-rich aged FCC par-
ticles, that are highly deactivated. ECATb and ECATc have a broader
acidity and accessibility range. The youngest fraction of the ECAT
sample (i.e., ECATd) surprisingly shows lower acidity and accessi-
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bility. For this additive-rich fraction we can observe a high number
of FCC particles showing lower accessibility (100 a.u.) that corre-
spond to less accessible P-rich additive particles, that typically
have a mesoporous silica matrix.

The acidity and accessibility distributions for the DCAT samples
are shown in Fig. 8 and S2. The artificially deactivated FCC samples
maintain a higher acidity as compared to the ECAT samples. It can
also be noted that the accessibility in the DCAT samples is also
higher as compared to the unseparated ECAT material. In order
to rationalize these results several factors must be taken under
consideration. Regarding acidity, it is well known that the decrease
of Brønsted acid sites in the FCC catalyst is related to the dealumi-
nation of the embedded zeolite crystals, that occurs due to
hydrothermal degradation over several catalytic cycles. This effect
can be enhanced by the accumulation of V, that is known to form
vanadic acid which has a destructive effect on the zeolite network.
This aspect is very important to adequately reproduce FCC catalyst
deactivation. Even though the Ni and V distribution is fairly well
reproduced by the metalation artificial deactivation protocol in
the D1, D2 and D3 samples, the fact that the acidity distribution
is centered at a higher value than the ECAT samples suggests that
the CPS samples were most probably not exposed to the same
harsh regeneration conditions (i.e., high temperatures and pres-
ence of steam) as in the reactor. The higher acidity and accessibility



Fig. 7. Acidity and accessibility distribution respectively extracted from thiophene
and Nile Blue A staining for the ECAT samples.

Fig. 8. Acidity and accessibility distribution respectively extracted from thiophene
and Nile Blue A staining for the DCAT samples.
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for DCAT samples when using these deactivation protocols com-
pared to the ECAT is in line with literature findings.[27,30]

In order to explain the fact that the accessibility distribution is
centered to higher values than for the ECATs, we look at the Fe dis-
tribution. In fact, as reported before, the DCAT samples have an
average lower and more uniform Fe distribution compared to the
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ECAT samples. This strongly suggest the absence of Fe from exter-
nal contamination, which is the one that had been linked to a pore
clogging effect and surface vitrification in previous single particle
studies.[10,46]

3.5. Correlation plots

A set of correlation plots related to metals distribution is
reported in Figs. S6 and S7. If we look at the Pearson Correlation
Coefficients (PCC), as reported in Fig. 9, for the ECAT samples and
DCAT samples, we can immediately observe some differences. First
of all, the Fe-Ni and Fe-V PCC are lower in the DCAT samples, most
probably because the artificially deactivated samples all differ from
the ECAT due to a lack of Fe external contamination, usually occur-
ring from reactor components and to a less extent from feedstock.
This is why an overall lower Fe-Ni and Fe-V correlation is observed
compared to the ECATs.

Secondly, the Ni-V PCC are much higher (almost 1) for the D1,
D2 and D3 samples. When comparing with the ECAT samples,
these two elements are artificially added to the DCATs series via
metalation and probably this difference in the correlation plot is
related to a different interaction of these metals with the catalyst,
that does not occur over several consecutive catalytic cycles.

Compared to previous studies, correlation plots of Fe-Ni, Fe-V
and Ni-V (Figs. S6 and S7) give an interesting new insight on the
effectiveness of the different artificial deactivation methods used
to mimic ECAT deactivation. D1, that was deactivated through
Mitchell impregnation followed by CPS shows higher similarity
with the ECAT in terms of Ni and V distribution. However, as pre-
viously reported by Wallenstein et al.,[30] acidity and accessibility
are higher compared to the ECAT.

The unseparated ECAT and its density sorted fractions show the
same scattered trend of the Fe-Ni correlation plots, with PCC
decreasing going from the metals-rich fraction ECATa to the
metal-poor fraction ECATd. This trend is in line with the presence
of less metals deactivated FCC particles following the order
ECATd < ECATc < ECATb < ECATa. The more scattered trend of
unseparated ECAT Fe-Ni correlation plot is compatible with the
wider age distribution of the ECAT particles. If we compare these
results with the DCAT series, it is evident that Fe-Ni correlation
plot of D1 highly resembles to the unseparated ECAT one, having
a similar linear scattered trend. The linear correlation is progres-
sively lost going through the DCAT series, with a corresponding
decrease in PCC (D5 < D4 < D3 < D2 < D1). From these results it
can be concluded that metalation via Mitchell impregnation and
CPS in D1 better mimic inter-particle heterogeneities and the pres-
ence on metals-rich particles of the ECAT compared to CD.

Regarding Fe-V correlation in the unseparated ECAT and its
density sorted fractions, the PCC follows a similar trend as
described for Fe-Ni. However, when we look at the DCAT series,
some interesting results can be highlighted. Again, D1 is the sam-
ple that better mimics the unseparated ECAT scattered linear trend.
D2 and D3 show lower correlation, while surprisingly CD-
deactivated D4 and D5 show a linear trend which is much less scat-
tered than the ECAT and D1, with higher PCC. The linear trend of
CD deactivated D4 and D5 probably reflect a more uniform distri-
bution of V among the particles and the higher Fe-V PCC, more sim-
ilar to the ECAT, suggest a higher penetration of this metal through
the particle, therefore being co-located with the Fe in the matrix.

Finally, Ni-V correlation plot in the ECATs, show the same scat-
tered linear trend as the Fe-Ni and Fe-V correlation plots, with less
PCC variations. However, in the DCATs series metalation/CPS deac-
tivated D1, D2 and D3 show a strong linear trend and higher PCC
compared to the unseparated ECAT. On the other side, CD-
deactivated D4 and D5 have a lower Ni-V correlation. This suggests
once more that samples deactivated through metalation and CPS



Fig. 9. The Pearson Correlation Coefficient (PCC) of the ECAT (top) and DCAT (bottom) samples for Fe-Ni, Fe-V and Ni-V.
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have an inter-particle poisoning metals distribution that is more
similar to the ECAT series compared to the CD deactivated samples.
However, the less scattered trend of Ni-V correlation plot for D1,
D2 and D3 compared to the ECAT, suggests that the simulation of
inter-particle poisoning metals heterogeneity within the batch,
and therefore the simulation of the age distribution of the ECAT,
needs to be improved in the deactivation protocols.

It can be concluded that the Fe-Ni, Fe-V and Ni-V spatial corre-
lations are very similar in the unseparated ECAT and D1 samples. In
fact, D1 is the DCAT that is closer to the ECAT characteristics in
terms of inter-particle metals distribution. Nevertheless, if we
compare both acidity and accessibility, the D1 sample preserves
a higher concentration of Brønsted acid sites as well as a higher
accessibility compared to the ECAT sample. While the higher
accessibility of the D1 sample can be related to the absence of addi-
tional Fe apart from that coming from the matrix, the higher acid-
ity can be related to the catalyst treatment. We know that the drop
in acidity is related to zeolite dealumination, that occurs over sev-
eral regeneration cycles upon steam exposure. If the D1 sample
was not exposed to the same average number of real-life regener-
ation cycles it is normal that it maintains a higher acidity. Also the
Ni-V PCC, as explained before, remains higher in the D1 sample.

These results show that reproducing the poisoning metals dis-
tribution of the ECAT does not necessarily equal to obtain a catalyst
that has similar acidity and accessibility properties, or similar cat-
alytic performance. The relevance of mimicking the ECAT
hydrothermal degradation seem to have a fundamental role in
the success of a deactivation protocol.
4. Discussion

The comparison between the physicochemical and catalytic
properties of the ECAT and DCAT catalysts helped us to better
assess the effects of laboratory-based deactivation protocols. More
specifically, we could evaluate different artificial aging processes in
the riser-regenerator reactor system by evaluating the properties
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of the D1, D2 and D3, and D4 and D5 DCAT samples. In general,
mXRF analysis highlighted a similarity in the Ni and V distribution
between unseparated ECAT and D1 samples and the correlation
plots also show a similar trend. Moving along the DCAT series,
the D2 and D3 samples show progressively less similarity to the
ECAT catalyst with very few metal hotspots, while the D4 and D5
samples have a lower and a more uniform Ni and V distribution.
Though the Ni and V distribution is fairly reproduced in some of
the artificially deactivated samples, Fe contamination is not taken
into account. In fact, all DCAT catalysts have a uniform Fe distribu-
tion, indicating that the only Fe present in our samples is the one
naturally contained in the clay. Based on previous single FCC cata-
lyst particle studies, this can have an effect on the catalyst particle
accessibility.

If we compare the unseparated ECAT catalyst with the DCAT
materials, it can be clearly observed that the accessibility in DCATs
remains always higher. This can be related to the absence in the
DCAT samples of Fe contamination, that is known to cause pore
clogging and vitrification on the particles surface. From the
porosimetry data, reported in Table 1, it is evident that the total
surface area (TSA) of the DCAT materials is higher or comparable
than that of the ECAT sample. This observation is in line with the
staining results. However, the larger differences in pore space aris-
ing from the porosity measurements are caused by the zeolite sur-
face area (ZSA), while the matrix surface area (MSA) shows just
small differences that perfectly reproduce the trend of our accessi-
bility results, obtained via staining (compare e.g., Fig. 7, Fig. 8 and
Table 1). In other words, Nile Blue A, the dye molecule to assess
pore accessibility, can just diffuse into the matrix meso- and
macropores and therefore it can be expected that our accessibility
results reflect the MSA variations.

Regarding acidity, the histogram distribution in the DCAT cata-
lysts is centered to higher values than in the ECAT catalyst. In fact,
a very important parameter to reproduce acidity in the artificial
deactivation protocol is hydrothermal degradation. Reproducing
the high temperatures and the presence of steam in the reactor
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over consecutive catalytic cycles is of utmost importance to accu-
rately reproduce zeolite dealumination and therefore the related
loss of Brønsted acidity in the laboratory-deactivated catalysts. If
we take into consideration Fig. S2, the unseparated ECAT material
has a very low acidity compared to the DCAT samples. Of course,
we have just correlated this result to the ECAT higher exposure
to hydrothermal degradation, but another reasoning can be put
forward. It is well known that CFM is a technique that gives specific
information on the confocal plane that is selected and that FCC cat-
alyst particles show radial deactivation as they undergo industrial
irreversible deactivation (i.e., poisoning metals deposition and
hydrothermal degradation).[10] When we look at the unseparated
ECAT acidity maps, there is a high chance that we are looking at a
region of the particle that is part of this irreversibly deactivated
radial volume. On the other hand, DCAT materials probably do
not show this surface deactivation, at least the one related to the
drop in acidity caused by hydrothermal degradation, and that is
why we observe much higher acidity in these samples.

The fact that D1 metal distribution mimics fairly well the Ni and
V inter-particle heterogeneities of the ECAT, does not translate in a
similar behavior in terms of catalytic activity, where D5 shows
more similarity to the ECAT in terms of conversion values. While
D1 sample was deactivated with Mitchell impregnation and CPS,
D5 was hydrothermally deactivated at 780 �C in 100% of steam
for 32 h prior deactivation via CD-CPS: this strongly suggests that
hydrothermal degradation plays a key role in the catalytic activity
during fluid catalytic cracking.

Moreover, although we observe in D1 similar inter-particle Ni
and V distribution, it would be interesting to use single particle
correlative X-ray tomography methods (i.e., lXRF-lXRD- lXAS
tomography) in order to characterize intra-particle heterogeneities
in DCATs single particles and compare them to the ECAT: this
would allow to check if artificially deactivated samples form sec-
ondary phases containing Ni and Al (i.e., nickel aluminate hotspots)
that are present in the ECAT related to Ni-matrix interaction.[18]
The absence of these hotspots, together with the absence of Fe
from contamination and harsh hydrothermal condition might be
the cause of the higher values of acidity and accessibility observed
for the DCATs.

Finally, the density sorted ECAT materials helped to rational-
ize the effect of metal poisons on deactivation, especially in
terms of the effect of Fe on the overall catalyst particle accessi-
bility. Nevertheless, we must keep in mind that in the ECAT
samples both metal poisoning and hydrothermal degradation
are simultaneously present and build up over several catalysis-
regeneration cycles. In the DCAT samples, although the metals
distribution is well reproduced in some samples, the aging effect
of hydrothermal degradation and the pore blocking effect of Fe
are not as strongly reproduced as in the ECAT samples and a real
age distribution is absent in the DCATs. Hence, this point
requires further attention when developing alternative artificial
aging protocols.
5. Conclusions

We have established, based on the previously developed
method by Buurmans et al.[36] and Nieuwelink et al.[32], a gener-
ally applicable chemical staining protocol for multi-catalyst parti-
cle analysis that allows to validate artificial aging methods to
simulate the industrial deactivation of Fluid Catalytic Cracking
(FCC) materials. The strength of this protocol lies in the possibility
to use different microscopy techniques in the same region of inter-
est (ROI), therefore highlighting in a spatially resolved way inter-
particle heterogeneities within FCC materials. This analytical
approach allows a multiparticle microscopy analysis of solid cata-
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lysts that have been subjected to the staining of both thiophene
and Nile Blue A, allowing to track acidity, accessibility and metals
distribution in the same ROI. This approach will help future devel-
opments of laboratory-based deactivation protocols, which are
essential in refinery industry for product evaluation and
improvements.

Compared to the methods used in previous works, the strength
of our analytical approach is in the possibility to track and corre-
late metals distribution, acidity and accessibility in a spatially
resolved way in the same set of catalyst particles. This is not the
case for bulk methods, such as FT-IR spectroscopy and diffusivity
methods as they are not able to cope with spatiotemporal effects
within a large batch of catalyst particles. Moreover, compared to
SEM-EDS, this approach allows the fast screening of whole catalyst
particles instead of cross sections, avoiding artifacts related to
samples cut. However, our method does not provide sufficient res-
olution to assess intra-particle heterogeneities, that need to be fur-
ther investigated using higher resolution single particle techniques
(e.g., correlative X-ray tomography).

We have compared real-life industrially deactivated ECAT
materials with artificially deactivated DCAT materials with the
aim to assess the ability of different artificial deactivation proto-
cols, more specifically metalation (Mitchell impregnation or spray
impregnation) combined with Cyclic Propylene Steaming (CPS) and
Cyclic Deactivation (CD) combined with CPS, to reproduce the
characteristics of industrial FCC deactivation occurring in the
riser-regenerator reactor unit over several catalytic cycles. We
found that the exposure to real-life regeneration conditions is of
utmost importance to reproduce the acidity drop in unseparated
ECAT materials. Metalation/CPS deactivated samples reproduce
slightly better certain ECAT characteristics, in particular spatial
inter-particle heterogeneities in metal poisons, but do not mimic
properly the catalytic activity of the ECAT, that is reproduced by
the CD-CPS deactivated D5 sample, that was subjected to a harsh
hydrothermally deactivation at 780 �C in 100% of steam for 32 h
prior deactivation.

The absence of additional Fe (apart from the one present in the
FCC catalyst matrix) in the artificially deactivated catalysts corre-
lates with the higher accessibility in the DCAT materials compared
to the unseparated ECAT sample and the ECATa fraction. The Ni-Fe,
Ni-V and Fe-V XRF correlation plots showed spatial correlations for
the ECAT materials. If we compare an unseparated ECAT sample
with DCAT samples, we observe that going from fraction D1 to
fraction D5 the observed linear correlation gradually decreases
for the Ni-Fe and Ni-V pairs, as the amount of Ni and V hotspots
decreases, while it increases for the Fe-V pair. Considering all find-
ings, among the DCAT materials, the D1 fraction (subjected to met-
alation and CPS-aging) is the one showing most similarities with
ECAT.

Finally, the developed correlative microscopy approach was
effective for screening the presence of FCC particles, as well as
additives containing zeolite ZSM-5, which are used as propylene
production booster. By using the phosphorus maps as marker, we
have found that the zeolite ZSM-5-containing FCC particles are
more abundantly present in the lightest ECATd fraction of the den-
sity separated ECAT catalyst material.

Although the artificial protocols under analysis reproduce some
of the main deactivation feature of the ECAT, deactivation methods
need to be further improved in order to be able to fully mimic the
complexity of an ECAT. Specifically, it will be necessary to address
in the future the development of methods to simulate Fe deposi-
tion from reactor components, check the formation of nickel alu-
minates phases arising from metals-matrix interaction together
with the zeolite degradation and dealumination occurring on the
surface of the ECAT. The most challenging part of mimicking the
ECAT, is reproducing via artificial protocols the age distribution



M. Gambino, A.E. Nieuwelink, F. Reints et al. Journal of Catalysis 404 (2021) 634–646
of an ECAT, simultaneously simulating metals deposition and
hydrothermal degradation effects.

In order to achieve that, laboratory-based correlative micro-
scopy inter-particle heterogeneities screening need to be inte-
grated with higher resolution single particle methods, such as
correlative X-ray tomography, that could map intra-particle
heterogeneities related to metals deposition and hydrothermal
degradation.
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[3] A.I. Hussain, A.M. Aitani, M. Kubů, J. Čejka, S. Al-Khattaf, Catalytic cracking of
Arabian light VGO over novel zeolites as FCC catalyst additives for maximizing
propylene yield, Fuel 167 (2016) 226–239, https://doi.org/10.1016/
j.fuel.2015.11.065.
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