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Chapter 1

1.1  Fluid Catalytic Cracking
Catalytic cracking is an essential industrial process for gasoline production, 

and the manufacturing of base chemicals, such as propylene. Currently, more than 
450 Fluid Catalytic Cracking (FCC) plants are operated worldwide,[1,2] producing 
around 15 million barrels per day.[3] In FCC, long-chain feedstock molecules are 
cracked into smaller, more valuable hydrocarbons such as gasoline and/or olefins 
by 50-150 μm sized, hierarchically structured multi-component catalyst particles 
consisting of zeolite, matrix, filler and binder.[4–6] The FCC process plays an important 
role in the conversion of heavy feedstocks, but comes at the expense of requiring 
more FCC catalyst per barrel of gasoline produced (0.4 lbs per barrel).[2] Heavy 
feedstock conversion also results in faster overall catalyst deactivation due to metal 
poisons present in the feedstock and hydrothermal degradation in the presence of 
heat and steam partial pressures in the regenerator. 

Due to the sheer scale of the FCC process, active, efficient catalysts with high 
thermal and hydrothermal stability are desirable. With this intention, numerous 
research efforts have been undertaken to understand zeolite dealumination[7,8] and 
metal mediated deactivation.[9–11] However, examining these phenomena within 
real-life FCC catalysts remains challenging due to the complex interplay of the 
individual components.[12] In order to progress to real catalytic samples, advanced 
chemical imaging techniques are required. Specifically, to image whole FCC catalyst 
particles, techniques offering high elemental and chemical sensitivity at high spatial 
resolution and with large field-of-view and penetrability are necessary. Arguably, 
this positions X-ray microscopy techniques as one of the few analytical methods that 
satisfy such a broad range of requirements. The specific advantageous characteristics 
of X-ray microscopy are discussed in section 1.2 of this Chapter but first we discuss 
what is already known about the mechanisms of FCC deactivation.

1.1.1 The Fluid Catalytic Cracking Process
The FCC unit, which itself is one part in a larger refinery unit, is primarily 

comprised of the riser and regenerator sections through which FCC catalysts are 
cycled. Heated, fluidized catalyst particles come in contact with a hot feedstock 
at the bottom of the riser where the temperature is approximately 550 °C[2] and 
cracking begins as the catalyst and feedstock mixture rises through the column. 
The contact time with the feedstock is typically on the order of seconds after which 
the product mixture is separated from the spent catalyst particles via cyclones at 
the top of the reactor. At this stage, the FCC catalyst particles are fully stripped of 
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Figure 1.1 A schematic representation of the main components of an FCC unit. Fluidized catalyst particles are 

transported from the Regenerator to the bottom of the Riser reactor where they meet a heated feedstock. At this point 

cracking of the feedstock occurs while the catalyst particles rise through the column. Products are separated from the 

catalyst (for further distillation) and the spent catalyst is first stripped of residual products in the presence of steam and 

then recycled to the regenerator where the coke is burned off.

product materials by stream treatment at about 500 °C.[13] The catalyst particles are 
then transported to the regenerator where deposited coke species are burned off 
at temperatures up to 760 °C to regenerate the catalyst for reuse.[2,13] Over the long 
term, FCC catalyst deactivation due to a variety of reasons results in lower cracking 
efficiency and a diversion from the desired product slate. To maintain a certain level 
of activity, a small fraction of the FCC catalysts in the FCC unit is regularly replaced 
by a corresponding amount of fresh FCC catalysts. This results in on-stream catalysts 
with a finite age distribution that have reached equilibrium and are thus termed 
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equilibrium catalysts, or ECAT. A more comprehensive understanding of the FCC 
process is given by Sadeghbeigi[1] and also by Vogt and Weckhuysen.[2]

1.1.2 The FCC Catalyst
FCC particles are multicomponent catalysts comprised of zeolite, matrix, 

filler and binder materials. The porous, crystalline acid zeolite component provides 
the majority of the catalytic activity and product selectivity for FCC catalysts. Y type 
zeolites have been preferred to other acidic zeolites due to their large pore size and 
high surface area, which result in a favorable product distribution.[14] When trivalent 
Al replaces Si in the zeolite framework as AlO4

- tetrahedra it gives rise to a net 
negative charge in the framework. If the charge balance is re-established by protons 
then Brønsted acidity is introduced into the zeolite making it suitable for cracking 
hydrocarbons.[15–17] The amount and the concentration of Brønsted acid sites present 
in the framework govern the cracking capability of a zeolite. For most commercial 
cracking purposes it is preferable to have Si/Al ratios of ~3-10,[18] because at this ratio 
the cracking rate is sufficient while providing selectivity to commercially desirable 
gasoline fractions.  However, despite the advantageous properties, standard, Y 
type zeolites do not have the thermal and hydrothermal stability to cope with the 
harsh thermal and hydrothermal conditions experienced in an FCC unit.[19–22] Thus 
post-synthetic techniques are used to enhance the stability of Y type zeolites. One 
such method is by dealuminating the framework of a standard Y type zeolite via 
calcination under steam resulting in higher hydrothermal stability. 

 Furthermore, the formation of mesopores in the so-called Ultra-Stable Y 
(USY) zeolite provides a strategic accessibility increase for larger hydrocarbon 
molecules that would otherwise not be able to interact with the acid sites. USY 
zeolites may be further stabilized by introducing Rare Earth metals, such as La,[23,24] 
that provide resistance to hydrothermal deactivation[25] and maintain the desired 
level of acidity. Thus, Rare-Earth Ultra Stable Y-type (REUSY) zeolites have been the 
zeolite of choice in the FCC process. In FCC catalysts the zeolites are embedded in a 
particle matrix, composed of alumina, which itself plays an active role in pre-cracking 
large hydrocarbons to appropriate size so that they can enter zeolite micro-pores for 
further, selective cracking. The filler consists of Kaolin clay used to dilute catalyst 
particle activity, while the binder holds together zeolite, matrix and filler. Ideally, 
FCC catalysts employ a hierarchical pore structure design, wherein the macroporous 
(pores with diameters greater than 50 nm)[26] matrix facilitates the transport of and 
pre-cracks large hydrocarbons, for final cracking by the zeolites to desired products. 
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Figure 1.2 A schematic representation of an FCC particle shows the multiple components and the different porous 

length-scales. This Figure is based on Vogt and Weckhuysen.[2]

In turn, the zeolite domains exhibit their own hierarchical pore structure, which is 
introduced through the aforementioned post-synthesis techniques to create meso- 
(between 2 and 50 nm pore diameter) and microporous (less than 2 nm pore 
diameter) materials.[26] Maintaining the hierarchical pore structure of FCC catalysts 
is critical for sustained cracking efficiency over the catalyst lifetime. 

1.1.3 FCC Catalyst Deactivation
Over the long term, catalytic conversion of feedstocks results in irreversible 

deactivation of FCC catalysts due to metal poison impurities in the feedstock and the 
FCC unit. Moreover, hydrothermal degradation in the presence of heat and steam 
partial pressures in the regenerator also leads to irreversible deactivation. This is 
especially true in the conversion of low quality feedstocks where metal content 
is higher. Metal impurities such as Fe, Ni, V, Ca and Na, which are present in the 
feedstock, act as a poison for FCC catalysts through a variety of mechanisms affecting 
the pore structure, catalytic activity and structural integrity of the catalyst.[18] When 
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they are incorporated into the FCC catalyst particle Fe, Ni, and V are known to 
promote the formation of coke, at the expense of desired products.[11,27] Furthermore, 
it has been proposed that Fe can cause accessibility loss via pore blocking[28] and, 
along with Ca, may chemically degrade zeolites thereby diminishing the cracking 
capability of the FCC catalyst.[10] Ni and V are known to promote coke formation 
by promoting both hydrogenation and dehydrogenation reactions.[29] Furthermore, 
V is believed to irreversibly degrade zeolite domains and cause destruction of the 
crystalline zeolite structure in FCC catalysts via the damaging effects arising from 
the formation of vanadic acid.[30,31] However, many of these investigations have 
largely been performed on isolated zeolites[11,30] or artificially impregnated, lab-
deactivated FCC catalyst particles[10,27,28,32] which may not accurately simulate real 
FCC conditions. The correlation between metal incorporation and the deactivation of 
FCC catalysts is clear, however it is not clear whether all metal species incorporated 
in FCC catalysts, irrespective of their location are responsible or whether specific 
interactions (for example, within a zeolite domain) are required. 

In industrial cracking units, FCC particles endure repeated vigorous steam 
treatment regeneration. In the long run, however, this results in leaching of Al from 
the zeolite framework to extra-framework and non-framework positions.[33] Loss 
in framework Al (FAL) results in lower overall acidity and cracking capability of 
the zeolite. Furthermore, loss of enough FAL can result in collapse of the whole 
zeolite framework, which then negates the shape and size selectivity of the 
zeolite. FCC catalysts show significant loss in activity as a function of lab steaming 
conditions.[34] However, it remains unclear whether the zeolite dealumination in 
FCC is homogeneous or whether there are interparticle spatial heterogeneities. 
Thus, microscopy techniques can offer invaluable insight into both metal mediated 
and steam deactivation of FCC catalysts.

1.2 X-ray Microscopy
Synchrotron-based X-ray microscopy offers high elemental and chemical 

sensitivity, a large field-of-view (FOV), high resolution and large penetration 
lengths.[35–39] These unique characteristics make X-ray microscopy one of the most 
promising techniques to investigate catalytic solids.[40,41] Furthermore, recent 
advances in X-ray microscopy have positioned it to extend the study of catalytic 
materials to industrially relevant samples.[42–44] Here, we briefly discuss the general 
principles of X-ray microscopy.
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1.2.1 X-ray Interaction with Matter

vv

Figure 1.3 The X-ray penetration depth for alumina (Al2O3, density = 3.95 g/cm3) ranges from 160 nm at 300 eV to 160 

μm at 10000 eV. The penetration depth is defined as the attenuation of the incident beam to 1/e of its intensity. The 

penetration depth was calculated using data from Henke et al.[46]

The X-ray interaction with matter can be macroscopically described by 
refraction and absorption given by the complex index of refraction, which describes 
how X-rays (light) propagate through matter:

n= 1- δ - iβ      (1.1) 

Here δ represents the refractive index decrement (or atomic scattering 
factor) which describes how X-rays are scattered and β represents absorption index 
which describes how X-rays are absorbed by matter.[45] For X-rays, the complex 
index of refraction is very close to one, meaning that the interaction cross section 
is low and the penetration depth of X-rays is high (that is, from 100 nm to 100s of 
μm depending on X-ray energy and the material) particularly when compared to 
analogous electron methods (~ 100-150 nm for a 100 keV beam). Figure 1.3 plots the 
calculated X-ray penetration depth, which is defined as the depth at which the X-ray 
beam is attenuated to 1/e of the incident flux, for alumina (Al2O3, density – 3.95 g/
cm3). The penetration depth increases logarithmically as a function of energy with 
two characteristic dips corresponding to resonant X-ray absorption with O (530 eV) 
and Al (1550 eV). Specifically, resonant photoexcitation of a core electron of O and 
Al results in a sudden onset in absorption, termed the absorption edge, occurring 
at the energy matching the binding energy of a particular core shell electron. This 
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photoabsorption is the basis for X-ray Absorption Spectroscopy (XAS).
 In XAS, the photon energy is tuned to resonant energies for core-electron 

photoabsorption. Since the difference in binding energies of core electrons of the 
elements are well spaced, XAS can be used to perform element specific analysis. 
As an example, the Fe K edge onset energy is 7112 eV, whereas the Co K edge 
occurs at 7709 eV.[47] In imaging, 2-energy mapping, i.e. scanning above and below 
the absorption edge can therefore be used to determine the presence or absence 
of an element.  Furthermore, current synchrotron beamlines are capable of energy 
resolutions on the order of 50-100 meV with which fine electronic structural details in 
the X-ray absorption profile may be revealed. In complex molecules and solids, X-ray 
Absorption Near Edge Structure (XANES) spectroscopy is used to directly probe 
the electronic structural details by excitation of core electrons into empty valence 
orbitals that are formally (quasi-) bound states. Bound states are primarily subject 
to the local potential of the absorber or the empty density of states on the order of 
10-30 eV above the Fermi level.[48] Due to this sensitivity to the local potential, which 
is largely determined by chemical bonding, the XANES regime is highly sensitive 
to chemical speciation and oxidation state. The probability of an X-ray absorption 
event at a given energy is given by the mass absorption coefficient, μ(E) and the 
thickness of the sample, t,

I(E)=I0(E)e(μ(E)·t)     (1.2)

                                           (1.3)

where I(E) is the transmitted flux, I0(E) the incident flux at energy E. The mass 
absorption coefficient, μ(E) is linked to the complex index of refraction (equation 
1.1) through the Kramers-Kronig relation.[49] Typically X-ray absorption spectra are 
plotted with μ, or the optical density (which is defined as μ · t) on the y-axis. In 
complex mixtures of materials, the total attenuation coefficient is simply given by 
the linear sum of μx for each component, x. Thus XANES spectroscopy with the 
right set of reference spectra can provide quantitative chemical phase compositions 
of a material by methods, such as linear least squares fitting or singular value 
decomposition techniques.

 Lastly, relaxation of a core-excited state can lead to Auger and X-ray 
Fluorescence (XRF) processes. The XRF process involves the emission of an X-ray 
corresponding to an electron relaxation into the core-hole. This results in X-rays 
of characteristic energies, which can be used to accurately quantify the elements 
present in a given material.
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1.2.2 X-ray Microscopy
 XAS, a purely spectroscopic tool, may be used in conjunction with image 

forming techniques to obtain additional 2-D and 3-D chemical information at high 
spatial resolution. Image formation requires X-ray optics that can focus light to either 
(1) act as an objective lens for full-field techniques or (2) form a point probe, as for 
scanning techniques.[50–54] Full-field and scanning techniques are both accompanied 
by their own set of technical challenges and advantages. Full-field X-ray microscopy 
is typically faster and less technically demanding than scanning techniques, however 
a scintillator screen along with a Complementary Metal-Oxide-Semiconductor 
(CMOS) or Charge Coupled Device (CCD) camera are required to form the image 
downstream. In scanning microscopy, a simple photomultiplier tube detector or 
an energy dispersive X-ray detector for XRF microscopy can be used, but image 
acquisition is generally slower and accurate positional feedback is required to form 
the sharpest possible image.[55] Though perhaps more challenging to implement, the 
principles of X-ray microscopy are largely analogous with their more traditional 
optical microscopy counterparts. However, one significant difference is in the design 
of efficient X-ray optics that requires consideration of the weak refractive properties 
of X-rays. Two examples of X-ray optics are Kirkpatrick-Baez (KB) grazing incident 
reflective mirrors[56] and secondly the Fresnel Zone Plate (FZP) optic.[57] Both of 
these optics have been used in this Thesis and are discussed in more detail below, 
however it is important to mention that many other systems, such as Compound 
Refractive Lens (CRL), X-ray waveguide and Multilayer Laue Lens (MLL) optics 
are commonplace.[57] More recently, lensless Coherent Diffractive Imaging (CDI) 
techniques, which are not diffraction limited in resolution, have emerged as an 
attractive option where highest resolution is required.[58–64]

A KB mirror system consists of two total reflection mirrors with elliptical 
shape. One mirror is used to focus light in the vertical direction and the other in the 
transverse direction. The mirrors rely on a very low glancing angle (< 5 mrad),[65] 
which places huge restrictions on the surface roughness of the mirror.[66] Focal 
distances can be tens of mm downstream from the mirror system, which allow 
for non-conventional sample setups, something not possible with many X-ray 
optics systems due to restrictions imposed by their short focal distances. With 
current ultra-flat mirror fabrication techniques, KB mirrors which have a surface 
roughness lower than 0.7 nm,[65] can achieve sub-100 nm  resolutions in the hard 
X-ray regime.[67] Diffraction based FZP optics have been extensively utilized in the 
soft X-ray microscopy with demonstrated resolutions lower than 15 nm.[68] An FZP 
consists of alternating circular X-ray opaque and transparent regions of tapered 
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width that creates a constructive wave at the focal point. The resolution of FZP 
microscopy is diffraction limited and thus is determined by the width of the outer 
zone. In scanning mode, the diffraction limited resolution (given by the Rayleigh 
criterion) is given by 1.22 times the outer zone width whereas in full-field mode, (i.e. 
when the FZP acts as an objective) it can be the same as the outer zone width.[45] In 
the soft X-ray regime, additional challenges are faced in the sample geometry since 
the focal length of the FZP is inversely dependent on the wavelength of the light, 
and the distance to the sample can be as little as 300 μm at the C K edge, which has 
a binding energy of 283.8 eV.[47]

1.2.3 Advances in X-ray Microscopy
 Despite the technical challenges associated with X-ray microscopy, it 

provides a unique analytical tool to probe the chemical structure of materials at high 
spatial resolution. Recently, X-ray imaging has seen a vast improvement in chemical 
sensitivity, imaging quality and spatial resolution all of which has been used to 
understand catalytic phenomena. In 2008, de Smit et al. showed that soft X-ray 
Scanning Transmission X-ray Microscopy (STXM) could be used to track the in situ 
chemical speciation of C, and iron carbide formation on an Fe based Fisher-Tropsch 
catalyst at atmospheric pressure and elevated temperatures with 35 x 35 nm2 pixel.[69] 
This proof of principle study was extended with hard X-ray Transmission X-ray 
Microscopy (TXM) to more realistic working conditions of 350 °C and 10 bar pressure 
to track the in situ chemical speciation of Fe during Fisher-Tropsch synthesis.[70] 
With newer in situ setups, one can expect that true operando conditions will be 
within reach in the future. X-ray tomography offers the advantage of being able to 
combine chemical or elemental imaging with real 3-D distributions. In principle, 
tomographic imaging may be applied at any X-ray microscopy beamline as long 
as the sample is able to freely rotate about an axis normal to the beam. Using hard 
X-ray tomography, Grew et al. were able to non-destructively image the element 
selective 3-D heterogeneous nanostructure of a porous solid oxide fuel cells at a 
resolution of 38.5 nm.[71] With nanoscale elemental contrast imaging (i.e. tomographic 
imaging above and below an elemental edge) the elemental distribution of the Ni 
phase and nano-scale pore distribution could be determined. 3-D imaging can 
also be performed with XANES, to view the 3-D distribution of different chemical 
phases.[37] Recently CDI has emerged as a promising X-ray imaging technique 
with spatial resolution approaching 1 nm. In 2002, Schropp et al. used hard X-ray 
Ptychography (a CDI technique) to resolve structures of a test pattern at 10 nm 
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marking a significant improvement in hard X-ray resolution.[72] Even more recently, 
soft X-ray ptychography in the STXM has been used to resolve structures at an 
unprecedented 5 nm resolution that is now the world record resolution achieved by 
an X-ray microscope.[64] As a point of reference, the unit cell length of zeolite Y is 2.4 
nm. Thus, X-ray ptychography has quite justifiably gained massive attention, while 
efforts to push past the 1 nm mark are underway.  

1.3 Scope of the Thesis
The goals of this Thesis have thus been two-fold: first, to advance chemical 

imaging methodologies in X-ray microscopy and data analysis thereof. Secondly, to 
provide insights into the long-term deactivation modes of real-life Fluid Catalytic 
Cracking particles namely (1) understanding the impact of loss in particle accessibility, 
(2) the chemistry and distribution of metal poisons and (3) the chemical and 
hydrothermal degradation of the zeolitic phase. Chapters 1-5 have the common theme 
of describing the application of hard X-ray techniques, which provide penetrability 
through whole FCC catalyst particles and thus have been utilized to perform non-
destructive tomographic measurements in order to understand the 3-D distribution 
of elements in FCC catalysts. In Chapter 2, TXM has been used to visualize the 3-D 
catalyst macropore structure, the spatial distribution of deposited Fe and Ni, and 
the effect of these metals in pores, and on mass transport properties in an individual 
ECAT FCC particle. This methodology has been further extended in Chapter 3 to 
ECAT particles of known, varying age and metal loading to understand the changes 
to the macropore structure and particle accessibility as a function of catalyst age 
thus revealing insights into metal deposition related deactivation. In Chapter 4, the 
methodology was applied further to understand the case of metal-mediated particle 
agglutination of two FCC catalyst particles. Chapters 2-4 focused on the distribution 
of Fe and Ni in FCC catalyst particles, however due to experimental limitations, 
other elements were not detected. In Chapter 5, hard μ-X-ray Fluorescence (μXRF) 
tomography, made possible by a large-array XRF detector, was used to understand 
the distribution and correlation of many metal poisons such as, Fe, Ni, Ca and V in 
addition to the elements inherent to the catalyst such as La (in the zeolite domains) 
and Ti (present in the clay). In Chapters 6-8 our focus was shifted towards soft X-ray 
imaging techniques. X-ray ptychography, which as a technique holds the X-ray 
microscopy record for resolution,[64] was used in Chapters 6 and 8. In Chapter 6, soft 
X-ray ptychographic XANES at the Fe L3 edge was used to understand the means 
by which Fe is deposited at the catalyst surface. In Chapter 7, Fe L3, La M5 and Al K 
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edge spectromicroscopy with Scanning Transmission X-ray Microscopy (STXM) was 
used to visualize the zeolite dealumination process in aging FCC catalyst particle 
thin-section samples. In Chapter 8, soft X-ray ptychography and conventional STXM 
were used to elucidate the intraparticle and sub-zeolite heterogeneities of a Fresh 
and ECAT FCC catalyst particle thin-section. The Thesis ends with concluding 
remarks and an outlook on recent developments and possible experiments of FCC 
catalysis and X-ray microscopy.

References
[1] R. Sadeghbeigi, in Fluid Catalytic Cracking Handbook, Elsevier, Amsterdam, 2012, pp. 

87–115.

[2] E. T. C. Vogt, B. M. Weckhuysen, Chem. Soc. Rev. 2015, 44, 7342–7370.

[3] V. Komvokis, L. X. L. Tan, M. Clough, S. S. Pan, B. Yilmaz, in Zeolites in Sustainable 

Chemistry, Springer, Berlin, 2016, pp. 271–297.

[4] J. Scherzer, Appl. Catal. 1991, 75, 1–32.

[5] Y.-M. Chen, in Handbook of Fluidization and Fluid-Particle Systems, (Ed.: W.-C. Yang), 

CRC Press, Boca Raton, 2003, pp. 379–394.

[6] G. Ertl, H. Knözinger, F. Schüth, J. Weitkamp, Handbook of Heterogeneous Catalysis (2nd 

ed.), Wiley-VCH, Weinheim, Germany, 2008.

[7] B. A. Williams, S. M. Babitz, J. T. Miller, R. Q. Snurr, H. H. Kung, Appl. Catal. A: Gen. 

1999, 177, 161–175.

[8] Q. L. Wang, G. Giannetto, M. Guisnet, J. Catal. 1991, 130, 471–482.

[9] A. S. Escobar, F. V. Pinto, H. S. Cerqueira, M. M. Pereira, Appl. Catal. A: Gen. 2006, 

315, 68–73.

[10] A. S. Escobar, M. M. Pereira, H. S. Cerqueira, Appl. Catal. A: Gen. 2008, 339, 61–67.

[11] M. Xu, X. Liu, R. J. Madon, J. Catal. 2002, 207, 237–246.

[12] S. Mitchell, N.-L. Michels, J. Pérez-Ramírez, Chem. Soc. Rev. 2013, 42, 6094–112.

[13] J. Biswas, I. E. Maxwell, Appl. Catal. 1990, 58, 1–18.

[14] J. García-Martínez, K. Li, G. Krishnaiah, Chem. Commun. 2012, 48, 11841–11843.

[15] Y. Watanabe, H. W. Habgood, J. Phys. Chem. 1968, 72, 3066–3069.

[16] D. Freude, M. Hunger, H. Pfeifer, Chem. Phys. Lett. 1982, 91, 307–310.

[17] B. V. Liengme, W. K. Hall, Trans. Faraday Soc. 1966, 62, 3229-3243.

[18] H. S. Cerqueira, G. Caeiro, L. Costa, F. Ramôa Ribeiro, J. Mol. Catal. A: Chemical 2008, 

292, 1–13.



15

References 

[19] J. A. van Bokhoven, A. M. J. van der Eerden, D. C. Koningsberger, Stud. Surf. Sci. 

Catal. 2002, 142, 1885–1890.

[20] A. Omegna, J. A. van Bokhoven, R. Prins, J. Phys. Chem. B 2003, 107, 8854–8860.

[21] B. Xu, S. Bordiga, R. Prins, J. A. van Bokhoven, Appl. Catal. A: Gen. 2007, 333, 245–253.

[22] J. Jiao, W. Wang, B. Sulikowski, J. Weitkamp, M. Hunger, Microporous Mesoporous 

Mater. 2006, 90, 246–250.

[23] F. E. Trigueiro, D. F. J. Monteiro, F. M. Z. Zotin, E. Falabella Sousa-Aguiar, J. Alloys 

Compd. 2002, 344, 337–341.

[24] M. A. Sanchez-Castillo, R. J. Madon, J. A. Dumesic, J. Phys. Chem. B 2005, 109, 2164–

2175.

[25] E. F. Sousa-Aguiar, F. E. Trigueiro, F. M. Z. Zotin, Catal. Today 2013, 218-219, 115–122.

[26] M. Nič, J. Jirát, B. Košata, A. Jenkins, A. McNaught, Eds. , IUPAC Compendium of 

Chemical Terminology, IUPAC, Research Triagle Park, NC, 2009.

[27] E. Tangstad, A. Andersen, E. M. Myhrvold, T. Myrstad, Appl. Catal. A: Gen. 2008, 346, 

194–199.

[28] Z. Yuxia, D. Quansheng, L. Wei, T. Liwen, L. Jun, Stud. Surf. Sci. Catal. 2007, 166, 

201–212.

[29] T. F. Petti, D. Tomczak, C. J. Pereira, W.-C. Cheng, Appl. Catal. A: Gen. 1998, 169, 

95–109.

[30] C. Trujillo, U. N. Uribe, P. Knops-Gerrits, L. A. Oviedo, P. A. Jacobs, J. Catal. 1997, 

168, 1–15.

[31] R. F. Wormsbecher, J. Catal. 1986, 100, 130–137.

[32] R. F. Wormsbecher, W.-C. Cheng, R. H. Harding, Prepr. - Am. Chem. Soc. Div. Pet. 

Chem. 1995, 40, 482–486.

[33] L. A. Pine, P. J. Maher, W. A. Wachter, J. Catal. 1984, 85, 466–476.

[34] D. J. Rawlence, K. Gosling, Catal. Today 1991, 11, 47–59.

[35] Y.-T. Chen, T.-N. Lo, Y. S. Chu, J. Yi, C.-J. Liu, J.-Y. Wang, C.-L. Wang, C.-W. Chiu, 

T.-E. Hua, Y. Hwu, Q. Shen, G.-C, Yin, L. Gung-Chian, S. Keng, H.-M. Lin, J.H. Je, G. 

Margaritondo, Nanotechnology 2008, 19, 395302.

[36] B. Niemann, D. Rudolph, G. Schmahl, Appl. Opt. 1976, 15, 1883-1884.

[37] F. Meirer, J. Cabana, Y. Liu, A. Mehta, J. C. Andrews, P. Pianetta, J. Synchrotron Radiat. 

2011, 18, 773–781.

[38] W. S. Haddad, I. McNulty, J. E. Trebes, E. H. Anderson, R. A. Levesque, L. Yang, 

Science 1994, 266, 1213–1215.



16

Chapter 1

[39] J. Miao, P. Charalambous, J. Kirz, D. Sayre, Nature 1999, 400, 342–344.

[40] F. M. F. de Groot, E. de Smit, M. M. van Schooneveld, L. R. Aramburo, B. M. 

Weckhuysen, ChemPhysChem 2010, 11, 951–962.

[41] J.-D. Grunwaldt, J. B. Wagner, R. E. Dunin-Borkowski, ChemCatChem 2013, 5, 62–80.

[42] C. G. Schroer, P. Boye, J. M. Feldkamp, J. Patommel, D. Samberg, A. Schropp, A. 

Schwab, S. Stephan, G. Falkenberg, G. Wellenreuther, N. Reimers, Nucl. Instruments 

Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 2010, 616, 93–97.

[43] C. G. Ryan, R. Kirkham, R. M. Hougha, G. Moorhead, D. P. Siddons, M. D. De Jonge, 

D. J. Patersone, G. De Geronimod, D. L. Howarde, J. S. Cleverley, Nucl. Instruments 

Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 2010, 619, 37–43.

[44] J. Lim, Y. Li, D. H. Alsem, H. So, S. C. Lee, P. Bai, D. A. Cogswell, X. Liu, N. Jin, Y.-S. 

Yu, N. J. Salmon, D. A. Shapiro, M. Z. Bazant, T. Tyliszczak, W. C. Chueh, Science 

2016, 353, 566–571.

[45] D. T. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation : Principles and Applications, 

Cambridge University Press, Cambridge, 2007.

[46] B. L. Henke, E. M. Gullikson, J. C. Davis, At. Data Nucl. Data Tables 1993, 54, 181–342.

[47] J. A. Bearden, A. F. Burr, Rev. Mod. Phys. 1967, 39, 125–142.

[48] J. Stöhr, NEXAFS Spectroscopy, Springer, Berlin, 1992.

[49] R. de L. Kronig, J. Opt. Soc. Am. 1926, 12, 547-557.

[50] A. G. Michette, G. R. Morrison, C. J. Buckley, Eds., X-Ray Microscopy III, Springer, 

Berlin, 1992.

[51] B. Kaulich, P. Thibault, A. Gianoncelli, M. Kiskinova, J. Phys. Condens. Matter 2011, 

23, 83002–83023.

[52] J. Kirz, C. Jacobsen, M. Howells, Q. Rev. Biophys. 1995, 28, 33–130.

[53] J. Kirz, J. Opt. Soc. Am. 1974, 64, 301-309.

[54] M. Howells, C. Jacobsen, T. Warwick, A. Van den Bos, in Sci. Microsc., Springer Berlin, 

2007, pp. 835–926.

[55] A. L. D. Kilcoyne, T. Tyliszczak, W. F. Steele, S. Fakra, P. Hitchcock, K. Franck, E. 

Anderson, B. Harteneck, E. G. Rightor, G. E. Mitchell, A. P. Hitchcock, L. Yang, T. 

Warwick, H. Ade, J. Synchrotron Radiat. 2003, 10, 125–136.

[56] P. Kirkpatrick, A. V. Baez, J. Opt. Soc. Am. 1948, 38, 766-774.

[57] E. Spiller, Soft X-Ray Optics, SPIE, Bellingham, 1994.

[58] P. Cloetens, W. Ludwig, J. Baruchel, J.-P. Guigay, P. Pernot-Rejmánková, M. Salomé-

Pateyron, M. Schlenker, J.-Y. Buffière, E. Maire, G. Peix, J. Phys. D. Appl. Phys. 1999, 



17

References 

32, A145–A151.

[59] J. M. Rodenburg, A. C. Hurst, A. G. Cullis, B. R. Dobson, F. Pfeiffer, O. Bunk, C. 

David, K. Jefimovs, I. Johnson, Phys. Rev. Lett. 2007, 98, 034801.

[60] J. M. Rodenburg, H. M. L. Faulkner, Appl. Phys. Lett. 2004, 85, 4795-4797.

[61] P. Thibault, M. Guizar-Sicairos, A. Menzel, J. Synchrotron Radiat. 2014, 21, 1011–1018.

[62] P. Thibault, M. Dierolf, A. Menzel, O. Bunk, C. David, F. Pfeiffer, Science 2008, 321, 

379–382.

[63] M. Dierolf, A. Menzel, P. Thibault, P. Schneider, C. M. Kewish, R. Wepf, O. Bunk, F. 

Pfeiffer, Nature 2010, 467, 436–439.

[64] D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, K. Kaznatcheev, 

A. L. D. Kilcoyne, F. Maia, S. Marchesini, Y. S. Meng, T. Warwick, L. L. Yang, H. A. 

Padmore, Nat. Photonics 2014, 8, 765–769.

[65] W. Liu, G. E. Ice, J. Z. Tischler, A. Khounsary, C. Liu, L. Assoufid, A. T. Macrander, 

Rev. Sci. Instrum. 2005, 76, 113701.

[66] H. Yumoto, H. Mimura, T. Koyama, S. Matsuyama, K. Tono, T. Togashi, Y. Inubushi, 

T. Sato, T. Tanaka, T. Kimura, H. Yokoyama, J. Kim, Y. Sano, Y. Hachisu, M. Yabashi, 

H.  Ohashi, H. Ohmori, T. Ishikawa, K. Yamauchi, Nat. Photonics 2012, 7, 43–47.

[67] O. Hignette, P. Cloetens, G. Rostaing, P. Bernard, C. Morawe, Rev. Sci. Instrum. 2005, 

76, 063709.

[68] W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, D. T. Attwood, Nature 2005, 

435, 1210–1213.

[69] E. de Smit, I. Swart, J. F. Creemer, G. H. Hoveling, M. K. Gilles, T. Tyliszczak, P. J. 

Kooyman, H. W. Zandbergen, C. Morin, B. M. Weckhuysen, F. M. F. de Groot, Nature 

2008, 456, 222–225.

[70] I. D. Gonzalez-Jimenez, K. Cats, T. Davidian, M. Ruitenbeek, F. Meirer, Y. Liu, J. 

Nelson, J. C. Andrews, P. Pianetta, F. M. F. de Groot, B. M. Weckhuysen, Angew. 

Chem. Int. Ed. 2012, 51, 11986–11990.

[71] K. N. Grew, Y. S. Chu, J. Yi, A. A. Peracchio, J. R. Izzo, Y. Hwu, F. De Carlo, W. K. S. 

Chiu, J. Electrochem. Soc. 2010, 157, B783-B792.

[72] A. Schropp, R. Hoppe, J. Patommel, D. Samberg, F. Seiboth, S. Stephan, G. 

Wellenreuther, G. Falkenberg, C. G. Schroer, Appl. Phys. Lett. 2012, 100, 253112.





Using full-field Transmission X-ray Microscopy (TXM) we have determined the 
3-D composition and porosity of a whole individual Fluid Catalytic Cracking (FCC) 
particle at high spatial resolution, while maintaining the full integrity of the particle. 
Computed tomography was performed to visualize the macropore structure of the 
catalyst and its ease of mass transport. We mapped the relative spatial distributions 
of Ni and Fe, two known metal poisons in FCC catalysis, using multiple-energy 
tomography at their respective X-ray absorption K edges and correlated these 
distributions with porosity and permeability of an equilibrated FCC catalyst 
(ECAT) particle. Both metal poisons were found to accumulate in the outer layers 
of the catalyst particle, effectively decreasing its porosity by clogging of pores and 
eventually restricting access into the FCC particle. This metal clogging effect has 
been visualized by simulated laminar flow velocity and permeability calculations on 
a particle sub-volume highlighting the relationship with metal pore clogging on the 
macropore interconnectivity and mass transport capabilities of the particle. 

This Chapter is based on: F. Meirer, D. Morris, S. Kalirai, Y. Liu, J. C. Andrews, B. M. 
Weckhuysen, J. Am. Chem. Soc. 2015, 137, 102-105.
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2.1 Introduction
In Fluid Catalytic Cracking (FCC), the use of heavy fuel oil is usually more 

economical, however, a consequence is that gasoline yield is lower and the metal 
content is higher than in lighter, higher quality feedstocks. Metals, such as Ni and 
V, found in higher concentrations in heavy feedstocks, can decrease the yield by 
catalyzing dehydrogenation-hydrogenation reactions of hydrocarbons present in 
the feedstock, leading to an increased coking of the FCC particle[1] and thus a shift 
toward undesirable products. Fe from the reactor chamber and from the FCC feed is 
also suspected to contaminate the catalyst particle by clogging pores and restricting 
accessibility into active domains within the particle.[2] A deep understanding of these 
phenomena is crucial for the design of future FCC catalysts and reactors and requires 
fundamental insight into the effects of metal poisoning and related changes in 
porosity and permeability. Therefore, in order to design and produce more efficient 
FCC catalysts, their structure and chemistry must be understood on multiple length 
scales, including the single catalyst particle level.[3]

For FCC catalysts, there have been several studies investigating the 
topography, morphology, and deactivation of FCC particles using various 
experimental techniques. However, most studies attempting to investigate the roles 
of metals have been limited to the surface or outer layers of the catalyst particles[2,4] or 
to cross sections of single particles.[5] To study catalytic activity, confocal fluorescence 
microscopy[6] and integrated light and electron microscopy (iLEM) have been used 
to probe the acidity of individual FCC particles.[7,8] However, these selective staining 
techniques do not provide insight into the 3-D morphology of FCC particles at 
high spatial resolution. More recently, micro-CT has been performed on several 
FCC particles at lower resolution (~1 μm) studying particle morphology and large 
macropores within. The study also included nano-tomography of a small subsection 
of a single catalyst particle at ~70 nm voxel size. Tomography data were collected 
at a single X-ray energy, and therefore, no elemental distributions were reported.[9] 

In this Chapter, we sought to provide elemental information at high spatial 
resolution and present a study of the 3-D Fe and Ni relative distributions as well as the 
porosity and permeability of a whole FCC particle using full-field transmission hard 
X-ray microscopy (TXM). This technique allows for a noninvasive, high-resolution 
investigation of the 3-D microstructure and porosity.[10–12] By providing sub-30 nm 
2-D resolution,[13] TXM is able to visualize macroporosity (pores with diameters 
above 50 nm). By stitching together multiple fields of view (FOVs) the 30 × 30 μm2 
FOV can be extended to form a large mosaic image at every angle of a tomographic 
scan to image the entire FCC particle in 3-D.[14] Three-dimensional relative elemental 
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distributions of Fe and Ni can be generated using differential contrast,[15] allowing 
for an investigation of the effects of metal poisoning. As a result, new fundamental 
insights into metal poisoning of FCC catalyst materials can be obtained at the single 
particle level. 

2.2 Experimental

2.2.1 Transmission X-ray Microscopy
The off-white colored equilibrium FCC catalyst, further denoted as 

ECAT, under investigation was placed in a 200 μm OD quartz capillary with 10 
μm walls, as shown in Figure 2.1. The datasets were collected with an Xradia full-
field Transmission X-ray Microscope (FF-TXM) at beamline 6-2C of the Stanford 
Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory, 
Menlo Park, California, USA. An outline of the set-up is given in Figure 2.1. The setup 
consists of a liquid N2 cooled, fixed-exit double-crystal monochromator equipped 
with both Si(111) and Si(311) crystals to tune the beam energy. The X-ray microscope 
operates at photon energies in the range of 5 to 14 keV with a spatial resolution of 30 
nm and energy resolutions of ∆E/E = ~10-5 (Si(111) crystal). In TXM monochromatic 
X-rays are transmitted through a sample and are then focused onto the detector 
plane (a scintillator screen) by means of a triple-stacked zone plate (Fresnel lens), 
which acts as the objective lens of the microscope. This generates a magnified 
transmission image of the sample on the downstream scintillator screen, which is 
then recorded by an optical microscope equipped with a CMOS (complementary 
metal-oxide semiconductor) camera.

The microscope achieves a single flat Field of View (FOV) of about 15 x 
15 µm2 or 30 x 30 µm2 (dependent on the energy and X-ray optics used). The FOV 
in TXM can be further extended with processing techniques (mosaic imaging), 
allowing for extended FOVs of up to 200 µm2. Furthermore, owing to the large 
penetration thickness of hard X-ray radiation and the large depth of focus (>50 µm 
at the energies of the current experiments) when using hard X-rays, thick samples 
(tens of microns) can be imaged in 3-D using tomography where it is possible to 
achieve full 3-D mapping of the object of interest, including its internal structure 
(e.g. the porosity distribution). Scripts were generated for automated control of the 
tomographic data collection using TXM-Wizard software.[14] Multiple exposures of 
3 x 2 mosaic 2-dimensional images were taken at 4-degree angle increments from 
-88 to 88 degrees, with reference images taken at every angle. Projection images 
were collected at 4 energies: 7060 eV and 7180 eV (above and below the Fe X-ray 
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Figure 2.1 Schematic of the TXM setup at beamline 6-2C, SSRL. (a) The incoming, monochromatic X-rays are focused 

by a condenser lens, where (b) the unfocused light is excluded by means of a pinhole. (c) The sample, which sits inside a 

capillary, is illuminated by the focused X-ray beam, which has a depth of view of tens of microns. The sample is mounted 

to the (c) rotational stage, allowing for full 360-degree rotation about the vertical axis.  (d) A Fresnel zone plate acts as 

an objective lens that generates a magnified image on the (e) downstream scintillator screen. (f) By obtaining projections 

images via rotation of the sample, a 3-D representation of the particle is captured.

absorption K edge), and 8300 eV and 8400 eV (above and below the Ni K edge) 
for elemental contrast mapping. The tomographic dataset collected at 7060 eV was 
used to determine the morphology of the total FCC catalyst particle because the 
absorption at this energy is non-preferential to any of the metals under investigation. 
In this work the 2-D pixel size used was 32 x 32 nm2 (the actual 2-D resolution was 
below 30 nm) that was then downsampled to 64 x 64 x 64 nm3 voxels for the 3-D data. 
Typically the resolution of 3-D datasets is 2-4 times larger than the 2-D resolution,[16,17] 
which is well established for the TXM technique.[13] 
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2.2.2 Tomographic Reconstruction and Elemental Distribution Maps
Tomographic reconstruction of the FCC catalyst particle was performed 

using the TXM-Wizard software package. After reference correction and averaging 
over multiple, aligned exposures, 3 x 2 mosaics were stitched together using a phase 
correlation algorithm creating a complete field of view for the entire ~50 μm ECAT 
particle at each projection angle. Each of the 2-D projection images were aligned self-
consistently to correct for motor jitter, and 3-D tomographic slices were reconstructed 
using an iterative algebraic reconstruction technique (i-ART).[14,18] Visualization and 
analysis of the 3-D tomographic data set was performed with Avizo® Fire software.

Collecting data above and below the elemental K edge of Fe and Ni establishes 
a means of visualization by absorption contrast of the respective elements. For all 
other species the contrast is negligible. Thus, by taking the difference from each 
pair of tomography sets, the Fe or Ni distribution within the FCC catalyst can be 
visualized. The 3-D elemental distribution volumes were calculated by subtracting 
the 3-D dataset below the edge (7060 eV for Fe and 8300 eV for Ni) from the above 
the edge (7180 eV for Fe and 8400 eV for Ni) datasets.

2.3 Results and Discussion

2.3.1 Examining Particle Shape and Elemental Distributions
Figure 2.2 shows the reconstructed tomography data recorded for the FCC 

catalyst particle under study. It is clear that the particle contains characteristic 
nodules and valleys on the surface, causing a mottled shape. The relative Fe and 
Ni distributions within the FCC particle are shown in Figure 2.2b–d, where the Fe 
distribution is indicated by a red to yellow color scale, and Ni is indicated by a blue 
to green color scale, where yellow and green represent a larger relative elemental 
concentration.

When comparing the optical density from the tomography data collected 
at 7060 eV (below the Fe and Ni K absorption edges) with the relative elemental 
distributions, we notice that the nodules of the FCC particle mainly coincide with 
areas of larger metal contamination. 

This correlation is visualized more clearly in Figure 2.3 showing a slice in the 
xz plane through the FCC particle comparing optical density at 7060 eV with Fe and 
Ni distributions. Yaluris et al. have suggested that when metals interact with binder 
in FCC particles, the melting points of the Si-rich phases are lowered substantially.[19] 
In the high-temperature FCC unit, vitrification occurs in which low melting point 
phases (Si-rich areas) cause the particle structure to collapse around high-melting 
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Figure 2.2 3-D representation of a ~50 μm diameter FCC particle based on TXM mosaic computed tomography with a 

voxel size of 64 × 64 × 64 nm3. (a) Optical density (OD) as recorded at 7060 eV. (b–c) Visualization of Fe (red to yellow) and 

Ni (blue to green) 3-D relative distributions obtained from differences of tomography data: 7160–7060 and 8400–8300 eV, 

respectively. (d) Cut-through of the tomography data showing the inner structure of the particle.

point phases (Al-rich areas), causing nodules and valleys to form.[19] The slices 
through the tomographic data show a denser surface crust and some accumulation 
of Fe in highly localized areas (“hot spots”) within the particle and in nodules and 
valleys (Figure 2.3b), indicated by the contour along the outer edges. Finding Fe “hot 
spots” is not surprising as Fe is present not only in the feedstock, but is a constituent 
in the clay component of the FCC catalyst particle. The largest Ni concentrations 
are mainly confined to the outer regions of the particle. Figure 2.3a visualizes these 
observations by displaying a sub-volume at the surface (rightmost), a region with 
enriched metal concentration (“hot spot”, left), and a central sub-volume containing 
little Fe and Ni (center).
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2.3.2 

vv

Figure 2.3 Relative Fe and Ni distributions within the FCC particle. (a) Cut through the reconstructed FCC particle and 

selected sub-volumes showing the 3-D distribution of particle (dark gray), Fe (red), and Ni (green). (b–d) Slices in the 

xz plane of the reconstructed volume displaying (b) the optical density at 7060 eV, (c) relative Fe distribution, and (d) 

relative Ni distribution.

Radial Evaluation of Elemental Distributions
We also have determined the radial distribution and heterogeneity of Fe and 

Ni within the catalyst (Figure 2.4a) by comparing the relative metal concentration 
with the smallest Euclidean distance of each voxel to the outer particle surface. First, 
we filled the pores inside the particle volume using algorithms based on geodesic 
dilation as provided by the Avizo® Fire software. Further data processing was 
performed in Matlab®. In the second step the shortest (Euclidean) distance of every 
voxel to the closest particle surface was calculated, providing the distance of every 
voxel to the outer surface of the particle. In this way we can account for the irregular 
shape of the particle and nodules and valleys at the surface, and are able to plot the 
relative Fe and Ni concentrations as a function of distance from the particle surface. 
Based on these distances, the center of the particle, i.e. the voxel(s) with the largest 
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Figure 2.4 Relative Fe and Ni distributions plotted as a function of distance from the FCC particle surface (a), and related 

porosity changes caused by the presence of these metals (b). The insets show a zoom of the first 2.08 μm from the surface. 

The vertical lines indicate the distances of the 5th and 6th concentric shells (single voxel thickness) formed by voxels 

with identical distance to the particle surface. (c) Correlation of relative Fe and Ni concentrations, shown by plotting the 

number of voxels in each shell that contain both Ni and Fe (blue), only Fe (red), only Ni (green), or none of those metals 

(black). Numbers have been normalized to percent, where 100% indicates all voxels of each 64 nm thick shell.

distance to the surface was identified. In the third step, voxels with equal distances 
to the surface were pooled, forming a shell of single-voxel thickness. Radial “slices” 
were determined by calculating a distance map on the full 3-D volume with respect 
to the surface,[9] then each voxel with the same distance from the surface was pooled 
and the relative elemental concentrations of Fe and Ni (Figure 2.4a) were determined 
for each shell and averaged over all those voxels. Furthermore, in conjunction with 
these elemental distribution maps, we used the dataset at 7060 eV as the 3-D dataset 
to represent the particle without the presence of any metals, to determine how the 
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porosity changes with the insertion of metals into the pore. This was established 
by thresholding and binarizing each elemental map as well as the particle volume 
(7060 eV). By adding the binary maps for each metal in to the pore space (“0 value” 
i.e. below noise threshold) of the binary volume, one can determine the amount of 
porosity change with the presence of each metal. 

The resulting plots (Figure 2.4) clearly show that Fe and Ni mainly 
accumulate at and near the surface of the particle, which indicates that both metals 
have been incorporated during the FCC process, entering the particle from the 
surface. While Fe concentrations are largest within 1 μm from the surface, suggesting 
a surface deposition mechanism, Ni penetrates deeper into the particle with a peak 
concentration at about 300 nm and significant concentration levels up to 3–4 μm. 
Beyond about 4 μm into the particle, both Fe and Ni relative concentrations become 
small, approaching the detection limit of the method. In the interior of the particle, 
Fe relative concentrations are dominated by the presence of Fe “hot spots” in the 
particle matrix, while relative Ni concentrations fall below 0 beyond about 7 μm 
into the particle. Negative values are expected for relative concentration mapping 
because the elemental concentrations are calculated as the difference between data 
collected above and below the X-ray absorption edge, which results in negative 
differential absorption values if no metal is present. This is because the X-ray 
absorption coefficient decreases with increasing X-ray energy in the absence of an 
absorber specific to the X-ray energy.

The negative Ni concentrations therefore indicate that Ni contaminants 
have reached an average depth of about 7 μm in this FCC catalyst particle. To assess 
the effect of Fe and Ni contaminants on the particle’s pore space, we investigated 
the porosity change due to their presence. This was achieved by comparing the pore 
space established below the X-ray absorption edge of each metal with the (reduced) 
pore space above the edge. Any detected change in porosity can then be attributed 
to the presence of the metal clogging the macropores. Figure 2.4b shows a clear 
correlation between the determined porosity change and the relative elemental 
concentrations, indicating that those metals are indeed clogging macropore space. 
The largest porosity changes coincide with the maxima of elemental concentrations, 
indicating that the strongest macropore clogging effects happen within the first 1–2 
μm, i.e., the surface of the FCC catalyst particle.

Since concentrations as well as porosity changes caused by both Fe and Ni 
are confined to the surface layer of the particle we inspected the spatial correlation 
of the two metals[15] because a high spatial correlation would indicate a similar 
incorporation mechanism. Figure 2.4c shows the correlation plot of Fe and Ni as 
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a function of the distance from the particle surface. Voxels of each class (i.e. pure 
Fe, pure Ni, mixture of Fe and Ni, and no metal) and with identical distances were 
counted, and the counts normalized to the total number of voxels in each shell to 
account for the decreasing number of voxels in each shell when going deeper into 
the catalyst particle. 

2.3.3 Assessing the Particle Permeability and the Impact of Metals
Finally we also have investigated the accessibility and mass flow of the 

FCC catalyst particle and how it relates to the presence of Fe and Ni by performing 
permeability measurements for a selected sub-volume in the catalyst particle. 
Porosity (Figure 2.4c) is a measure of the relative fraction of void space that is 
present in the catalyst particle, but does not provide information on pore sizes, pore 
size distribution and the interconnectivity of macropores. The absolute permeability 
measures the intrinsic (i.e. not subject to properties of the permeant) resistance to 
flow through the particle or particle subsection, which provides a good means of 
determining how accessible the pore space as well as how well it is interconnected. 
While also considering Fe and Ni we are able to visualize these properties as a 
function of metal deposition. Permeability measurements were carried out on the 
segmented sub-region (shown in Figure 2.5) using Avizo XLabHydro software. The 
XLabHydro software estimates the magnitude and direction of the velocity field of 
an incompressible steady-state fluid by solving the Stokes equations of fluid motion. 
The absolute permeability is then determined using Darcy’s law.

By overlaying the calculated relative mass flow velocity vector field through 
the macropores with the 3-D metal distribution maps, we obtained a picture of 
the effects of Fe and Ni contamination. Figure 2.5 shows the results obtained for 
a representative sub-volume (16.6 x 16.6 x 10.0 μm3), which includes near-surface 
regions as well as more central parts. The sub-volume does not include the part of 
the surface region where the influence of Fe is strongest (<1 μm from the surface); 
this was done to inspect the zone of the FCC particle where the influence of Fe 
and Ni starts to become negligible, i.e., around 4 μm into the particle (see Figure 
2.4). Typical for deeper regions of the catalyst particle (> ~2 μm), Fe is found in 
lower concentrations and throughout the sub-volume as part of the particle matrix, 
while the Ni distribution is more heterogeneous, being found predominantly at 
the top of the sub-volume, i.e., closer to the surface. The pore space of the sub-
volume determined at 7060 eV and reduced by the pore clogging effect of Fe and 
Ni was then used to perform a permeability calculation resulting in a velocity field 
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Figure 2.5 Permeability calculation for a sub-volume: (a, b) a subregion (16.6 × 16.6 × 10.0 μm3) of the pore space is 

selected, considering relative Fe and Ni distributions. (c) After the permeability experiment, mass transport through 

the sub-volume along the selected axis (red arrow) is visualized using the velocity field of the fluid. The streamlines 

indicate the magnitude of the velocity field where red represents the highest velocity (i.e., where pore space constriction 

is greatest) and blue colors indicate lowest velocities.

visualized by the colored streamlines. Examining the fluid flow through the sub-
volume reveals two effects. First, we have observed constriction of fluid flow where 
Ni is present, indicated by the high velocity (red area) fluid flow through small cross 
sectional areas. Elsewhere in the region, with little to no Ni, flow is less inhibited 
(blue streamlines). Secondly, we observed inaccessibility of areas with large Ni 
content because the Ni contamination is clogging some macropores completely. 
These qualitative observations are in good agreement with the radial evaluation 
reported earlier and visualize the pore clogging effects of the metal.
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2.4 Conclusions
We have developed a novel characterization method for investigating the 

macropore architecture and metal poisoning phenomena of individual Fluid Catalytic 
Cracking (FCC) particles using full-field X-ray nano-tomography. We observed 
nodules and valleys at the surface of the FCC particle, similar to those seen in surface 
topography studies of ECAT samples. Fe was distributed along these nodules and 
valleys, showing its largest concentrations within the first 1 μm from the particle 
surface. In deeper regions Fe is relatively uniformly distributed throughout the FCC 
particle except for high concentration “hot spots”, due to its natural occurrence in 
the particle matrix. Ni contaminations were also found confined to the near-surface 
regions of the catalyst, but seem to penetrate deeper into the particle (up to ~ 7 μm 
from the surface). The correlation of relative elemental concentrations with porosity 
changes as a function of distance from the particle surface has shown that both Fe 
and Ni contaminate the particle from the outside where the oil feedstock enters the 
catalyst particle. 
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\In this Chapter, we used full-field Transmission X-ray Microscopy (TXM) to 
investigate single Fluid Catalytic Cracking (FCC) particles of varying age and metal 
loading. The three density separated FCC samples (subsequently named: Low Metal 
Loading – LML, Medium Metal Loading – MML, High Metal Loading – HML) show 
a gradient in the concentration of the metals Fe, Ni, and V corresponding with a loss 
in accessibility and catalytic activity strongly suggesting that the observed increase 
in metals directly results in significant changes to particle meso- and micropore 
structure. Using full-field TXM to tomographically image whole, single catalyst 
particles from each of the fractions (Fresh, LML, MML and HML) with elemental 
specificity towards Fe and Ni. Interestingly, the single particle macropore volumes 
exhibit modest to no significant differences, particularly between the three ECAT 
samples, suggesting that changes to the pore structure are highly localized, while the 
majority of the catalyst particle remains unobstructed. This is confirmed by 3-D radial 
profiling illustrating that the metals Fe and Ni are present almost exclusively at the 
surface where they can obstruct up to 90% of all macropores but do not significantly 
alter the pore structure in the particle interior. In the last step, the pore-network of 
each catalyst particle was determined. Strikingly, without considering metals, each 
single catalyst particle contains a single large inter-connected pore structure that 
accounts for >80% of the macropore volume. Once the presence of metals is taken 
into account, this major pore network becomes fragmented corresponding with the 
significant macropore accessibility loss also seen in the bulk analysis.

This Chapter is based on: F. Meirer*, S. Kalirai*, D. Morris, S. Soparawalla, Y. Liu, G. 
Mesu, J. C. Andrews, B. M. Weckhuysen, Sci. Adv. 2015, 1, e1400199.
* Both authors contributed equally to this work. 
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3.1 Introduction
During commercial Fluid Catalytic Cracking (FCC) the catalyst particles 

accumulate metals from crude oil and/or upstream processes and equipment. Ni 
and V contaminants are predominantly present in conventional heavy crude oils, 
whereas Fe contaminants are known to be present at relative high concentrations in 
tight and/or shale oils. Metal accumulation occurs via deposition and incorporation 
into the catalyst body and can cause unwanted shifts in product distribution, 
destabilize zeolite domains,[6–8] and reduce bulk accessibility.[9,10] These effects, as 
discussed in Chapter 1, we summarize as “catalyst aging”. Demetallization methods 
to mitigate metal deposition have been proposed[11] however, in order to successfully 
commercialize such techniques it is crucial to understand metal behavior throughout 
the FCC particles and its life cycle. 

Methods studying particles in bulk provide averaged metrics on properties, 
such as metal content, acidity, porosity and pore accessibility.[6,12,13] At the single 
catalyst particle level, previous work from our group[14–17] has focused on correlating 
structural damage to loss of active acid sites within single FCC particles. Imaging 
techniques, such as Scanning Electron Microscopy Energy Dispersive X-ray 
spectroscopy (SEM-EDX),[10,18,19] have been used to study metal distribution along 
selected portions of particle surfaces. However, until now, a study attempting to 
understand metal pore-intrusion and its suggested relation to macro- and meso-pore 
blockage has remained elusive as it not only requires a tomographic technique but 
also the capability to image whole particles to assess pore-connectivity. Electron 
Microscopic (EM) tomography has been conducted on zeolites,[20] but EM is not 
sufficiently penetrative to study whole FCC particles with diameters of 40-150 μm. 
Micro-Computed Tomography (CT) has provided morphological information for 
multiple FCC particles at micrometer spatial resolution, while nano-tomography 
was applied only to a sub-portion of a single particle.[21,22] To study macro-porosity 
(i.e. pore-sizes down to ~50 nm diameter[23]) and pore-connectivity a non-destructive 
method with sufficient spatial resolution, a field of view of several tens of μm2, and 
the capability to simultaneously map 3-D metal distributions is required to elucidate 
the suggested connection between metal deposition and changing macro-porosity. 
Based on the advances in X-ray microscopy in the last decade, synchrotron-based 
hard X-ray nano-tomography today approaches the required spatial resolution and 
meets the other criteria for imaging catalytic solids.[21,22,24–31]
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3.2.1 Density Separation and Bulk Characterization of FCC Catalysts
In this Chapter we examined fresh FCC catalyst particles, as well as ECAT 

(equilibrium catalyst) particles of varying catalytic age. The ECAT particles were 
obtained from an industrial FCC unit; more specifically from the regenerator such 
that most of the coke was already removed from the catalyst. Typically a few tenths 
of a wt% of coke are still present on the ECAT, which was removed through calcining 
the catalyst particles. In order to perform a proper evaluation of the changes in the 
FCC catalyst throughout its commercial life cycle, we used an ECAT sample from 
a refinery that had been using a single catalyst vendor and a single FCC catalyst 
for a considerable amount of time. The FCC catalyst studied in this work was a 
standard residue cracking catalyst that did not contain any additives. The obtained 
ECAT particles were then separated based on their skeletal density utilizing the fact 
that ECAT particles from an industrial source show a spread in density distribution 
(Figure 3.1, top). This is related to the fact that the catalyst mixture in an industrial 
FCC unit has a broad age distribution due to continuous replenishment of fresh 
catalyst into, and withdrawal of spent catalyst from the FCC unit. On average, 
older ECAT particles have accumulated more metals from the feed than younger 
ECAT particles due to the longer time spent in the FCC unit, leading to a higher 
skeletal density of older ECAT particles in comparison to younger ones.[32] However, 
for studying catalyst aging the actual particle age, i.e. the time spent on stream is 
less relevant; it is the catalytic age, i.e. the metal loading or degree of poisoning in 
relation to a decreased catalytic activity, which is relevant to the topic of this study.

Prior to density separation the ECAT sample was sieved using a 45 µm sieve 
in order to isolate the particles with a diameter below 45 µm (due to size restrictions 
presented by the penetration depth of X-rays and the depth of focus in Transmission 
X-ray Microscopy (TXM) analysis). After sieving, the ECAT sample containing only 
particles smaller than 45 µm was calcined at 600° C for 4 h to remove any residual 
coke. The density separation was performed using a 50 mL titration burette and 
density separated batches of ECAT particles were obtained using a method similar 
to a sink-float density separation method.[33] In the sink-float method a catalyst 
sample is added to a solvent mixture; the fraction with a density lower than that 
of the solvent mixture will float on the mixture, while the fraction with a density 
higher than that of the solvent mixture will sink. The density of the solvent mixture 
is modulated by adjusting the ratios of the light solvent acetone and heavy solvent 
diiodomethane (DIIM). Since this method separates particles on the basis of skeletal 
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density it can account for very large accessible voids within particles (e.g. as seen 
with SEM[10,18,19] or micro-CT[21]), while large inaccessible voids might lead to a 
wrong classification in individual cases. However, the individual catalyst particles 
we imaged did not contain large voids and hence density was a reflection of metal 
deposition due to age.

vv

Figure 3.1 Top: Fresh catalyst particles as well as calcined ECAT particles were obtained from an industrial FCC unit and 

separated into age groups according to their skeletal density. Center: Catalytic cracking activity [%]) (blue) of Vacuum 

Gas Oil (VGO) and accessibility index (purple) are anticorrelated with total metal content of Fe and Ni (summed Fe and 

Ni concentrations in wt%) for particle surface (green) and bulk (red), as measured by SEM-EDX and WDXRF (Table 

3.1). Bottom: catalytic particles as imaged by TXM tomography at 64 nm 3-D voxel size; red to orange colors indicate Fe 

concentrations, while Ni is visualized using the blue to green color range (see also Movie 3.1:  http://goo.gl/cBIKQd).
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Table 3.1 Results of bulk (multiple particle) analyses performed with the density separated particle fractions. 

Uncertainties are reported as 1σ and have been estimated from repeated control measurements where possible (unknown 

standard deviations are indicated by N/K (not known)). Nickel and Vanadium were not detected (N/D) in SEM-EDX and 

WDXRF analyses of the FRESH sample. The conversion of the FRESH sample is assumed to approach 100 wt%.

Metric FRESH LML MML HML 1σ

Skeletal Density [g/cm3] 2.785 2.946 2.953 2.957 N/K

SEM-EDX, La [wt%] 1.64 1.70 1.63 1.84 N/K

SEM-EDX, Fe [wt%] 0.27 1.34 1.60 1.61 N/K

SEM-EDX, Ni [wt%] N/D 0.34 0.35 0.40 N/K

SEM-EDX, V [wt%] N/D 0.20 0.22 0.29 N/K

WDXRF, La2O3 [wt%] 2.86 2.81 2.76 2.74 0.02

WDXRF, Fe2O3 [wt%] 0.34 0.79 0.93 0.96 0.01

WDXRF, NiO [wt%] N/D 0.33 0.49 0.59 0.01

WDXRF, V2O5 [wt%] N/D 0.53 0.66 0.74 0.01

BET Surface Area [m2/g] 262.0 133.9 108.1 93.3 2.62

Micropore Surface Area [m2/g] 131.5 81.6 73.0 62.5 3.66

Micropore Volume [cm3/g] 0.0605 0.0243 0.0163 0.0140 N/K

Mesopore Surface Area [m2/g] 139.0 52.3 35.1 30.8 3.73

(Pore) Accessibility (AAI) 9 4.9 3.5 2.4 0.90

430°F+ Conversion, [wt%] (CTO: 3 [wt/wt]) ~100 65.12 57.59 54.52 0.57

430°F+ Conversion, [wt%] (CTO: 4 [wt/wt]) ~100 68.16 61.29 58.2 0.57

430°F+ Conversion, [wt%] (CTO: 5 [wt/wt]) ~100 70.91 65.64 60.93 0.57

430°F+ Conversion, [wt%] (CTO: 6 [wt/wt]) ~100 74.44 67.46 64.21 0.57

The different density groups, together with a sample of fresh catalyst, were 
then analyzed with respect to surface elemental composition using SEM-EDX and 
found to have a gradient in surface metal concentration directly correlated to their 
increasing age/density (Figure 3.1, bottom and Table 3.1). Based on this correlation 
between density/age and metal loading of Fe, Ni, and V, the density separated 
batches were therefore labeled FRESH, LML, MML, and HML indicating the fresh 
sample, Low Metal Loading, Medium to high Metal Loading, and High(est) Metal 
Loading, respectively. (Arbitrarily) selected single particles of each age group were 
then studied with TXM.

To achieve a separation for a larger quantity of catalyst required for 
activity testing and further characterization a custom made elongated separation 
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funnel was used to achieve a columnar suspension similar to the burette used in 
the initial separation. These larger quantities of density-separated catalyst were 
then used to conduct a wider array of tests using bulk measurement techniques 
(results summarized in Table 3.1). The skeletal density of each density-separated 
batch was measured with a helium pycnometer confirming the sample separation. 
Quantitative bulk elemental analysis was performed using a matrix calibrated 
wavelength dispersive X-ray fluorescence spectrometer (WDXRF), confirming the 
positive correlation of metal loading (Fe, Ni, V) with catalyst density/age. Micro- and 
mesopore surface area as well as micropore volume measurements were performed 
using nitrogen adsorption at 77 K, with 60 adsorption and 30 desorption points 
measured in the range of 0.000001 to 1 P/P0, and 30 desorption points measured 
from 1 to 0.2 P/P0. 

In addition to pore size distribution, we also measured the change in mass 
transfer rates, or accessibility, supposedly caused by metals blocking pores. For that 
purpose, an in-house developed accessibility test (AAI, for Albemarle Accessibility 
Index) was used to measure the liquid phase diffusion of large asphaltene molecules 
into the catalyst.[9] The test measures the rate of uptake of the non-reactive asphaltene 
molecules and returns an index value, which is a relative measure of the initial slope 
of these curves (molecule concentration in the solution vs. time) and can range from 
0-30. For our samples the equivalent fresh catalyst measured a 9.0 index value while 
age-separated catalysts showed a decrease from 4.9 to 2.4 as a function of density 
and age. The AAI value therefore provides a direct measure of relative changes in 
accessibility of the catalyst for large asphaltenic molecules at the bulk scale.

Lab-scale performance testing was carried out on each of the density 
separated ECAT fractions, using the Fluid bed Simulation Test (FST).[34] The catalysts 
were tested for their activity using Vacuum Gas Oil (VGO), at a cracking temperature 
of 538°C. The 430°F+ conversion of each catalyst was determined at four different 
Catalyst-to-Oil (CTO) ratios: 3, 4, 5 and 6. The 430°F+ conversion (wt%) is defined as 
the fraction of the feed that has been converted to products boiling below 430°F and 
coke. The results of the performance testing show a clear correlation between catalyst 
age (and therefore the metal levels of Ni and Fe in the sample) and catalytic activity: 
the older the catalyst, the lower the 430°F+ conversion of the catalyst material. A 
fresh catalyst will be very active (have a high conversion and produce a lot of coke 
and gas), meaning that the conversion for the FRESH catalyst will be approaching 
100% (especially for higher Catalyst-to-Oil (CTO) ratios). 

The values reported in Table 3.1 illustrate that, as expected, the most drastic 
changes in sample metrics are consistently observed between the FRESH and the 
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LML group. It is striking that the increase in surface and bulk elemental concentration 
of Fe, as well as the bulk elemental concentration of Ni is stronger between the LML 
and MML sample than between the MML and HML sample. This suggests that with 
increasing total metal loading of those metals, less and less metals are incorporated 
possibly approaching a limit of total metal accumulation, i.e. approaching a steady-
state between metal deposition and removal (e.g. through surface abrasion). A 
comparison of results obtained by SEM-EDX and WDXRF shows that the Fe surface 
metal concentration becomes dominant with the LML sample (i.e. the surface 
concentration becomes larger than the average bulk sample concentration). These 
data confirm the known detrimental effect of metal incorporation and strongly 
suggest micro- and mesopore clogging by some or all three of the metals Fe, Ni, and 
V at the bulk scale. 
 

3.2.2 Full-Field Transmission X-ray Microscopy 
To assess whether metal related pore blocking also occurs at the macropore 

scale, which is difficult to probe for minute bulk sample amounts, we then used 
mosaic tomography with synchrotron based full-field transmission hard X-ray 
microscopy (FF-TXM) in differential contrast mode[35] to image arbitrarily selected, 
whole, individual FCC particles of each age. One tomography was performed at 
four distinct X-ray energies to obtain 3-D macroporosity as well as elemental 
distributions of Fe and Ni for each individual catalyst particle (Figure 3.2). TXM 
measurements were performed at wiggler beamline 6-2c at the Stanford Synchrotron 
Radiation Lightsource (SSRL), SLAC National Accelerator Laboratory and details, 
including a schematic of the setup have already been discussed in Chapter 
2.[24] Data pre-processing (including image alignment and mosaic tiling) and 
tomographic reconstruction of the data sets was performed using the TXM-Wizard 
software package and the iterative algebraic reconstruction technique (iART).[36,37] 
Reconstructed data volumes were further analyzed using the Avizo® Fire software 
and self-developed code written in the Matlab® computing language.

During tomography, the sample under investigation was rotated through 
180° while recording one transmission image at many angles (in single degree 
steps in this work), generating a set of 2-D projection images (Figure 3.2a) on 
which tomographic reconstructions were performed using an iterative algebraic 
reconstruction technique (i-ART),[36,37] resulting in a 3-D reconstruction of the sample 
(Figure 3.2b). 
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Figure 3.2 Data are collected below and above the X-ray absorption Fe and Ni K edge respectively (a) and reconstructed 

separately, resulting in four sample volumes (b). Pairwise subtraction of the volumes (differential contrast imaging) 

provides 3-D distributions for Fe (red) and Ni (green) (c), which is then correlated with pore distribution analysis to 

reveal the degree of pore clogging by metals, and effects on pore connectivity and accessibility (d). The massive data sets 

collected and analyzed for every single FCC particle contained - depending on the individual particle size - between 301 

and 836 Million voxels of 64 x 64 x 64 nm3.
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The resulting image contrast is a measure of the X-ray attenuation coefficient, 
which is a function of density, the elemental composition of the absorbing material, 
and the X-ray energy. Thus element specific imaging can be achieved by utilizing the 
abrupt increase in X-ray absorption at element specific X-ray energies. The image 
contrast achieved by subtracting 2-D images or 3-D volumes collected above and 
below the X-ray absorption edge of a specific element is therefore exclusively caused 
by the concentration of the element of interest and in this way provides a direct 
measure of the (2-D or 3-D) elemental concentration distribution within the sample 
(Figure 3.2c).[35] 

In this Chapter, two sets of X-ray energies were used. The first included 
one below and one above the Fe X-ray absorption K edge (7100 eV and 7132 eV, 
respectively) and the second set included energies below and above the Ni X-ray 
absorption K edge (8325 eV and 8350 eV, respectively). The 2-D resolution was 
32 x 32 nm2 (pixel size; the actual 2-D resolution was below 30nm) and this was 
downsampled to 64 x 64 x 64 nm3 voxel size for the 3-D data. 

vv

Figure 3.3 Fourier Ring Correlation (FRC) for estimating the effective 3-D resolution. The achieved 3-D resolution was 

estimated by the average FRC of 300 arbitrarily selected slices of the reconstructed 3-D data using the 2-σ criterion. The 

intersection point at 0.1019 reciprocal pixels of 32 nm size suggests a 3-D resolution of 314 nm.

A Fourier Ring correlation (FRC) was performed in order to estimate the 
3-D resolution at which the signal is significantly above the noise level for the 
3-D datasets.[38] The full set of projection images was split into two datasets such 
that each includes a distinct set of projection images: the first dataset contained 
images recorded at odd projection angles, the second dataset projection images 
recorded at even projection angles. FRC was performed for 300 (arbitrarily selected) 
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reconstructed slice pairs from these datasets as described by Nieuwenhuizen et al.[39] 
The FRC curve displayed in Figure 3.3 was calculated as the average FRC of all 
300-slice pairs. The resolution was determined using the intersection point of the 
FRC curve with the 2-σ curve. Using this criterion, the resolution calculated was 
314.03 nm (0.1019 reciprocal pixels of 32 nm size). The majority of this study has 
been focused on determining global or regional (i.e. aggregated), but not specific 
individual changes to the pore network, and elemental distribution and thus accurate 
determination of the resolution is not as crucial an aspect in our conclusions. As 
schematically shown in Figure 3.2, the final 3-D representation of each inspected 
sample consists of four tomographic data sets providing information about sample 
morphology (tomography at 7100 eV), 3-D Fe concentration distribution (differential 
contrast between the data collected at 7100 eV and 7132 eV), and 3-D Ni concentration 
distribution (differential contrast between the data collected at 8325 eV and 8350 eV) 
except in the case of the particle from the FRESH sample where only differential 
contrast across Fe was measured due to the absence of Ni as determined by the bulk 
measurements (Table 3.1).

3.3 Results

3.3.1 Catalyst Aging Inspected at the Single Particle Level
 With these huge data sets (Figure 3.2, caption) we were able to a) inspect 

single, whole particles of each catalytic age group, b) exclusively probe macroporosity, 
and c) individually track changes in macroporosity caused by each metal. The latter 
is possible because the X-ray absorption contrast for each metal can be minimized 
(‘switched off’) by imaging closely below the X-ray absorption edge of the metal, and 
maximized (‘switched on’) by collecting data slightly above the X-ray absorption 
edge. The difference between the two data sets directly provides the 3-D elemental 
concentration distribution of the specific metal and the data collected below the 
edge can be assumed as metal-free. Here it has to be noted that imaging below the 
Ni X-ray absorption edge means imaging above the Fe edge. Consequently, Fe is 
‘switched on’ and can appear as part of the particle matrix when examining Ni. 
Furthermore, as X-ray contrast changes with energy it becomes unfeasible to directly 
compare data collected at X-ray energies that are as far apart as the X-ray absorption 
edges of Fe and Ni - we therefore always performed a separate evaluation of the data 
collected around these edges. 

Calculated single particle metrics based on particle morphology are 
summarized in Table 3.2. The geometric degree of anisotropy (i.e. symmetry), 
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elongation, flatness, roundness and equivalent spherical diameter were calculated 
for each catalyst particle. The total particle volume (TPV) and the corresponding 
surface area of the particles were determined directly from the reconstructed 
tomography data where the pore space was included in the particle volume. The 
total particle volume and the total particle surface area therefore correspond to the 
volume and surface area of a particle of identical shape without the presence of 
pores. Together with the known average density from bulk measurements (Table 3.1) 
it was then possible to estimate the mass of each particle, which reflects density and 
size differences between fresh and aged particles. The uncertainties for those metrics 
as provided in Table 3.2 represent the standard deviations determined from data 
collected below the Fe and below the Ni edge. Uncertainties were found to be smaller 
than 2% in all cases indicating excellent reproducibility of the tomography data 
recorded at those two different energies. For the FRESH sample no measurements 
were performed at the Ni X-ray absorption edge as no Ni was detected in this 
sample (Table 3.1). To assess the effect of Fe and Ni on the macropore volume we 
report three macropore volumes for each particle: the macropore volume without 
considering the metal and one volume each considering the presence of Fe and Ni 
respectively. Macropore volumes and corresponding macropore surface areas were 
evaluated and have been normalized to particle mass, expressed in cm3/g and m2/g 
respectively, for easier comparison with the corresponding meso- and micropore 
data reported in Table 3.1. Here, standard deviations were not only calculated from 
the data collected at multiple energies but additionally considering differences 
between the two evaluation methods for pore space determination, which will be 
explained in the next section (i.e. also considering method-related uncertainties). 
The same uncertainties are assumed for the pore volumes determined above the 
absorption edges (Fe and Ni) as indicated by v.s. (vide supra).

When comparing porosity data reported in Tables 3.1 and 3.2, we note 
that macro- and micropore volumes of the FRESH sample were found to be almost 
identical (~0.06 cm3/g), while corresponding surface areas differ by two orders of 
magnitude, which is in accordance with our expectation of very different surface 
area to volume ratio of macro- and micropores. By using energy-resolved TXM data 
it is possible to determine macropore volumes with and without considering pore 
blocking by Ni and Fe. This is achieved by separately evaluating the pore volumes 
using data collected below and above the X-ray absorption edge of the corresponding 
metal. Therefore we expect all macropore volumes determined without considering 
the concentration distributions of Fe and Ni to be similar to the macropore volume 
determined for the FRESH sample. This is indeed confirmed, as shown by the 
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Table 3.2 Single particle metrics as determined from TXM tomography data. For the FRESH sample no measurement 

was performed at the Ni edge because Ni was not detected in this sample (indicated by N/A (not available)). Standard 

deviations were calculated from data collected for the same particle, but at multiple energies. Standard deviations for 

macropore volumes and surface areas below the absorption edges were calculated with the two evaluation methods for 

pore space determination (i.e. considering method-related uncertainties). The same uncertainties were assumed for the 

pore volumes determined above the Fe and Ni absorption edges (indicated by vide supra, v.s.).

Metric FRESH LML MML HML

Anisotropy [1] 0.374 0.166 0.429 0.297

Elongation [1] 0.713 0.933 0.789 0.838

Flatness [1] 0.878 0.894 0.724 0.839

Roundness / Sphericity [1] 0.818 0.848 0.847 0.829

Equivalent Diameter [μm] 34.0 49.8 40.9 45.4

Total Particle Volume (TPV) [μm3] 20650 ± N/A 64765 ± 92 35924 ± 36 48955 ± 54

Total Particle Surface Area [μm2] 4449 ± N/A 9118 ± 68 6205 ± 7 7670 ± 139

Particle mass based on bulk density [ng] 58 ± N/A 191 ± 0.3 106 ± 0.1 145 ± 0.2

Macropore Volume [µm3] 3289 ± 459 9189 ± 916 4703 ± 282 6793 ± 831

Macropore Volume, in % of TPV 15.9 ± 2.2 14.2 ± 1.4 13.1 ± 0.8 13.9 ± 1.7

Macropore Volume [cm3/g] 0.057 ± 0.008 0.048 ± 0.005 0.044 ± 0.003 0.047 ± 0.006

Macropore Volume with Fe [cm3/g] 0.046 ± v.s. 0.039 ± v.s. 0.039 ± v.s. 0.035 ± v.s.

Macropore Volume with Ni [cm3/g] N/A 0.036 ± v.s. 0.036 ± v.s. 0.039 ± v.s.

Macropore Surface Area [m2/g] 1.342 ± 0.163 0.770 ± 0.142 0.618 ± 0.058 0.865 ± 0.120

Macropore Surface Area with Fe [m2/g] 1.172 ± v.s. 0.772 ± v.s. 0.645 ± v.s. 0.828 ± v.s.

Macropore Surface Area with Ni [m2/g] N/A 0.603 ± v.s. 0.558 ± v.s. 0.771 ± v.s.

normalized macropore volumes determined without considering pore blocking 
by Fe and Ni (Table 3.2) (in % total particle volume (% TPV); also shown in the 
next row as macropore volume in cm3/g). However, while the reported micropore 
volume clearly decreases with increasing metal loading (Table 3.1), such a clear trend 
is not observed for the macropore volumes inclusive of metals (Table 3.2, macropore 
volumes determined considering pore blocking by Fe and Ni), except for a drop in 
macropore volume between the FRESH and the other samples. This suggests that 
any possible Fe and Ni related changes in macroporosity are too small to be detected 
when averaged over the whole catalyst particle. This can be explained by the fact 
that much of the deposited Fe remains on the surface, i.e. as seen by SEM-EDX (Table 
3.1) where surface Fe concentrations were reported to be larger than corresponding 
average bulk concentrations as reported by WDXRF. These observations suggest that 
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Fe and Ni are highly localized, namely at or near the particle surface. Changes in the 
pore volume caused by those metals are therefore also highly localized and take 
place only in a small sub-volume of the aged particle (more specifically at the surface 
or in surface near regions, as confirmed by the plots reported in Figure 3.4), while 
the majority of the particle volume remains largely unaffected. This large unaffected 
volume where metal concentrations are low and comparable to the pristine FRESH 
sample, dominates the evaluation of pore changes if averaged over the total catalyst 
particle.

3.3.2 Radial Elemental Distributions and Pore Space Changes
Based on these results and the fact that metal concentrations are reported 

to show an abrupt decrease within the first few microns from the surface,[10,18] 
we decided to inspect both metal concentrations and macroporosity changes as 
a function of distance from the particle surface, taking into account the actual, 
individual 3-D particle shape. Typically, FCC particles have a denser crust and a 
more porous body[10,18] causing porosity to change as a function of depth into the 
particle. We therefore expressed porosity changes in percentage units with respect 
to the porosity measured without considering the specific metal (i.e., with the metal 
‘switched off’). Particle segmentation by distance from the surface was performed 
using a 3-step process that was similarly described in Chapter 2, section 2.3.2. By 
combining information about pore space with the 3-D elemental distribution we 
were able to correlate changes in pore space with the presence or absence of the 
specific element of interest.

The assessment of the uncertainty in the pore-space determination is based 
on using two different methods for assigning pore space, which employ different 
methods for noise correction. The nature of the two noise correction procedures 
causes method 1 to generally underestimate pore space reduction by the metal, 
while method 2 always overestimates the reduction. In this way we have established 
upper and lower limits (i.e. an error margin) for metal caused pore-space reduction 
and can use the average as a noise corrected value over the aggregated results. 
As seen in Figure 3.4 the influence of noise is (as expected) mainly affecting small 
changes caused by small metal concentrations, which are close to the detection limit  
of the method. Naturally the margin of error becomes larger for a smaller inspected 
volume as then the influence of noise becomes more significant: in Figure 3.4, when 
probing deeper into the catalyst particle, the volume of each particle shell at a 
specific distance from the surface becomes smaller with increasing distance from the 
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Figure 3.4 Elemental concentrations of (a) Fe and (c) Ni and porosity changes caused by (b) Fe and (d) Ni in FCC 

particles of different ages (HML, MML LML, FRESH), plotted as a function of distance from the particle surface. (For the 

FRESH particle only Fe was analyzed because it contained no Ni as determined by bulk measurements). 

surface, and thus the error margins increase. One limitation of the method is that we 
assume the presence of the metal and that it affects the pore space. As a consequence, 
the average pore volume reduction is overestimated if the metal is not present in 
measurable amounts and does not cause a significant pore blocking. However, also 
in this case, although error margins are shifted together with the overestimated 
average value, the calculated uncertainty still provides a good estimate for the error 
margins. Based on this determination of the uncertainty in porosity changes caused 
by the metals, we conclude that porosity changes below 20%, as mainly observed 
for Fe in the FRESH sample and related to small metal concentrations in all samples 
(Figure 3.3b), have to be considered below the limit of detection of our method 
(when applied to these FCC samples) and are overestimating the actual change. With 
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increasing metal concentrations, this overestimation becomes smaller resulting in a 
convergence of the two evaluation methods signifying a good estimate of the actual 
porosity change and its related uncertainty. This also explains the result reported 
in Table 3.2, showing that the FRESH catalyst particle exhibits a total pore volume 
reduction for Fe in the same range as all other particles, although it is known to 
contain very little Fe. This is a direct consequence of the elemental concentrations 
being close to the detection limit of the instrument: the main volume of this particle 
contains no or little metal affecting the pore volume and therefore the total, average 
pore change is overestimated. This must be taken into consideration in discussions 
regarding pore changes due to metals that follow in this Chapter.

The results of the radial evaluation confirm that within all ECAT particles 
Fe and Ni concentrations show a drastic drop within the first 2 μm. The positive 
correlation between macroporosity change and metal concentration clearly 
demonstrates that metal deposition is indeed blocking macropores. Moreover, 
our results show that clogging and deposition happens almost exclusively in the 
surface. Whereas Fe concentrations are generally greatest at the surface (Figure 3.4a), 
Ni concentrations peak slightly deeper in the particle (Figure 3.4c), particularly for 
MML and HML. With increasing catalytic age the Ni plot develops a shoulder that is 
aligned with the maximum of the Fe concentration. This observation points towards 
the formation of a ~400 nm thick Fe rich layer at the surface of the particles, which 
alters the incorporation mechanisms for Ni in this region. This is in agreement with 
the macroporosity change caused by Ni (Figure 3.4d) where the plot peaks at ~550 
nm, exactly where Ni concentrations (Figure 3.4c) reach a maximum and the Fe 
caused porosity changes in the HML sample show a local minimum (Figure 3.4b). 
Conversely a smaller porosity change due to Ni (Figure 3.4d) is observed in the 
Fe-rich surface layer (<400 nm), where the porosity change is predominantly due 
to Fe (Figure 3.4b). These observations indicate the interesting phenomenon that at 
later stages of the particles catalytic life Fe and Ni may become more anti-correlated 
in terms of concentration and macropore clogging. 

This severe macro-pore clogging in the surface layer can have major 
implications on the accessibility of the catalytically active domains deeper in the 
particle, because the surface exhibits the entry point for the feedstock. Thus we 
investigated related changes in accessibility of the particles total macro-pore volume. 
Figure 3.5 (top) schematically depicts an FCC particle cross section, illustrating the 
suggested manner of pore filling by Fe (red) and Ni (green) via narrowing (Figure 
3.5, case b) and blocking of macro-pore channels in the particle or in the surface 
layer (Figure 3.5, case c) though in regards to the latter, it may also be that macro-
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Figure 3.5 (Top) Scheme for metal deposition in the pore network, indicating Fe (red) mainly at the outer surface and Ni 

(green) penetrating more deeply. Pore channels can remain open (a), become narrowed (b), or have blocked accessibility 

(c) by metal deposition in surface pore access sites. (Center) Pore radius change in percent as a function of particle age 

for Fe (red) and Ni (green), respectively. For the FRESH sample the pore radius change is negligible indicating that the 

pore network is not affected by macro-pore narrowing (i.e. case (a) represented by the corresponding inset). (Bottom) 

The decrease of surface access points in percent as a function of particle age for Fe (red) and Ni (green), respectively. 

The two insets schematically depict how at an earlier stage (LML) Ni dominates the reduction of surface macro-pores 

providing access to the internal pore-network of the particle (case (c)), while later (MML, HML) both metals cause severe 

access restriction through macro-porosity. 

pores (>64 nm) have been converted into meso-pores (<64 nm) that are no longer 
visible with this method. Studies on diffusion within FCC particles have determined 
that diffusivity increases with pore size; larger pore sizes, particularly macro-pores, 
therefore result in higher catalytic activity.[40,41] A decrease in macro-pore channel 
radius and number of surface access sites will significantly affect catalyst activity, 
even when macro-pores within the largest, central part of the particle remain open.

3.3.3 Reduced Accessibility Through Metal Deposition
To further study and quantify such effects, we represented each measured 

pore space by its topological skeleton identified as ‘pore-network’ in the following. 
We developed an approach to quantify and compare accessibility of entire catalyst 
particles in order to understand catalyst failure due to accumulation of Fe and 
Ni, which can cause narrowing of macro-pore channels (Figure 3.5, case b), and 
blocking of surface access sites to macro-pores (Figure 3.5, case c). The accessibility 
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model is based on the feedstock intrusion direction, pointing from the surface of 
the particle towards its center, in order to investigate pore space accessibility with 
respect to possible routes of any material (feedstock) entering the catalyst particle. 
To perform this task, every measured pore space (as schematically depicted in 
Figure 3.5, top) was represented by its topological skeleton, i.e. a thinned version 
of the pore shape consisting of points and lines equidistant to the shape boundary. 
After skeletonization, the pore volume is completely described by this set of points, 
lines, and corresponding distances to pore boundaries, which we identify as the 
pore network in the following. Skeletonization of the segmented pore volumes was 
performed using the Avizo® XSkeleton Pack software, by calculating the distance 
of every pore voxel to its closest boundary and then removing voxel by voxel from 
the segmented object until only a string of connected voxels remained (‘thinning’).

vv

Figure 3.6 A schematic of the topological representation of the pore network. The measured pore space is interpolated 

and fully described by a set of segment points, segments, nodes, and pore channel radii.

These resulting lines were then translated into points, segments (connecting 
points), and nodes (points where more than two lines meet) as schematically 
depicted in Figure 3.6: forming a topological representation of the pore-network. 
The volume represented by the pore network is determined by summing the 
volumes of all pore channels, each represented by a cylinder, which is determined 
by the distance between two segment points (cylinder height) and their average 
distance to the shape boundary (cylinder radius) (see Figure 3.6). The resulting pore 
network volume is an estimate of the actual pore volume due to the interpolation 
of the shape boundaries. Furthermore, very small isolated pore volumes (e.g. single 
empty voxels) are removed in the thinning step. 
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Remarkably we found that in all inspected particles more than 80% of 
all macropore channels are members of one main sub-network, which contains 
more than 90% of the total covered macropore volume. This means that >90% of 
the macropore space in FCC particles is interconnected, independent of their 
catalytic age. It becomes clear that an understanding of the relationship between 
particle macroporosity and activity requires a study of how macropore space is 
interconnected, and, most importantly, how accessible it is from the surface. The 
reason is that any metal deposition that narrows or completely blocks the macropore 
channels can cut off previously interconnected sub-volumes, making them and the 
catalytically active domains therein largely inaccessible for feedstock molecules. 

In the first step of the pore-network analysis, we therefore determined metal-
caused changes of pore-channel radii, thus individually quantifying overall pore 
narrowing by Fe and Ni (Figure 3.5, case b and c). Considering that metal deposition 
mainly affects the surface region, the average percent decrease in pore radius 
due to deposits of Fe and Ni becomes significant for the LML and MML particles. 
Interestingly, Ni has a stronger effect than Fe, especially for the LML particle.

 In the second step, we quantified surface blocking using the number of 
possible ‘access points’ at the surface of the particles (i.e. macropores in the crust of 
the particle connected to the pore-space within). The bottom part of Figure 3.5 and 
Table 3.3 show the metal-induced reduction of access points connected to the main 
sub-network (which represents >90% of the covered macropore space). The results 
for both Fe and Ni are in excellent agreement with the trend seen in SEM-EDX data 
(Table 3.1): Fe causes a smaller access point reduction in the LML sample, while MML 
and HML show a severe and very similar reduction. Ni always severely blocks access 
with similar values for LML and MML and a larger value for HML. In the case of 
HML both Ni and Fe (almost) completely block access (100% and 93.7% access point 
reduction, respectively, see Table 3.3). Ni (unlike Fe) continues to accumulate (Table 
3.1), even when many of the surface macropores are blocked. These observations 
point towards possible differences in the deposition mechanisms not only between 
Fe and Ni but also during different stages of the catalytic life of the particles.
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3.3.4 

Table 3.3 Changes in the single particle macro-pore network caused by the metals Fe and Ni. Uncertainties have 

been determined as the standard deviation of the changes (in %) calculated using methods 1 and 2 for pore volume 

determination.

Pore volume Metric FRESH LML MML HML

Fe
Change in average pore radius [%] 2.0 ± 0.9 8.8 ± 4.0 13.3 ± 4.6 6.8 ± 2.6

Decrease in Number of Surface Access 
Points of Largest Sub-Network [%] 17.2 ± 9.4 39.3 ± 6.7 94.5 ± 1.6 93.7 ± 0.6

Ni
Change in average pore radius [%] N/A 21.5 ± 10.5 20.0 ± 2.1 13.9 ± 3.4

Decrease in Number of Surface Access 
Points of Largest Sub-Network [%] N/A 80.9 ± 3.1 84.9 ± 0.9 100.0 ± 0.0

Particle Surface Maps
In the first two steps we used the single, main pore-network of each particle 

to successfully (and for the first time) establish a relationship between Fe and Ni 
loading (and therefore catalyst age) and changes of the macropore structure in 
individual FCC particles. In the last step we extended our analysis to the full particle 
pore-network including all (not interconnected) sub-networks and inspected the 
effects of Fe and Ni on pore-network interconnectivity and accessibility from the 
surface.

We therefore determined the covered pore volume as well as the largest 
accessible distance from the particle surface (in the following called ‘penetration 
depth’) for each sub-network of the macropore network. The accessible pore volume 
(in % of the total macropore volume covered by the pore network) was determined 
as the pore volume covered by each sub-network connected to the outside of the 
particle through surface access points. The smallest distance to the particle surface 
was calculated for all points of the sub-network and the maximum penetration 
depth (in % of the equivalent spherical diameter of the particle, see Table 3.2) was 
then determined as the largest of those distances. Then all surface access sites of 
each sub-network were assigned to the pore volume and penetration depth of their 
corresponding sub-network. This is, for example, shown in the top row of Figure 3.7 
for the largest sub-network in the FRESH sample: each of the light green markers in 
the central panel represents a surface node (access site) of the main pore-network, 
while gray dots indicate nodes of the same network which are located deeper within 
the particle. Hence these (gray) nodes are accessible from the outside of the particle 
through the (green) surface access sites. 
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Finally, all surface access sites were mapped onto a 2-D image using a 
Mollweide projection. In these particle surface maps, each surface access point is 
assigned a color representing the corresponding values of accessible pore volume 
(Figure 3.7) or penetration depth (Figure 3.8) established for the sub-network to 
which the surface access site connects. This generates a map of the particle surface 
showing possible entry points for feedstock molecules and the size of the pore 
volume they can access (Figure 3.7) or how deep they can penetrate into the particle 
(Figure 3.8). Because the values of the largest sub-network are always much larger 
than the values of all other sub-networks they are assigned the color green, while all 
other surface access point are assigned a color ranging from black via red and yellow 
to white covering values up to 2% (Figure 3.7) or 35% (Figure 3.8). Areas where no 
access sites exist are indicated in gray. The latter areas therefore indicate surface 
areas where the feedstock cannot enter the particle volume through macropores.

In Figure 3.7 where we compare data for the FRESH and HML samples, it 
is striking that the pore-network of the HML sample without considering the pore 
clogging effects of Fe and Ni (both ‘switched off’) resembles the pore-network of the 
FRESH sample even though Fe is ‘switched on’ there. When Fe is ‘switched on’ in 
the HML sample the situation changes drastically: most access points that were part 
of the main pore network (network 1, light green markers) become disconnected 
and are now part of much smaller sub-networks, each accounting for less than 2% 
of the total covered macropore network (as indicated by the color scale bar). Some 
access points are even completely removed by Fe deposition (gray surface areas). As 
already shown in Figure 3.5, the situation is even more dramatic when considering 
the effect of Ni, which reduces the number of access points to the main pore network 
(network 1, see Figure 3.7) to zero. As depicted in the last row of Figure 3.7, most 
surface access sites still exist, but because they are now disconnected from the large, 
inner macropore network of the particle, they only provide access to less than a few 
percent of the macropore space in the FCC particle. In Figure 3.8 the effect of metal 
deposition is visualized for all age groups, showing how accessibility (in this case 
quantified using the penetration depth) decreases with increasing catalyst particle 
age. For particles with higher metal loading only few access sites (green markers) 
remain, which directly visualizes how macropore access for feedstock molecules 
becomes severely limited by metal poisoning. Since the largest pore network still 
represents more than 90% of the total pore volume, the interior pore network of 
the particle remains intact despite the significant limitations due to metal induced 
macropore inaccessibility at the surface.
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Figure 3.7 Left: Rendering of TXM tomography data collected for the FRESH sample including 3-D Fe concentrations 

(top panel) and the HML sample without metals (2nd panel), including Fe distribution (3rd panel), and both Fe and Ni 

(bottom panel). Center: 3-D representation of the established pore-networks; for clarity only the main network is plotted 

for the FRESH and HML sample in the top and 2nd panel, and the largest 5 and 10 pore-networks in terms of volume 

are plotted in panels 3 and 4 from the top respectively. Right: Mollweide projections of the particle surface depicting 

all detected access sites connected to different macropore networks in the particle. Green markers provide access to the 

largest interconnected macropore sub-volume (given in % of the total macropore volume, TPV). For the HML particle 

Ni completely blocks surface access to the largest macropore sub-volume. Access to smaller macropore sub-volumes is 

indicated by the color scale ranging from 0 to 2% TPV. Grey pixels (0%) refer to areas without surface access points, i.e. 

without detectable macropores. The effect of Fe and Ni is further visualized in Movie 3.2: http://goo.gl/0MtU24.
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Figure 3.8 2-D surface maps visualizing access points to the macropore volume of single FCC catalyst particles 

- penetration depth. Effect of metal poisoning by Fe (left) and Ni (right) restricting access to the FCC particle pore 

volume, visualized as a 2-D surface map (Mollweide projection). Dots indicate remaining access sites after considering 

the access-blocking effect of the metals. Green markers provide access to the largest interconnected macropore sub-

volume and therefore allow the entering feedstock molecules to reach the largest penetration depth (given in % of the 

particles’ equivalent spherical radii, see Table 3.1). For the HML particle Ni completely blocks surface access to the 

largest macropore subvolume. Access to smaller macropore subvolumes is indicated by the color scale ranging from 0 to 

2% TPV. Gray pixels (0%) refer to areas without surface access points, that is, without detectable macropores.
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3.4 Discussion
Our results are in excellent agreement with earlier 2-D studies of FCC 

catalyst particle cross sections, reporting the enrichment of Fe[10,19,42–44] and Ni[12,18,42,45] 
in a 1-5 µm thick surface layer. All authors agreed that after initial deposition, both 
metals are either immobile or have very low mobility.[12,18,42,45]

Ni contaminations in the feedstock are mainly associated with porphyrin 
or porphyrin-like complexes, i.e. large molecules[46] that are decomposed soon after 
contacting the FCC catalyst particle[12] before entering the smallest pores.[18] Kugler 
et al. suggested that the large, Ni-carrying porphyrin complexes predominantly 
decompose at diffusion barriers,[12] e.g. in pores that are narrow, or that have been 
narrowed through pore clogging caused by earlier metal deposition.

Two types of Fe are present in an FCC unit: (a) organic, finely dispersed Fe 
originating from the feed and/or hardware corrosion and (b) inorganic, particulate 
Fe stemming from hardware or soil contamination (also called ‘tramp Fe’).[42] Tramp 
Fe particles are deposited on the surface of the FCC catalyst particle because they are 
too large to enter the particle through pores, and can form highly localized nodules 
rich in Fe.[42] The organic Fe (e.g. naphthenates) is also deposited mainly in a surface 
layer of a few microns thickness, because of its large molecular size.[44] In combination 
with Na, another poisonous contamination present in FCC, Fe can lower the melting 
point of silica to temperatures below the ones typically experienced in FCC units, 
leading to vitrification of the particle surface and the collapse of the surface pore 
structure. This effect leads to the observed formation of valleys and nodules in the 
particle surface.[42]

Based on these earlier studies and the findings reported in this Chapter, which 
are in excellent agreement with the proposed mechanisms, it can be concluded that 
the deposition of Fe and Ni from organic contaminations follows the same principle, 
leading to similar concentration profiles and pore blocking effects (Figures 3.2, 3.4, 
3.5): both metals are transported into the FCC catalyst particle by large molecules, 
which have a limited travel range in the pore network of the particle. When reaching 
a diffusion barrier the large metal-carrying molecules are decomposed, depositing 
the metals in the pore channel. This further decreases the pore size, generating an 
even stronger diffusion barrier for subsequent molecules and ultimately leads to a 
self-enhancing process of pore clogging through metal deposition.

However, the data presented in this work also suggests differences in the 
deposition mechanisms for Fe and Ni. One difference was that Ni deposition has 
a stronger effect on pore narrowing than Fe, particularly at an early phase in the 
catalytic life of the particle (Figure 3.5, center). One possible explanation for this 
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observation is a temporal fluctuation in Ni and Fe contamination levels in the 
feedstock, leading to stronger Ni deposition during a specific time period in the 
particle life. Another reason could be that Fe is mainly present as tramp Fe, and 
therefore preferentially deposited at the surface and less so in the pores of the 
particle. Finally, if Ni-transporting molecules are preferentially smaller and/or 
can diffuse more easily into the particle than Fe complexes, more Ni than Fe will 
be deposited in pore channels. The latter case would explain why Ni (unlike Fe) 
continues to accumulate (presumably through meso- and micropores) even when 
many of the surface macropores are blocked (Table 3.1). Another difference is that 
additional deposition of Fe occurs through particulate Fe oxides at the surface that 
can, together with the deposited organic Fe and accumulated Na, lower the melting 
point of the silica phase in the particle surface. For older FCC catalyst particles, i.e. 
loaded with higher Fe concentrations, this can lead to surface vitrification and the 
collapse of surface pores, further restricting access to deeper parts of the catalyst 
particle. At this stage, metal-transporting molecules can hardly enter the particle, 
and further metal accumulation happens mainly through deposition at the surface. 
This effect can explain the observed shifts and the shoulder in the radial distribution 
of Ni (Figure 3.4). In other words, while Ni accumulation in the LML sample is 
dominated by porphyrin transport and deposition in the pore network, the beginning 
vitrification in the MML and HML sample starts to alter this deposition mechanism 
by changing the properties of the particle surface. Ni is no longer transported into 
the pore network of the particle, but is deposited at the Fe-rich surface layer, causing 
a shoulder in the radial concentration plot in the HML sample, which indicates 
lower Ni concentrations at the surface than in slightly deeper parts of the HML 
sample. This mechanism explains the observed anti-correlation of Fe and Ni in terms 
of concentration and macropore clogging at later stages of the particle catalytic life. 
These observations further suggest a growing Fe-rich surface layer on older ECAT 
particles, caused by the continuous deposition of Fe at the surface. This effect could 
ultimately change individual particle behavior in the many-particle ensemble, e.g. 
through increased inter-particle forces between spent ECAT particles, as reported in 
the literature,[39] that can lead to particle agglutination and hence decreased activity.

3.5 Conclusions
The findings reported in this Chapter provide an unprecedented, detailed 

view on the changing internal macropore structure of aging FCC particles. We were 
able to correlate 3-D distributions of Ni and Fe to changes in porosity and pore 
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connectivity in fresh and aged catalysts, in turn linking reduced catalytic activity to 
highly localized pore clogging. The results elucidate an important, as yet unknown 
aspect of metal poisoning: Fe and Ni accumulation is strongest early in cycle life 
and is concentrated at the particle surface and in a near-surface layer while the 
inner core remains relatively clear of these metals, resembling the pore structure of 
a fresh particle. This inner, relatively unimpeded and interconnected pore network 
remains functional for reaction, and is likely still accessible, although less efficiently, 
by meso- and micropores. Its presence explains the remaining functional activity 
of the catalyst, as confirmed by a small but quantifiable accessibility index and a 
measurable catalytic conversion rate, even for particles with the highest metal 
loading. 
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\In this Chapter, full field Transmission X-ray Microscopy (TXM) was used to evaluate 
the presence of metals in an agglutinated particle cluster. A dense central particle 
that resembles a fractured Fluid Catalytic Cracking (FCC) particle is adhered to two 
intact FCC catalyst particles. The central particle shows significantly higher optical 
density and corresponding metal loading on the order of 3 to 5 times higher than 
the two intact particles (thus suggesting a significantly older catalytic age). Radial 
evaluation of the individually segmented particle shows that the presence of Fe 
and Ni persists through the central particle, whereas the intact particles show an 
expected metal distribution (i.e. highest at the surface). An increased concentration 
of Fe and Ni is observed at the agglutination interface between the three particles. 
This strongly suggests that metals, such as Fe and Ni, can be responsible for particle 
agglutination when present in high concentrations. Furthermore, the results 
demonstrate that chemical adhesion, and not van der Waals or electrostatic forces 
drive this process. 

This Chapter is based on: F. Meirer, S. Kalirai, J. Nelson Weker, Y. Liu, J. C. Andrews, 
B. M. Weckhuysen, Chem. Commun. 2015, 51, 8097-8100.
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4.1 Introduction
To maximize the efficacy of Fluid Catalyst Cracking (FCC) catalysts, a 

design that considers effects at all length scales is required: from the particle 
ensemble behavior in the plant (meter scale) to the pore network of individual 
catalyst particles (nanometer scale).[5–7] The latter, for example, is a key factor for 
the catalytic performance of the FCC catalyst because pore clogging through coke 
formation or metal deposition can seriously hinder feedstock molecule diffusion 
into the catalyst, as illustrated in Chapters 2 and 3, where the heavy hydrocarbon 
fractions are cracked. Metal intrusion (mainly Fe, Ni and V) happens through contact 
with metal-containing feedstock and, in the case of V, can also cause the destruction 
of the catalytically active phase (zeolite).[8–10] While this ‘metal poisoning’ affects 
catalyst performance at the single particle level, reduced catalyst performance can 
also be caused by particle agglutination where deposited metal oxide seems to act 
as a binding agent. It will be shown in this Chapter that significantly higher metal 
concentrations, namely Fe and Ni, are present on the interface of agglutinated 
particles as observed by hard X-ray tomography.

4.2 Experimental

4.2.1 FCC Catalyst Particle Sample
This Chapter is based on a detailed X-ray tomography study of a complete 

group of agglutinated FCC particles (identified as ‘cluster’ in the following), consisting 
of two particles adhered to a smaller one, which appears to be a fragmented portion 
of a catalyst. The cluster was obtained from a batch of industrial ECAT (equilibrium 
catalyst) harvested from the regenerator unit of a commercial FCC plant. Analysis of 
the 3-D elemental distributions of Fe and Ni indicated that those two metals (and/
or their oxides), which are mainly deposited at the outer surface of the particles, 
seem to act as anchoring points leading to catalyst particle agglutination. The three 
parts of the cluster showed strong adhesion to each other and were never separated 
during handling and analysis. This strong adhesion rules out electrostatic forces as 
reason for agglutination and is in line with the surprising fact that the cluster did 
not break during fluidization in the FCC process. Panel (a) in Figure 4.1 shows an 
optical microscopy image of the cluster as mounted in the Kapton™ capillary (100 
µm width and 20 µm wall thickness). The two larger particles appeared white in 
color, while the smaller, connecting particle appeared completely black.
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Figure 4.1 (a) Optical microscopy image of the sample in the Kapton™ capillary. (b) Rendering of the X-ray tomography 

data. The orange and blue color maps represent relative Fe and Ni concentrations.

4.2.2 X-ray Tomography
As illustrated in Chapters 2 and 3, X-ray tomography is a powerful tool for 

the non-destructive 3-D analysis of single catalyst particles at the nanoscale.[11–14] In 
this Chapter, the Transmission X-ray Microscopy (TXM) setup at beamline 6-2c at 
the Stanford Synchrotron Radiation Lightsource, (SSRL), SLAC National Accelerator 
Laboratory was used, which provides sub-30 nm 2-D resolution,[15,16] which has 
been already discussed in Chapter 2. The whole cluster was imaged with 180, 
2-D projection images using single angle steps. Projection images were recorded 
using a dwell time of 1 s and 10 repetitions. Tomographic reconstruction of the set 
of projection images was performed using an iterative algebraic reconstruction 
technique (i-ART).[18] X-ray nano-tomography was performed below and above 
the Fe K edge (7100 eV and 7132 eV, respectively) and below and above the Ni K 
edge (8325 eV and 8350 eV, respectively). Relative 3-D elemental concentration 
distributions were then determined as the difference in absorption contrast between 
the data collected below and above the respective X-ray absorption edge.

The tomographic scan encompassed the complete cluster, which covers a 
total volume of 54 x 56 x 91.5 µm3 with a voxel size of 32 x 32 x 32 nm3. To account for 
(1) the known loss in 3-D resolution compared to the 2-D resolution of the projection 
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images (an estimated factor of 2-4[19,20]), (2) possible small misalignment effects 
when stitching the relatively large number of mosaic tiles, and (3) possible small 
misalignment between data sets recorded at different energies, the voxel size of the 
final 3-D data was increased to 320 x 320 x 320 nm3. Although the real 3-D resolution 
was assumed to be better than 320 nm, this voxel size was found sufficient and 
allowed a precise and reliable alignment of the data collected below and above the 
X-ray absorption edges of Fe and Ni in order to obtain the 3-D relative elemental 
concentration distributions by differential contrast imaging. Panel (b) of Figure 4.1 
displays a rendering of the corresponding X-ray tomography data, including the 
relative elemental distributions of Fe (orange color map) and Ni (blue color map).

4.3 Results

4.3.1 Segmentation and Elemental Evaluation of the Particle Cluster
Figure 4.2 shows a single slice through the 3-D data. In the top panel the 

optical density (OD) recorded at 7100 eV, which is used to determine the morphology 
of the cluster because the absorption at this energy is non-specific to any of the metals 
under investigation. The central and bottom panels display the relative Fe and Ni 
concentrations as obtained by differential absorption contrast imaging. Besides 
the significantly higher OD of the connecting particle (denoted further by ‘middle 
particle’), it shows a clearly different morphology than the other two fairly spherical 
particles, which resemble typical FCC catalyst particles with porous body and a 
slightly denser and more compact crust of ~1 µm thickness. The middle particle 
contains an ~4 µm thick dense and compact zone in the lower left of the particle 
(indicated by the green dotted lines in Figure 4.2) while the rest of the volume shows 
a pore structure similar to the body of the two other particles. This suggests that the 
middle particle is a fragment of another previously intact catalyst particle that broke 
apart during the FCC process. Usually such debris is removed in the cyclone of the 
FCC plant (as shown in Chapter 1, Figure 1.1) however, it is reasonable to assume 
that some fragments have survived the separation by becoming agglutinated 
to other intact catalyst particles. The middle particle also shows a very different 
concentration and 3-D distribution of Fe and Ni than the other two particles (denoted 
as ‘left particle’ and ‘right particle’ in the following; based on the alignment used in 
Figure 4.2 the left particle is the top particle in Figure 4.1). While the two large FCC 
catalyst particles contain similar relative Fe and Ni concentrations when averaged 
over the entire particle, metal concentrations are significantly higher in the middle 
particle (Figure 4.3).
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Figure 4.3 compares the average OD (at 7100 eV), and the average relative 
Fe and Ni concentrations of each particle. The average OD and Fe concentration 
in the middle particle is a factor of ~3 larger than in both other particles, while the 
relative Ni concentration was found to be 4.5 and 5.5-fold higher than in the right 
and left particle, respectively. While Figure 4.2 suggests a homogeneous distribution 
of both metals in the middle particle, there is a clear accumulation of Fe and (less 
pronounced) Ni at the surface of the other particles. This is expected for ECAT 
particles, based on earlier 2-D[21,22] and 3-D[23,24] studies, including those shown in 
Chapters 2 and 3 of this Thesis. 

Figure 4.2 Slice through the tomography data of the FCC catalyst particle agglomerate showing the OD recorded at 7100 

eV (top), as well as the relative Fe (center) and Ni elemental concentrations (bottom).
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Figure 4.3 Average optical density (OD) and average relative elemental concentrations of Fe and Ni for each part of the 

FCC particle agglomerate; indicated by ‘left’, ‘right’, and ‘middle’, corresponding to the alignment used in Figure 4.2. Fe 

and Ni relative concentrations have been scaled by a factor of 3 for clarity.

4.3.2 Radial Evaluation of Elements across the Particle Cluster
Here a radial evaluation was performed for each of the three particles, 

assessing possible differences in the way each particle accumulated Fe and Ni. For 
this evaluation voxels with identical distances to the particle surface were pooled, 
forming concentric ‘shells’ of single voxel thickness (320 nm). Thus, this method 
accounts for any irregular shape of the particle and allows plotting the average 
relative Fe and Ni concentrations of each shell as a function of distance from the 
particle surface.[23–25] Furthermore, the porosity of each shell can be determined as 
the ratio of empty space in the shell to the total volume of the shell. This enables a 
correlation of porosity changes with the presence of the analyzed metal, quantifying 
how the metals are clogging the macro-pore space.[23]

The resulting radial distributions (Figure 4.4) show that the larger particles 
show a typical radial dependence of relative Fe and Ni concentrations, decreasing 
abruptly within the first ~2 µm from the particle surface. The right particle shows 
larger relative concentrations and pore blocking effects, suggesting that it accumulated 
more Fe and Ni during its lifetime; i.e. it is ‘catalytically older’, than the left particle. 
The middle particle shows no clear radial dependence, but rather a similar metal 
distribution for each radial shell. The extreme relative Ni concentration in the most 
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central shells of the middle particle indicates heterogeneity of 

Figure 4.4 Radial Fe and Ni relative concentrations of each part of the FCC catalyst particle agglomerate. The parts are 

indicated ‘left’ (red), ‘right’, (cyan) and ‘middle’ (green) corresponding to the alignment used in Figure 4.2.

the metal distribution. 
Since most of the Ni in the middle particle is present as ‘hot-spots’ (highly localized 
large elemental concentrations) that are averaged over the small central shells, 
which probe a relatively small volume of the particle, this can cause significantly 
larger average Ni concentrations. Figure 4.4 confirms that the relative Ni and Fe 
concentrations are very similar in the middle particle (see Figure 4.3), while Fe has 
a clearly larger relative concentration than Ni in the two other particles. The high 
Ni concentration of the middle particle further suggests that it is the ‘catalytically 
oldest’ part, because Ni is not present in the original catalyst particle matrix and 
can only be accumulated during FCC. This supports the hypothesis that this part is 
a fragment of an (catalytically) older, ECAT particle that has experienced attrition. 

4.3.3 Elemental Concentrations at the Particle Interface
The strong difference in OD between the middle and the two other particles 

allows a clear identification of each part (Figure 4.2) and suggests that just a thin 
surface layer acts as ‘glue’, joining the three parts of the cluster. Such a ‘sticky’ 
surface layer could be related to the enhanced Fe and Ni loading at the surface. 
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This hypothesis is supported by the observation 

Figure 4.5 Evaluated interface regions of the agglutinated FCC catalyst particles and corresponding averaged relative 

Fe and Ni concentrations of each sub-volume (in magenta, cyan, yellow for the left (displayed on top), middle and right 

particles, respectively), compared with the average metal concentrations in the respective particle surface.

that the interfaces of the particles 
contain many mutual and localized areas of highest relative Fe and Ni concentrations 
(Figure 4.2). This in turn agrees with a note made in an earlier 2-D study, suggesting 
that the interface region between two joined ECAT particles was enriched in Fe 
when compared to other surface regions.[22] In order to quantify our observation 
we analyzed the average relative Fe and Ni concentrations in each interface region 
and compared them to the average surface concentrations (Figure 4.5). The interface 
regions were defined as particle surface layers of 640 nm (2-voxel thickness), limited 
to the contact area of each particle. The corresponding volumes are displayed in 
magenta, cyan, and yellow in Figure 4.5, indicating the evaluated particle sub-
volumes of the left (or top as displayed), middle, and right particle, respectively. The 
average particle surface concentrations were calculated by averaging the relative 
concentrations of the first two surface shells from the radial evaluation displayed in 
Figure 4.4, i.e. averaging the relative concentrations of Fe and Ni in a 640 nm thick 
surface layer. 
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4.4 Discussion
The results show clearly that the average concentrations at the interfaces 

of the two larger FCC catalyst particles are higher than the average concentrations 
over the whole surface. While relative Fe interface concentrations increased by a 
factor of 2 and 1.6 for the left and right particle, respectively, corresponding relative 
Ni concentrations were enhanced by a factor of 4.5 and 2. For both full catalyst 
particles the relative Fe concentrations at the interface were even larger than that in 
the middle particle, while relative Ni concentrations at the interface were found to 
be similar in all particles. The middle particle did not show significant differences 
between relative concentrations in the contact areas and the overall particle surface. 
Because Fe is part of the particle matrix we cannot exclude higher Fe concentrations 
at possibly pre-existing interfaces of pristine FCC particles, however, the fact that 
both larger particles show high Ni loading at the interface implies that agglutination 
happened after both particles spent some time in the FCC cycle. The metal loading at 
the interface is even larger than elsewhere, suggesting a higher surface concentration 
where the particles joined and that the middle particle later protected the surface 
from abrasion, preserving the state at the time of conglutination.

Besides particle size distribution, density, and attrition resistance, particle 
clustering is an important parameter that affects catalyst fluidity in the FCC unit. 
Studies of the fluidization behavior of particulates including FCC catalysts have 
concluded that not only physical properties such as particle density, size, shape, and 
roughness, but also interparticle forces influence their fluidization,[25–27] especially in 
the case of ECAT particles.[28] The nature and interplay of these cohesive interparticle 
forces is not yet completely understood, and appears to be different for different 
environments (e.g. bubbling fluidized beds, risers, or liquid jets).[27] McMillan 
et al. suggested that particle clustering during FCC might be due to coulombic 
forces, van der Waals forces, cohesive bridging, and drag-induced hydrodynamic 
forces.[27] However, these forces cannot explain the strong chemical bond observed 
here, joining the particles even after removal from the FCC unit. Such permanent 
bonding could be explained by the fact that Fe, especially together with Na, can 
lower the melting point of silica leading to vitrification of the particle surface.[29] If 
a catalyst particle with high metal loading (like the middle particle) has a molten 
surface it can cluster with other particles forming a strong chemical bond at the 
interface. If many particles in the unit accumulate such large metal concentrations, 
particle clustering could be enhanced through cohesive bridging, as a result of the 
molten or near molten surface on the particles.[27]
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4.5 Conclusions
With this first high-resolution 3-D study of the concentration distribution 

of Fe and Ni in a system of agglutinated FCC catalyst particles we were able to 
confirm not only enhanced Fe and Ni concentrations on the surface of ECAT 
particles but also that interfaces between agglutinated ECAT particles, contain Fe 
and Ni concentrations above the average surface concentrations. These observations 
suggest that the surface accumulation of metals could in fact be responsible for the 
enhanced interparticle forces observed for ECAT particles that lead to increased 
particle clustering, and hence decreased activity.
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\Hard X-ray Fluorescence (XRF) offers high elemental sensitivity to a range of relevant 
elements pertaining to the deactivation of Fluid Catalytic Cracking (FCC) particles. 
In this Chapter, we have utilized a Maia XRF detector, with its unprecedented count 
rate and sensitivity, to achieve XRF tomographic measurements at 500 x 500 x 500 
nm3 voxel size. These tomographic measurements were performed on two single, 
deactivated, FCC catalyst particles differing in their catalytic life-stage, to evaluate 
the 3-D distribution of the elements Fe, Ni, Ca, V, which act as catalyst poisons and 
La and Ti, which are inherent to the catalyst body. Our results show that Fe, Ni, 
and Ca have a significant concentration at the exterior of the FCC catalyst particle 
and are highly co-localized. As concentrations increase as a function of catalytic 
life-stage, the deposition profiles of Fe, Ni, and Ca do not change significantly. V 
has been shown to penetrate deeper into the particle with increasing catalytic age. 
Although it has been previously suggested that V is responsible for damaging the 
zeolite components of FCC particles, no spatial correlation was found for V and La, 
which was used as a marker for the embedded zeolite domains. 

This Chapter is based on: S. Kalirai, U. Boesenberg, G. Falkenberg, F. Meirer, B. M. 
Weckhuysen, ChemCatChem 2015, 7, 3674–3682.
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5.1 Introduction
Heavy oil fractions containing significant concentrations of Fe, Ni, V, Na, 

and Ca can trigger the irreversible deactivation of Fluid Catalytic Cracking (FCC) 
particles. Fe, Ni, and V are known to promote the formation of coke when they are 
incorporated into the FCC catalyst particle.[1,2] Furthermore, it has been proposed that 
these metals can cause accessibility loss via pore blocking[3] and chemically degrade 
the zeolite, consequently diminishing the cracking capability of the FCC catalyst.[4] 
In Chapters 2 and 3, it was shown with X-ray nanotomography that Fe and Ni can 
cause severe pore clogging at the macroporous scale, thereby significantly altering 
the pore structure and resulting in a lower accessibility of the particle interior[5] with 
the effect becoming increasingly deleterious as a function of catalytic age.[6] Ni and 
V are known to promote dehydrogenation-hydrogenation reactions, resulting in 
the promotion of coke formation and subsequent reduction in the yield of desired 
products.[7] Furthermore, V is believed to irreversibly degrade zeolite domains 
and cause destruction of the crystalline zeolite structure in FCC catalysts via the 
damaging effects arising from the formation of vanadic acid.[8,9] 

Thus, the study of the deposition and distribution of Fe, Ni and V are of 
critical importance for understanding FCC deactivation and ultimately, the design 
of more robust FCC catalysts. Previous studies have been focused towards studying 
either the bulk effects of Fe, Ni and V on catalyst samples,[3,10] and/or investigating 
artificially metallated single catalyst particles in order to simulate metal-induced 
deactivation phenomena.[11,12] Recently, there has been an effort to understand 
deactivation at the single particle level by utilizing synchrotron-based X-ray imaging 
techniques. In their elegant study, Bare et al. have shown the ability to map void 
structures with a voxel size of ~40 nm for a subsection of an authentic FCC particle 
using 3-D X-ray tomography. They also used 2-D X-ray fluorescence (XRF) imaging 
to map elemental distributions of metal poisons, such as Fe, Ni and V, as well as 
structural components, such as the clay and zeolite domains.[13] 

As shown in Chapters 2 and 3, Fe and Ni accumulate at the periphery of the 
FCC catalyst particle and significantly decrease the porosity, which in turn affects 
accessibility of the particle as a whole.[5,6] As a catalyst ages, this blocking can become 
so severe that pore networks effectively segregate into a series of isolated sub-
networks due to metal blockage.[6] Furthermore, an excess buildup of metals may 
also result in the agglomeration of FCC catalyst particles, thereby diverting the FCC 
catalyst from its primary functionality.[14] However, in the aforementioned Chapters, 
we were unable to probe the distribution of V or structural components, such as La 
and Ti. This is, in part due to the large number and diverse energy ranges required to 
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map all relevant elements, and in part due to the low concentrations of certain metals, 
specifically V, in relevant (i.e. not artificially metallated by Mitchell impregnation, or 
on synthetic composite materials) FCC catalysts, which can fall below the detection 
limits of X-ray transmission measurements. Furthermore, elements, such as Ca, La, 
V and Ti, can be difficult to accurately measure in full-field experiments due to the 
low edge energy where there is a notably low photon flux due to X-ray attenuation 
in air. Furthermore, our group has performed X-ray fluorescence (XRF) experiments 
simultaneously with X-ray diffraction (XRD) and X-ray Absorption measurements 
in order to understand the effects of V and Ni, which were detected using XRF, with 
respect to the zeolite domains, which were localized using XRD.[15] Although the 
general V and Ni distributions were determined using XRF, the XRF maps suffered 
from self-absorption effects due to the thickness of the FCC catalyst particle, and 
single detector scheme, thus an accurate picture of the distribution was difficult to 
establish. 

Despite the difficulties surrounding XRF measurements, the elemental 
sensitivity and simultaneous detection of multiple elements makes synchrotron-
based XRF an ideal technique for the analysis of single catalyst particles with 
industrially relevant metal (poison) concentrations, as is the case for FCC catalyst 
particles.[16] In comparison to X-ray transmission experiments, XRF tomography 
provides simultaneous detection of multiple elements of interest at a higher 
sensitivity. However, up to this point, XRF tomographic studies of catalyst 
particles have been limited by the spatial resolution that is typically achievable by 
micro-beam XRF techniques (typical beam sizes are in the single micrometer range), 
the experimental time needed to scan large sample volumes (most often > 1000 µm3) 
with beam sizes smaller than 1 µm, and complications due to self-absorption effects. 
These limitations have recently been tackled by the use of powerful X-ray optics 
and large array, high count rate detectors, thus making XRF tomography in the sub-
micron voxel regime technically feasible with measurement times comparable to 
that of sub-100 nm synchrotron-based tomography techniques. 

In this Chapter, we have used multi-element XRF tomography with the large 
array Maia detector, as illustrated in Figure 5.1, to investigate the 3-D distributions 
of structural and deposited elements in genuine, industrial FCC catalyst particles. 
Measurements have been performed on two industrially deactivated FCC catalyst 
particles – whose life stage has been determined by the relative metals content 
present – focusing on the poisonous metals Fe, Ni, Ca and V, their distribution 
amongst the particles, and their potential correlation with zeolite domains. The 
two catalyst particles will be further referred to as ECAT1 and ECAT2. The results 
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show that during the FCC particles catalytic life the concentrations of the poisonous 
metals Fe, Ni, Ca and V increase with age and also that the different mobility of each 
element leads to observable differences in their 3-D distribution. Correlation analysis 
shows that Fe, Ni and Ca have similar deposition profiles, where the majority of the 
metals are present at the exterior of the FCC catalyst particle. In contrast, V exhibits 
a larger penetration depth into the catalyst particle and is less correlated to the other 
metals, therefore suggesting differences in the metal deposition mechanisms of V 
with respect to the other metal poisons.

5.2 Experimental

5.2.1 FCC Catalyst Particle Samples
FCC catalyst particles were obtained from a full-scale, operational industrial 

reactor. FCC catalyst particles undergo significant deactivation and are thus 
continually replenished by new catalyst particles to maintain overall unit activity. 
This results in a broad age distribution for the catalyst materials in the feed. The 
term used for these catalysts with a broad age distribution is that of an equilibrium 
catalyst, often denoted as ECAT. The ECAT particles (labeled as ECAT1 and ECAT2) 
under study were selected randomly and age classified by their Ni metal content.[17] 
Ni may be used to classify the age of a given single FCC catalyst particle because it 
is (1) not inherent to the catalyst particle body and (2) has little to zero interparticle 
mobility, thus the accumulation of Ni is a good indicator of the life-stage of a 
catalyst. Due to its similar mobility properties, Fe may also be used to characterize 
the catalytic age of a single FCC catalyst particle, however since Fe is intrinsic to the 
clay in the catalyst, the results are generally more reliable for Ni.

5.2.2 Micro-X-ray Fluorescence Tomography Data Collection
Figure 5.1 schematically shows the experimental setup used, including 

the information gathered from the measurements. The annular Maia detector was 
positioned in a back-scattering geometry. The Maia detector is used to collect an 
XRF spectrum at each pixel (Figure 5.1, experimental setup). An incident energy of 
10.0 keV was produced by means of a cryogenically cooled Si(111) double crystal 
monochromator. The beam was focused to 0.5 × 0.5 µm2 (horizontal × vertical) 
spot using a Kirkpatrick-Baez mirror optic yielding a flux (in the focused beam) of 
~1010 photons. The incident and transmitted flux were recorded using an ionization 
chamber and photodiode, respectively. A pixel size of 0.5 µm to match the beam size 
was chosen with 1 ms dwell time per pixel. Gated read-out of the encoder signal of 
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vv

Figure 5.1 (a) The experimental setup uses KB focusing optics to focus X-rays to a 500 nm spot where the sample sits 

on a goniometer. The sample is raster scanned to build up the image and may be rotated to collect projection images 

at multiple angles for tomography studies. The Maia detector is used to detect the outgoing fluorescence at a large 

solid angle in a back-scattering geometry. (b) First the XRF spectrum of the whole FCC catalyst particle is evaluated 

using dynamic analysis to obtain the individual elemental signatures. This deconvolution of the XRF data is then 

performed for all single pixel spectra and all projection images to provide elemental maps at each angle. (c) In the final 

step all elemental maps are aligned and reconstructed to obtain the 3-D distribution of each element. The panel shows a 

representation of the whole ECAT2 particle using the sum of all elemental channels. 

the motor position by the detector controller ensures accurate assignment of the XRF 
spectra of each detector element to each corresponding image pixel. The XRF spectra 
were deconvoluted using the GeoPIXE analysis software.[18] The deconvolution was 
performed for every single pixel in order to obtain 2-D maps of all detected elements 
(Figure 5.1, XRF spectrum). This measurement/analysis scheme simultaneously 
provides information on a diverse range of elements at ms dwell times. The sample 
can be rotated in order to collect maps at different angles and thereby obtaining 3-D 
information through tomographic reconstruction for all elements observed in the 
XRF spectra (Figure 5.1, rendered 3-D dataset). Due to the small single pixel dwell 

times, XRF tomography data were collected in 8-10 h. 
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Figure 5.2 FRC curve (blue) with 2-σ threshold curve (red). The intersection of the FRC curve with the 2-σ curve yields 

an estimation of the maximum spatial frequency that is above the noise-level. The spatial frequency for the ECAT2 

dataset was determined to be 0.354 voxels-1 thus yielding a resolution of 1.41 μm (given 500 nm voxel size). 

During data collection, X-ray fluorescence images were collected at 1.5° 
angle steps for the ECAT1 FCC catalyst particle and 1° angle steps for the ECAT2 
FCC catalyst particle. For both FCC catalyst particles, the fluorescence projection 
images were taken over a full 360° rotation – this was performed in order to check 
for and minimize possible self-absorption effects. A 500 nm X-ray spot was used 
and assumed to be the nominal 2-D resolution. However, typically there is a loss 
in resolution during tomographic reconstruction of the dataset. Thus in order to 
estimate the 3-D resolution, a Fourier Ring Correlation (FRC) was performed.[19] 
In order to perform the FRC, the Fe elemental projection images were split, such 
that one dataset included all even angled projection images and the other dataset 
included all odd angled projection images. Then both were aligned and reconstructed 
independently. The FRC was performed using the two half datasets and the resolution 
was determined by the intersection of the FRC curve with the half-bit curve which 
represents an estimate of the level of noise that can be expected (Figure 5.2). The 3-D 
resolution is estimated to be 1.41 μm using the FRC test.
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5.2.3 Spectral Deconvolution using Dynamic Analysis and 3-D Re-

construction of X-ray Fluorescence Data
All data were corrected for dwell time and normalized to the incident photon 

intensity. Using the GeoPIXE analysis software package,[18] the XRF sum spectrum of 
an individual projection image was used to create a fit-model containing the elements 
necessary to obtain a good fit (Figure 5.3). This was then used to perform single-pixel 
deconvolution using Dynamic Analysis[20] of the spectra yielding projection images 
of individual elemental maps. Projection images of a single element were loaded 
into the imageJ software[21] and aligned for motor misalignments and jitters using the 
image stabilizer plugin.[22] The alignment output was saved and then directly applied 
to all subsequent elemental channels. The stabilized data was then re-aligned to the 
center of rotation and loaded into the TXM-Wizard software[23] where sinograms 
were created for each elemental channel. The sinograms were reconstructed into 
slices using an iterative algebraic reconstruction technique (i-ART) with maximum 
20 iterations that is available with TXM-Wizard. Slices were then loaded into the 
Avizo® software to be visualized. 

5.2.4 Analysis of 3-D Reconstructed Data
 Data noise thresholds were determined automatically by evaluating the 

histogram of the data in Avizo®. An in-house developed code using the MATLAB 
programming language was used to calculate the radial plots of each elemental 
channel. The radial intensity plot was calculated by defining a distance map over a 
Total Particle Volume (TPV) mask such that the distance zero was defined as being 
at the particle surface. The TPV mask was calculated by creating a distance map 
of the total catalyst particle volume where each voxel was assigned its smallest 
Euclidean distance to the particle surface. All holes and cavities in the total catalyst 
particle volume mask were filled, such that the voids inherent to the catalyst particle 
were considered to be a part of the particle volume. The total volume of the catalyst 
particle was estimated by masking the 3-D volume of the sum of all channels. 
The summation of all channels is required for the mask to be most accurate for 
determining the extent of the total particle by providing the most noise free dataset. 
Furthermore, this is necessary due to the possibility that the particle size is effectively 
increased during catalyst aging due to metal deposition. Using this definition, the 
intensity was summed, for each elemental channel at each defined distance from the 
surface. MATLAB was also used to calculate the Pearson correlation coefficients for 
each pair of elemental channels. Prior to calculation of the correlation coefficient, the 
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calculated data noise threshold of each elemental dataset was applied, such that any 
values below the calculated threshold (i.e. values below noise level) were set to zero.

5.3 Results and Discussion

5.3.1 Relative Catalytic Age using Relative Elemental Concentrations 
 Figure 5.3 shows the summed XRF spectrum over the whole particle for 

a single projection image of ECAT1 (a) and ECAT2 (b) FCC catalyst particle. After 
background correction and based on the identified XRF peaks, spectra were fitted 
using a fitting model including Ca, Ti, La, V, Cr, Fe, Ni, Cu, Zn elemental channels as 
well as contributions from elastic and inelastic scattering. In this study experimental 
conditions were optimized for the detection of the metal poisons Fe, Ni, V, Ca as well 
as elements related to structural components, i.e. La and Ti. Cu and Zn were detected 
and therefore included in the fitting model, but were not further investigated as they 
were poorly resolved due to overlap with the scatter peak. 

Table 5.1 shows the relative elemental concentrations of Fe, Ni, V, Ca, 
La, and Ti over the individual FCC catalyst particles. The relative concentrations 
were determined by normalizing the integrated peak intensity for each individual 
elemental channel to the summed intensity over all element channels. It can be seen 
that there is an increase in the relative elemental percentage of poisonous metals Fe, 
Ni, V and Ca from ECAT1 to ECAT2. In both FCC catalyst particles, Fe is the largest 
component, as it is present in both the matrix and deposited as a poison. La has the 
second largest relative concentration due to it being present in the RE-exchanged 
zeolite domains distributed throughout the FCC catalyst particle. The relative 
decrease in the amount of La of ECAT2 compared to ECAT1 suggests that there is an 
increased deposition of metals. The amounts of Ni and V are significantly lower than 
Fe as these elements are only present as contaminants in the FCC catalyst particle, 
and thus are only deposited on the particle during cracking. Since Ni is not inherently 
present in a fresh catalyst, it is directly related to the amount of Ni present in the 
feedstock. Thus, as previously stated, Ni was used to classify the particles based 
upon their catalytic age.[17] It was determined that ECAT1 is catalytically “younger” 
than ECAT2. With this age classification method, these two catalyst particles can 
then be used to gain insight into possible temporal changes of metal deposition. 
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Figure 5.3 XRF spectrum deconvolution of the single FCC catalyst particles: ECAT1 (a) and ECAT2 (b). The spectrum 

shown is the sum over the whole particle at a single projection image. From this the presence of Ca, Ti, V, Cr, Fe, Ni, 

Cu, Zn, and La was confirmed. Each single pixel XRF spectrum was then fitted using GeoPIXE providing peak areas for 

each individual element.

vv

Table 3.4 Relative elemental concentrations for the ECAT1 and ECAT2 FCC catalyst particles under study.

Element ECAT1 (%) ECAT2 (%)

Fe 41.92 44.18

Ni 2.38 3.34

V 2.62 4.84

Ca 1.25 1.35

La 35.10 31.38

Ti 16.73 14.91

5.3.2 Evaluating the Radial Distributions of Elements
The poisonous metals Fe, Ni, V and Ca have been further investigated 

with respect to their 3-D radial distribution within the catalyst particles in order to 
understand metal deposition in the FCC particles. To quantify the radial dependence 
of the relative elemental concentrations over the total particle volume, we have 
calculated the average concentration (i.e., normalized for number of elements 
in each shell) as a function of distance from the surface. The result of this radial 
evaluation is summarized in Figure 5.4 for the ECAT1 and ECAT2 catalyst particles. 
The cumulative intensity of each of the metal poisons was determined as a function 
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of distance of each ‘particle shell’ from the surface, where each shell

vv

Figure 5.4 Distribution of relative elemental concentrations for Fe, Ni, V, Ca and La as a function of distance from the 

surface for the ECAT1 FCC catalyst particle (a) and the ECAT2 FCC catalyst particle (b). For both ECAT1 and ECAT2 

FCC catalysts, Fe and Ni show a similar peak elemental concentration at approximately 1 μm whereas Ca and V show 

peak intensities at slightly larger distances. La is seen to be at nearly constant concentration throughout the particle.

 is formed by all 
voxels with identical distance to the surface. This shell analysis provides information 
on the distribution profile of metals and their depth of penetration.[5]

For both ECAT1 and ECAT2, the amount of Fe shows a peak at 0.5-1 µm 
from the surface. The peak concentrations Ni and Ca for both catalyst particles also 
coincide at 0.5-1 µm distance from the surface but at a lower relative concentration 
(Figure 5.4, inset). From the high concentration peak at the surface both Fe, Ni and 
Ca concentrations fall with increasing distance from the particle surface. Fe shows 
a constant, non-zero intensity inside the particle, due to the presence of Fe in the 
structural components, such as the matrix. The peak Fe intensity falls to a baseline 
level seen in the matrix of both ECAT1 and ECAT2 particle within 5 µm from the 
surface, thus showing that the two catalyst particles appear to be indistinct in the 
particle interior. The Ni and Ca concentrations fall to undetectable amounts slightly 
deeper than 5 µm from the catalyst particle surface. It is seen that the intrusion of Fe, 
Ni and Ca does not change significantly as a function of age however, as a catalyst 
ages, an accumulation of the metals at or near the surface of the particle occurs. 
Previous studies have stated that Fe and Ni have limited mobility in FCC catalyst 
particles, and, particularly for Fe, the formation of a hard, nodulated crust around 
the particle surface may be observed.[24–26] This concentration at the surface can cause 
significant pore blockage at the exterior of the surface, and in effect may prevent 
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both metal poisons and the hydrocarbon feedstock from penetrating deeper into the 
particle interior.[6] 

Interestingly, V exhibits a peak concentration that is different from that of 
Fe and Ni. The V peak appears at approximately 1.5-2 µm distance from the surface 
and then falls to undetectable levels at slightly larger distances from the surface than 
Ni and Ca. In the ECAT1 particle, the amount of V falls to zero at approximately 5 
µm from the sample. However, in the ECAT2 particle V exhibits observable intensity 
until approximately 9 µm deep into the sample. This is in agreement with previous 
assertions that V mobility is higher than Fe or Ni in FCC.[8,27] This observation further 
suggests that as the particle ages, the accumulation of V increases, and owing to its 
higher mobility, is able to access pore space deeper into the particle with appreciable 
concentrations despite pore blockage occurring from Fe and Ni. However, there 
remains a concentration gradient with a peak near the catalyst particle surface and 
minimum at the center of the particle, as seen in the study by Ruiz-Martinez et al.[15] 
This observation is contrary to other reports that show that V can be distributed 
more homogeneously in the particle.[13,28]

These reported differences in the distribution of mobile species, such 
as V, may be due to the effect of the non-mobile metals deposited on the FCC 
catalyst particles. In previous studies where a uniform distribution of V was 
exhibited, the distribution of Fe was seen to be non-uniform on the surface[13] or 
not studied.[28] However, in this Chapter, we observed that the Fe distribution 
was present uniformly, at high concentrations, along the exterior of the particle, 
potentially limiting accessibility by blocking up a significant portion of the potential 
intrusion pathways for V. This suggests that the metal deposition profiles can vary 
greatly based upon the conditions experienced in the feedstock and the order in 
which they were experienced. To investigate this hypothesis and observe whether 
the metal deposition profile of V is diverse at the multiple particle scale, a large 
area 2-D X-ray Fluorescence map was collected at beamline ID-21 at the ESRF in 
Grenoble, France. The map was collected on 500 nm thin-sections of an ECAT FCC 
catalyst sample. Figure 5.5 shows the distribution of V (green) over FCC particles, 
which are represented by the Al fluorescence channel (red). It can be clearly seen 
that there is a diverse range of deposition profiles of V. Three dominant cases are 
apparent where, (1) there is a homogeneous distribution of V, (2) a high intensity 
ring of V on the outside with little to no intensity towards the particle center and 
(3) high intensity of V deposited on the particle, all seemingly independent of the 
deposition profile of the other metals. These observations suggest that either the 
distribution of V is dependent on the prior deposition of other metals (i.e. Fe, Ni and 
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Ca) or that the penetration of V into the particle happens at different time scales. In 
either case, it is clear that the metal deposition profile (and thus the mechanism of 
metal deposition) of V differs greatly from the other metals.

In both the ECAT1 and ECAT2 FCC catalyst particles, the La channel shows 
a nearly constant intensity from the particle exterior to the center, signifying that 
there is a relatively homogeneous distribution of zeolite domains throughout the 
particle. Furthermore, it shows that self-absorption effects have been minimized by 
collecting full 360° projections images and by the use of the large array detector, 
which provides a large solid angle and thus a large number of detectable escape 
paths. 

Figure 5.6 shows 2-D slices taken from the 3-D datasets at each elemental 
channel. In order to compare the relative intensity, the intensity scale bars were 
set to equal ranges for both the ECAT1 and ECAT2 FCC catalyst particles. It can 
be clearly seen that Fe deposited on the surface exhibits a uniform distribution of 
high intensity at the exterior of the particle, in line with the radial profiles observed. 
However, for the ECAT1 catalyst, it can be seen that although there is a clear ring of 

vv

Figure 5.5 2-D XRF map of the poison metals, Ca, Fe, Ni and V (green) on Al (red) for 500 nm thin sections of an ECAT 

FCC catalyst particle sample. The XRF images for Ca and V were obtained at an incident energy of 5.47 keV, while for 

Fe and Ni the images were obtained at an incident energy of 8.50 keV. The FCC particle sample, which may have an age 

distribution, exhibits diversity in the V distribution ranging from a ring-like distribution to a homogeneous distribution 

over the whole particle. This distribution pattern is not as readily observed in the Ca, Fe and Ni maps, where generally 

there appears to be a ring-like formation, although, in some cases for Ni, there can be a homogeneous distribution.
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high intensity, there are still low intensity regions that exist. These regions are likely 
the “highways” that allow for V to intrude further in to the particle as it catalytically 
ages. However, if the pathways are quickly closed up, due to the presence of a 
high concentration of Fe in the feedstock, the accessibility of the particle interior is 
extremely diminished and a uniform distribution of V is unlikely to occur due to 
surface clogging effects. It can be observed in the Ni 2-D map that the distribution, 
particularly that in the ECAT1 particle, is closely correlated with that of Fe. Some of 
the Fe hot spot regions on the surface of the particles are mirrored for Ni suggesting 
that there is a correlated deposition mechanism for the two metals. In the V map, 
the correlation to Fe is questionable, as there are no real hot spots observed like 
that in Fe and Ni however there is some correspondence of high intensity at the 
bottom and the top of the FCC particle. In comparing the ECAT1 and the ECAT2 
FCC catalyst particles, it can be clearly seen that V has penetrated deeper into the 
particle as the particle has aged, as signified by the radial maps in Figure 5.4. Ti and 
La remain relatively unchanged, with a uniform distribution throughout the particle 
from ECAT1 to ECAT2.

vv

Figure 5.6 2-D slices for each elemental channel of the 3-D ECAT1 and ECAT2 FCC catalyst particles. The scale bar 

intensity limits were set to the same values at each element for both catalyst particles in order to directly compare the 

relative concentrations.
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5.3.3 Determining the Degree of Self-absorption
In order to ensure that the radial dependence of the elemental concentrations 

of V was not the result of self-absorption effects, the measured different tomographic 
datasets were further investigated. Due to the low fluorescence energy and low 
concentration of V, its use is ideal in determining the effects of self-absorption 
and whether they play a dominant role in the observed distribution patterns. The 
datasets for V was reconstructed two additional times using only half the dataset 
each (i.e. 0-180° and 181-360°, respectively) (Figure 5.7a). If self-absorption plays 
a dominant role, a comparison of these data with the reconstruction using the full 
360° information would reveal a decreased intensity on one side of the particle. Thus 
visualization of the reconstructed half dataset would exhibit a different distribution 
pattern from the full dataset. However, the distribution pattern remained ring-like 
with identical (within noise levels), constant intensities on all sides, suggesting 
that the ring-like distribution pattern is real, not caused by self-absorption effects. 
It is obvious that the radial profile of V existed in both half datasets and was the 
dominant feature. Furthermore, by comparing intensity line profiles across the same 
slice taken from both 180-degree datasets (i.e. the [0-180] and [181-360] angle datasets), we 
can attempt to quantitate the amount of self-absorption. Figure 5.7b plots the mean 
intensity taken independently over the XZ and YZ planes of the images shown in 
Figure 5.7a in order to get line profiles along the Y and X axes, respectively. This 
allows determining the degree of self-absorption by identifying differences in the 
line profiles. It can be seen that there is no significant differences in X or Y line 

profiles, where the difference in intensity has no preferential direction. 
In order to further ensure that self-absorption effects were not the predominant 

explanation for the observed intensity profile, the X-ray attenuation length was also 
calculated using the calculated bulk skeletal density and bulk elemental analysis, 
which has been reported elsewhere.[6] Using the X-ray interaction tables by Henke 
et al.[29] the attenuation length where the intensity of an emitter drops to 1/e was 
estimated to be 18.8 μm at V Kα (4.95 keV). The particle size was seen to be ~40 μm 
(diameter), thus at the center the approximately 33% of the total intensity would be 
detected. However, from the radial intensity profiles it is seen that the V intensity is 
visible up to 9 μm into the particle. Similarly for Ca Kα (4.04 keV) the attenuation 
length (1/e) was calculated to be 10.81 μm, whilst the maximum penetration depth 
observed was approximately 5 μm. Furthermore, it must be noted that with the use 
of a large-array Maia detector, the solid angle for detection is equal to 1-2 steradian, 
and thus many escape paths of varying length through the particle are possible.
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5.3.4 Elemental Spatial Correlations 
In order to investigate the apparent connections in the spatial distribution of 

elements, correlation plots for each of the elements of interest were created. Figure 
5.8 shows the correlation heat maps for all bivariate combinations between the 
elements Fe, Ni, V, Ca, La and Ti for the ECAT1 (a) and ECAT2 (b) FCC catalyst 
particles. Furthermore, the Pearson correlation coefficient of each of the element pair 
combinations for the ECAT1 and ECAT2 catalyst particles were calculated and are 
shown for each combination in the upper right half of Figures 5.8a and 5.8b and 
summarized as a bar plot in Figure 5.8c. The Pearson correlation coefficients were 
calculated after removing values under the calculated threshold for each elemental 
channel and the null (0,0) results in order to remove voxels without any element 
present, which can skew the correlation results due to their predominance.

Fe and Ni exhibit a high spatial correlation. The correlation coefficient for 
Fe and Ni was determined to be 0.728 for ECAT1 and 0.870 for ECAT2. The higher 
correlation in the ECAT2 particle is presumed to be due to Fe and Ni being present 
in the outer shells of the particle. However, since Fe is also present in the matrix, 
and thus in the interior of the particle, it is expected that the Fe and Ni correlation 
is less when the concentration of deposited Fe on the exterior is lower (in ECAT1) 

vv

Figure 5.7 2-D slices of the 3-D datasets reconstructed by using half the projection images (0-180°) and (181-360°) of the 

V elemental channel (a). Mean intensity profile along the X (left) and Y (right) direction for the two reconstructed half 

datasets (b).
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as Ni is only deposited on the FCC particle and was shown to be largely present at 
the particle edges. The Fe/Ca and Ni/Ca combinations also show a high correlation 
i.e., ECAT1 – 0.606, 0.690 and ECAT2 – 0.701, 0.758, respectively. Yaluris et al. have 
shown that Fe and Ca have similar distribution profiles and may be correlated on the 
surface of the particle.[26] It has been previously suggested that Ca and Fe combine 
to form a vitrified layer on the catalyst exterior. In addition, Ca can further reduce 
the catalytic activity by making the FCC particle more susceptible to hydrothermal 
deactivation.[30] The Fe-La, Ni-La, and V-La correlations remain relatively constant 
from ECAT1 to ECAT2 and are all close to zero (i.e. are not correlated), mainly 
because the metals do not intrude far enough into the catalyst particle interior to 
associate with La-rich zones.

vv

Figure 5.8 Spatial correlation heat-maps matrix for all elemental combinations of the (a) ECAT1 and (b) ECAT2 FCC 

catalyst particles are shown for pixels within 95% of the maximum (to remove outliers). Clustering can be observed for 

Fe/Ni and all the elements with La for each particle. Manual clustering and segmentation was performed to visualize 

co-localized elements (Figure 5.9). (c) Bar plot of the Pearson correlation coefficients for all element pair combinations 

for ECAT1 and ECAT2 catalyst particles.
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Some studies have attempted to understand V deposition with respect to the 
zeolite domains, however the preference of V towards zeolite has remained unclear. 
Both studies from Kugler et al.[25] and Psarras et al.[10] observed a uniform distribution 
of V throughout an individual catalyst particle with some indication of preferential 
residence in zeolite domains. Other studies, such as those of Ruiz-Martinez et 
al.[15] and Lappas et al.,[28] observed a ring-like intensity profile of V without clear 
preference for zeolite domains. In this Chapter, the correlation of V to the zeolite 
domains was not observed in the FCC catalyst particles despite the intrusion of V 
into the particle (Figures 5.4 and 5.6). V does exhibit a slightly larger correlation to Ti 
(ECAT1 - 0.225, ECAT2 – 0.326) signifying that if there is any preferential residence of 
V, it is with the other components present in the FCC particle. However, at such low 
correlation coefficients, it is difficult to ascertain a preference of V within the FCC 
catalyst particle. In FCC catalyst design, the matrix can be used as a metal trap for 
V.[8] If V is causing the direct degradation of zeolite domains, it must be occurring at 
either low concentration and/or transiently, during steaming. V has been postulated 
to promote the degradation of zeolite domains when it is present as a vanadic acid 
species that is formed during steaming, thus it is possible that a preference of V 
towards the zeolite exists in its acidic form; a form which was not observed in this 
study as the experiments were performed under ambient conditions.[8]

The correlation plots in Figures 5.8a and 5.8b were manually clustered into 
quadrants, and segmented to visualize the distribution of metal poison elements 
that are both co-localized and independently located. Inspection of the correlation 

vv

Figure 5.9 (a) By inspecting the correlation plots for element pairs such as Fe and V, a point was defined for clustering 

of the four quadrants. This led to three main clusters, which were the high intensities of the two independent elements 

and the correlated pair as well as some potential low intensity signals. (b) The user-defined regions of the correlation 

plot were then mapped back in to 3-D and multiplied by the original intensity data therefore allowing the visualization 

of each cluster and its intensity as is shown in the 2-D slices of the four clusters. 



90

Chapter 5

plots showed that some clustering of the data existed for the Fe-Ni, Fe-V and Fe-Ca 
pairs, suggesting that there are distinct regions with differing relative elemental 
concentrations. The four clusters were masked, mapped back into 3-D and visualized. 
Each correlation plot was inspected and a point defined from which four quadrants 
were segmented to four clusters (Figure 5.9a). The clustered data was then mapped 
back on to the 3-D data volume, to give a 3-D distribution of each cluster, from 
which 2-D slices are shown in Figure 5.9b. Using this method, four clusters for each 
bivariate correlation plot were produced. Each cluster was labeled based upon its 
respective position (i.e. High V, High Fe, High V and Fe and Low V and Fe). Figure 
5.10 shows the clustered masks visualized over the 3-D representation of the FCC 
catalyst particles for Fe with Ni, V, and Ca respectively.

Fe and Ni demonstrate a correlation on the outer shell of the ECAT1 and 
ECAT2 catalyst particles, with little change as a function of age, suggesting that there 
is no redistribution of either metal but only an increase in surface concentration as the 
particle ages. Furthermore, hotspots of high Fe without Ni are present in the interior 
of the particle, which are interpreted as hotspots inherent to the clay components of 
the catalyst. When comparing Fe and V it is seen that in the ECAT1 catalyst particle 
the correlated Fe and V exists sparsely near the surface. Although Fe and V are 
correlated at the exterior of the particle, Fe is also visible without the presence of V 
at the edges of the particle. In the ECAT2 catalyst particle the co-localization is more 
uniform on the particle surface and also somewhat into the interior of the particle 
where V has deposited deeper into the catalyst body suggesting further that the 
deposited, immobile Fe may contribute to a loss in mobility for V. With respect to Ca, 
there is some overlap between Fe and Ca for both catalyst particles while Ca does 
not appear independently from Fe. The Fe in the matrix shows little correlation with 
Ca. These observations suggest that V is indeed more closely incorporated into the 
existing particle structure, whereas Fe, Ca and Ni all seem to be largely correlated at 
or outside the boundaries of the FCC catalyst particle. 
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vv

Figure 5.10 Comparison of clustering masks for (a) ECAT1 and (b) ECAT2 FCC catalyst particles for the correlation pairs 

Fe/Ni (top), Fe/V (middle) and Fe/Ca (bottom).
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5.4 Conclusions
We have shown that XRF tomography of genuine, whole individual FCC 

particles is possible using the Maia detector setup at the P06 beamline at the Petra III 
lightsource, DESY, Hamburg, Germany. This unique experimental setup allows for 
the collection of XRF tomographic data for a large range of elements at experimental 
times comparable to that of single energy tomographic measurements using X-ray 
transmission imaging techniques, albeit still at a lower spatial resolution. In the 
future, this method may be used to complement high-resolution techniques to study 
both the elemental distributions as well as pore structure, and pore size distribution 
on individual catalyst particles.

The conducted XRF tomography study on the catalytically younger catalyst, 
ECAT1 and the older ECAT2 catalyst has provided detailed insight into their 3-D 
metal distribution, particularly for V and Ni, which are typically present at low 
concentrations in FCC particles that have experienced industrial conditions. It was 
shown that for all poisonous metals, specific to the FCC catalyst particles under 
study, there is a radial concentration gradient where the concentration goes from a 
maximum near the surface of the catalyst particle to the interior. Surprisingly, V is 
not uniformly distributed in the FCC catalyst particle as previously observed. We 
hypothesize that differences in the observed deposition of different studies may be 
dependent on the presence of other, non-mobile metals and their distribution, which 
can significantly alter the accessibility and thus the 3-D distribution of the poisonous 
metals. Such a study on the distribution of V in 3-D and insights into the dynamics 
of the distribution has not previously been reported in the literature. Furthermore, 
most studies have focused exclusively on one of the three main metal poisons, Fe, 
Ni and V – with little on the synergistic effects of these metals despite the significant 
impact on some metals to the pore structure and thus the effect on the deposition 
schemes of other metals.

By inspecting the correlation of the metal poisons it was shown that Fe, Ni, 
and Ca are highly correlated, particularly at the surface of the particle where they 
form a shell around the catalyst particle. This suggests that these three elements 
have similar deposition mechanisms. Ni and especially V penetrate further into the 
FCC catalyst particle, while Fe only appears as hotspots within the catalyst particle. 
These Fe concentrations in the interior parts of the particle are not deposited during 
catalyst aging but most probably belong to Fe-rich matrix components of the catalyst 
particle. V has the greatest penetration depth into the FCC catalyst particle. This 
depth increases significantly as a function of catalyst age. This suggests that there is 
a different deposition and migration mechanism for V, in line with the differences 
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in mobility compared to Fe, Ni, and Ca. Surprisingly, no spatial correlation of V 
with La has been observed, suggesting that V does not specifically interact with 
the embedded zeolite domains and is present near the matrix components of FCC 
catalyst particles, including alumina where it may negatively impact the vital pre-
cracking functionality of the FCC catalyst particle. 
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\Soft X-ray Ptychography offers unprecedented resolution (down to 5 nm) for X-ray 
microscopic methods. In this Chapter, we have utilized ptychography to determine 
the possible origins and chemical state of Fe deposited onto a single, aged Fluid 
Catalytic Cracking (FCC) catalyst particle thin section, whilst mapping the zeolite 
domains (via La) that are present in the catalyst. A conservative 2-D resolution 
estimate of 12.5 nm was achieved with ptychography, which offers higher resolution 
than traditional diffraction-based optics. With this, Fe deposition from both fine 
particulate and Fe accompanied by large organic molecules was evidenced. Using 
principal component analysis, the chemical state of deposited Fe is found to be 
significantly different from that in the catalyst body. Using linear combination 
fitting, it was determined that Fe deposited on the surface of the FCC catalyst 
particle is more oxidized (Fe3+) in nature and owing to the known lower mobility of 
Fe3+ species, the presence of such a crust provides a possible mechanism of surface 
Fe accumulation. 

This Chapter is based on: A. M. Wise, J. Nelson Weker, S. Kalirai, M. Farmand, D. A. 
Shapiro, F. Meirer, B. M. Weckhuysen, ACS Catal. 2016, 6, 2178-2181.
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6.1 Introduction
Soft X-ray ptychography is a high-resolution coherent diffraction imaging 

technique with demonstrated resolutions of sub-5 nm.[1] With energy variability 
that accompanies synchrotron radiation, the characteristic absorption edge energies 
of different elements can be used for 2-D elemental mapping and for determining 
the chemical states of the elements by collecting pixel-by-pixel X-ray Absorption 
Near Edge Structure (XANES) data. Owing to the larger penetration depth of 
X-rays, thicker samples can be studied than is possible with Transmission Electron 
Microscopy (TEM). 

In this Chapter, an individual, commercial equilibrium catalyst (ECAT) 
particle used in Fluid Catalytic Cracking (FCC) has been characterized using the 
unique power of soft X-ray ptychographic chemical imaging. Understanding the 
transport of feedstock molecules through the pore space of these particles is essential 
for improving the efficiency of the cracking process and the lifetime of the catalyst.[2–5] 
More specifically, it has been shown, within this Thesis and other research efforts, 
that metal accumulation and deposition into the catalyst body can influence the 
product distribution and reduce catalytic activity by reducing bulk accessibility[2,6–10] 
(Chapters 1-5) and damaging the zeolite domains.[11–13] The latter are embedded in 
the particle matrix and represent the most active catalytic phase of the catalyst. FCC 
catalyst particles are a compound material consisting of a macro- and meso-porous 
matrix (pores sizes above 50 nm and between 2 to 50 nm respectively[14]) mainly 
formed by clay and some additives, and embedded micro-porous zeolite crystallites 
(pore sizes below 2 nm[14]).[15–17] The matrix plays an important role in the cracking 
of the heavy, long-chain feedstock molecules into product molecules like gasoline, 
because the large feed-stock molecules cannot enter the micro-pores of the zeolite 
and therefore need to be pre-cracked by the active part of the catalyst matrix. It 
was suggested that it is this pre-cracking of metal carrying feedstock molecules like 
porphyrin, porphyrin-like complexes, or naphthenates that causes the deposition of 
Ni (mainly porphyrins[18]) and Fe (organic Fe, naphthenates[19]) in the pore space of 
the catalyst.[2,5,19–21] In 2-D studies of individual FCC catalyst particle cross-sections 
and 3-D measurements of whole FCC particles[2,6,7,22] (Chapters 2-5) we reported a 
1-5 µm thick surface layer of increased Fe[10,19,22–24] and Ni[20–22,25] concentrations for 
both industrially as well as lab-deactivated catalysts, suggesting low metal mobility 
after deposition. However, in the case of Fe, a second deposition mechanism was 
suggested through deposition of colloidal Fe originating from the reactor hardware 
or soil contamination. This second mechanism was assumed to be mainly responsible 
for the formation of a nodulated particle surface as observed for FCC catalysts with 
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high Fe concentrations, because the Fe particles are too large to enter the catalyst 
and are, therefore, deposited on the particle surface. Once deposited, Fe can cause 
vitrification of the particle surface by lowering the melting point of the material.[22] 

While previous spectroscopic and microscopic studies have provided 
valuable insight into the deposition of Fe,[2,6–8,22–24] Fe speciation within an ECAT FCC 
catalyst has not yet been performed. The reason is that a technique is required that 
allows high-resolution chemical mapping of relatively low Fe concentrations in thick 
samples (several hundreds of nanometers, i.e. the typical size of zeolite domains) 
to maintain the structural integrity of the porous sample. Fe speciation is needed 
to fully understand the complex deposition mechanism of Fe in FCC particles. As 
discussed above, and as demonstrated in Chapters 2 and 3, deposited Fe is known 
to block pores, thereby reducing catalyst activity,[2] but Fe is also present in the 
matrix as a constituent of the kaolin clay. Spatially resolved XANES is therefore 
needed to investigate whether the deposited Fe is in a different chemical state to 
the Fe in the matrix. Finally, high spatial resolution is required to identify if the Fe 
is present in nano-particulate form, if it is present only at the surface, and if there 
is any morphological effect of Fe on the zeolite crystallites. In this Chapter, soft 
X-ray Ptychography, with its high spatial resolution and ability to perform XANES 
speciation was used for the first time to determine the chemical state and physical 
form of the deposited Fe in a genuine ECAT FCC catalyst particle. 

 

6.2 Experimental

6.2.1 Sample Preparation
An individual FCC catalyst particle cross-section was studied using 

chemical mapping with soft X-ray ptychography, to investigate the chemistry and 
deposition profile of Fe in an ECAT FCC catalyst. The catalyst was of the same type 
as the one we have studied in our previous work using lower resolution X-ray nano-
tomography (Chapter 2).[8] Whole individual FCC equilibrium catalyst (ECAT) 
particles were fixed in a gel cap with Epofix™ resin and allowed to harden overnight 
in an oven at 60 °C. The hardened samples were then cut into 500 nm thin sections 
using an Ultracut E Reichert-Jung microtome (Leica) equipped with a glass knife. 
The sections were collected and placed on to a previously glow-discharged, Formvar 
coated copper electron microscopy (EM) grid with 50-mesh size. 
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6.2.2 Ptychography Data Collection
Ptychography is a coherent diffraction imaging technique in which extended 

samples can be studied by raster scanning the sample through the incident coherent 
X-ray beam, recording the far-field diffraction pattern at each sample position. 
Iterative phase reconstruction algorithms are then employed to reconstruct the 
complex index of refraction of the material, generating high-resolution images 
utilizing the phase and absorption contrast. Each sample position overlaps with its 
neighbor, providing the real-space constraint required to reconstruct the phase.[26,27] 

Ptychography data were collected at the bending magnet beamline 5.3.2.1 of 
the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL), 
Berkeley, California, USA. Beamline 5.3.2.1 is a Scanning Transmission X-ray 
Microscope (STXM) beamline[28] which has been adapted to enable the collection 
of ptychographic data by the installation of a custom developed high frame rate 
CCD camera. (Conventional) STXM data were initially recorded at 700 eV to identify 
a 7 x 7 µm2 Region of Interest (ROI) for elemental mapping using ptychography. 
Ptychography data were also collected over a 3 x 3 μm2 field of view for XANES 
analysis at the Fe L3 edge. Figure 6.1 shows the identification of the ROIs with 
STXM (a, b) and the higher resolution ptychography (c, d). All data, both STXM and 
ptychography, were recorded using a zone plate with 100 nm outer zone width to 
define a beam size of 100 nm on the sample. STXM data were collected with a dwell 
time of 5 ms, whereas a 500 ms exposure time was used for the collection of each 
scattering pattern for ptychography. A step size of 70 nm was used for ptychography 
to provide sufficient overlap of the sample positions for the reconstruction. Scattering 
patterns were processed as described previously[1] and data were reconstructed 
to obtain images with a pixel size of 4.6 nm using the SHARP-CAMERA software 
package.[29]

Ptychography data were collected over the same 7 μm x 7 μm2 region (Figure 
6.1c) using X-ray energies around the Fe L3 edge (704, 708 and 710 eV) and the La 
M5 edge (830 and 834.5 eV) to create a map of La and Fe distributions in the catalyst 
particle as shown in Figure 6.2. La was used as a marker for the La-exchanged USY-
zeolite crystallites, which can be seen distributed throughout the catalyst particle. 
Fe is present in low concentrations in the center of the particle as a constituent of 
the matrix (kaolin clay), whereas much higher concentrations of Fe are seen in the 
surface region of the particle, which is in agreement with our previous studies of 
ECAT particles.[2,6–8] 
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vv

Figure 6.1 Scanning Transmission X-ray Microscopy (STXM) image of individual ECAT FCC particle thin sections (a, 

b), recorded at 700 eV, showing the region of interest selected for ptychography. Ptychography data were collected 

over the region shown in (c) for elemental mapping of Fe and La. The ROI was reduced to the region shown in (d) for 

XANES analysis, recording a series of images across the Fe L3 X-ray absorption edge. All data were collected using a 

beam footprint of 100 nm on the sample.

The resolution of the reconstructed ptychography images was estimated by 
fitting a Gaussian curve to a lineout across a high contrast feature. The full width at  
half maximum (FWHM) of the Gaussian fit was taken as the resolution. Because the 
image of a feature is the convolution of the imaging point spread function with the 
feature, this method of determining the resolution is very conservative and the true 
imaging resolution could be much smaller. Since the resolution is dependent on the 
energy, an estimate was calculated at the La edge and the Fe edge (Figure 6.3). The 
resolution at the La edge is estimated to be 12.6 nm and 12.5 nm at the Fe edge. 

An alternative method of estimating the imaging resolution employs the 
Fourier Ring Correlation (FRC), also called spatial frequency correlation function. 
Here the normalized cross-correlation coefficient between two 2-D images is 
calculated. The two images were reconstructed from two independent datasets by 
taking data from every other column.[30] Since only half the data is used for each 
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independent reconstruction, the overlap between data spots is reduced. Thus the 
quality of the two reconstructed images is lower. Determining the cut-off frequency 
to establish the imaging resolution is rather arbitrary; however, we have chosen 
halfway between the 0.5 and half-bit thresholds. This gives a spatial resolution of 
14.2 nm at the Fe edge and 12.2 nm at the La edge (Figure 6.4), which are both in 
good agreement with the previous resolution estimates given by the image features. 

vv

Figure 6.2 (a) Distribution of La (red) and Fe (green) within the ECAT FCC particle derived from ptychography data 

collected at the Fe L3 and La M5 absorption edges. Circles highlight particulate Fe visible at the surface of the particle. 

(b-d) Enlarged view on the corresponding encircled areas.
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vv

Figure 6.3 (a) Resolution at the La edge (834.5 eV) is estimated to be 12.6 nm or better. (b) Resolution at the Fe edge (710 

eV) is estimated to be 12.5 nm or better. Both estimates were calculated fitting a Gaussian curve (right) to a lineout (left, 

yellow line) across a high contrast feature.

vv

Figure 6.4 Plot of the Fourier ring correlation function at the (a) Fe edge (710.0 eV) and (b) La edge (834.5 eV). If the 

cut-off frequency is chosen to be halfway between the 0.5 and half-bit threshold, the estimated resolution is 12.2 nm.
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6.2.3 Fe L3 Ptychographic XANES Data Processing
XANES intensity stacks were taken in a 3 x 3 μm2 FOV (Figure 6.1d) at the Fe 

L3 edge (700 – 716.9 eV). These data were aligned in the aXis 2000 software package[31] 
by using an iterative Fourier transform cross-correlation algorithm in order to align 
each preceding image in the stack until the resulting alignment correction was at 
the sub-pixel level.  The images were converted from absorption intensity (A) in to 
optical density (OD), where the OD is a product of the linear absorption coefficient 
and the sample thickness. The I0 spectrum that is required to convert to OD was 
determined by selecting a region within the data stack that did not contain the 
particle and thus is reflective of the impinging photon flux as a function of energy. 
All images in the data stack were written in to the ‘Tiff’ format with double precision 
floating-point format in order to maintain the real OD values, which were then used 
for further analysis.

6.2.4 Principle Component Analysis and Clustering of the Dataset
To study possible differences in Fe chemical states and their spatial 

distribution we performed principal component analysis (PCA) and subsequent 
clustering.[32–35] The recorded data set consisted of 41 images (at 41 energies) of 436 x 
488 pixels. The data matrix therefore contained 212768 single pixel X-ray absorption 
spectra consisting of 41 energy points, i.e. every pixel represents a data point in 
41-dimensional space.

In the first step, to minimize any influence of differences in the average 
intensity of the pre-edge region on PCA and clustering, a simple offset correction 
was applied to each single pixel XANES. In this procedure, the average pre-edge 
intensity in the energy interval 700.0 eV to 704.0 eV was determined and subtracted 
from each XANES individually. In the second step, to remove spectra showing no 
or very low relative Fe concentrations (i.e. absorption edge-jumps), the data set was 
filtered using the relative Fe concentration map (the Fe edge jump map). The relative 
Fe concentration map was determined by integrating the recorded X-ray intensities 
in the energy interval from 707.3 eV to 711.3 eV. Then pixels with integrated 
intensities of smaller or equal to zero were removed. (Negative values originated 
from the offset correction performed in step 1). In the third step PCA using singular 
value decomposition (SVD) of the offset corrected, filtered, and mean centered data 
matrix was employed to reduce the data set from 41 to 3 dimensions, using the first 3 
principal components (PCs). This can be done without losing significant information 
because the first few principal components explain more than 81% of the cumulative 
variance in this data (Figure 6.5a). 
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vv

Figure 6.5 In (a) the percent cumulative variance explained (CVE) is plotted for all 41 principal components (PC). Panel 

(b) shows the first 6 eigenspectra and panel (c) reports the first 4 eigenimages after PCA.

The choice of using the first 3 PCs was further based on the inspection of the 
eigenspectra and eigenimages (Figure 6.5b, c), which showed that only the first two 
eigenimages showed spatial pattern with significant intensities. Correspondingly, 
eigenspectra above the 3rd PC contained mainly noise and were therefore not used 
for clustering. As a result each data point (pixel) was described by 3 PCs (parameters), 
i.e. projected to 3-dimensional principal component space (called ‘score plot’ in the 
following). Since the PCs are oriented to best describe the spread in the data this 
projection highlights the pattern explained by the captured variance and effectively 
reduces noise, which is described by PCs having indices larger than 3. The distance 
between data points in the score plot is a direct measure of the similarity of the 
XANES, i.e. the chemical phase, and can be used to cluster pixels according to their 
(Euclidean) distances from cluster centers, for example by using the centroid linkage 
method for k-means clustering. Such clustering therefore results in a segmented 
image of k regions of similar XANES, i.e. Fe chemical state.

K-means clustering provides a good estimation of each cluster center but 
yields clusters of similar spatial extent, which neglects the point density in PC 
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space. In order to improve the k-means clustering, a density based clustering of the 
reduced data set was performed using the k-means result as an initial guess for a 
Gaussian Mixture Model (GMM) and employing an expectation-maximization (EM) 
algorithm to iteratively refine the solution. The result of this clustering refinement 
provides the same number of clusters but is based on the point density in PC space 
(i.e. in the score plot). Furthermore, because the distribution is now described by a 
set of overlapping Gaussians, each data point (pixel) is assigned a class membership 
value, indicating the degree (or weight) to which it belongs to a certain cluster. The 
latter is especially useful when calculating the (now weighted) average XANES of 
each cluster, where this class membership value can be used as a weight for each 
pixel, determining how much each pixel contributes to the average XANES of the 
cluster. The result of the GMM clustering refinement is reported in Figure 6.6d-f. It is 
clear from both the segmentation of the score plot and the image that this approach 
improved the segmentation significantly. 

vv

Figure 6.6 PCA Cluster analysis was performed using K-Means with subsequent Gaussian Mixture Model (GMM) 

refinement. Panel (a) reports the resulting image segmentation based on the k-means clustering of the score plot using 6 

clusters (b). In (c) the average XANES of each cluster is plotted, showing significant differences in the Fe chemical state of 

different clusters. Panel (d) reports the final image segmentation based on the density based clustering of the score plot 

(e) using GMM and the k-means clustering (left). In (f) the weighted average XANES of each cluster is plotted, using the 

class membership values obtained from GMM as weights.
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6.2.5 Linear Combination Fitting 
To estimate the amount of Fe2+ and Fe3+ present in the FCC particle sample, 

a linear least squares fit at each pixel in the Fe L3 image stack (700 – 716.9 eV) was 
performed. Reference spectra for FeO and Fe2O3 [36] were used to estimate the ratio of 
Fe2+ and Fe3+ in each pixel by minimizing the difference between the left-hand side 
and right-hand side of equation 6.1 at each pixel (i, j):

G(i, j) = a0(i, j) + Σn an(i, j) x Gn       (6.1)

Where G(i, j) the raw intensity at each pixel, ai is the effective thickness of 
the reference spectrum Gn and a0 is a constant background. 

 The results of the LCF were used to generate maps of Fe2+ and Fe3+ intensity 
(Figure 6.7a, b), which were rescaled and combined to create the phase map (Figure 
6.7c) showing the distribution of Fe species. The quality of the fit at each pixel 
was assessed using an R-squared value, with 1 corresponding to a perfect fit. The 
resulting map of R-squared values is included in Figure 6.7. As can be seen from 
the map, the goodness-of-fit decreases towards the center of the particle – this is 
due to the lower concentration of Fe present in this region. The spectra of pixels 
identified as predominantly Fe2+ or Fe3+ are shown in alongside the R-squared map 
in Figure 6.7, along with the FeO and Fe2O3 reference spectra, with good agreement 
seen between peak positions. 

vv

Figure 6.7 Map of R-squared values relating to the goodness-of-fit of the linear combination fitting of Fe species (left). 

XANES spectra from pixels identified as predominantly Fe2+ or Fe3+ compared with the FeO and Fe2O3 reference spectra 

(right).
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6.3 Results and Discussion

vv

Figure 6.8 Particle size distribution of the La-containing zeolite domains. Discrete particles are indicated by different 

colors (inset) for the La particles seen in red in Figure 6.2.).

The capability to map both Fe and La distributions at the nanoscale allowed 
us to observe for the first time that the Fe enrichment around the edge of the particle 
is occurring in zones that actually contain La domains (Figure 6.2). This means that 
Fe is not only deposited on the surface, increasing the size of the particle (‘particle 
swelling’ by deposition of colloidal Fe),[2] but clearly penetrates into the original 
particle matrix containing the zeolites. Using the distribution of Fe as a marker 
for the penetration of these large organic molecules, we see that most of the pre-
cracking occurs in the first ~1 μm of the surface of the FCC particle. This shows that 
the permeability for such large molecules is small, likely due to the higher density of 
the particle crust limiting accessibility for these molecules. Furthermore, as a result 
of the high spatial resolution of the data, evidence for particulate Fe can be seen 
in the very surface of the particle, highlighted by the zoomed areas in Figure 6.2. 
These observations provide the first clear evidence for both proposed Fe deposition 
mechanisms, namely deposition of inorganic particulate Fe known as ‘tramp Fe’, 
‘colloidal Fe’, or ‘fine dust Fe’, and accumulation of Fe through the pre-cracking of 
large Fe transporting porphyrin and/or naphthenate molecules in the matrix. As 
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shown in Chapters 2 and 3, this deposition of Fe at and near the surface leads to the 
reduction in catalyst activity due to pore clogging.[2] 

Previous reports have observed vitrification as a result of Fe contamination 
especially in combination with Ca or Na.[22,37] In Chapter 5 we have confirmed the 
correlation of Fe and Ca particularly at the surface in these ECAT particles using 
lower resolution XRF tomography.[6,22,37] Whilst vitrification is not directly observed 
here, the change in texture visible in the regions where particulate Fe is seen, along 
with the overall degree of Fe contamination, suggests that vitrification of the surface 
is likely to have occurred, thus supporting the theory that Fe and Ca can lower the 
melting point of the matrix resulting in significant pore blocking due to vitrification. 

vv

Figure 6.9 La (red) and Fe (green) distribution map (a) and cluster map (b) generated from principal component analysis 

and clustering of the per pixel XANES data. In (c), the average XANES of each generated cluster are reported showing 

clear differences in Fe phase. The arrow in (b) highlights the crack visible in the surface layer.
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The distribution map of La and Fe (Figure 6.2) was further analyzed 
to estimate the particle size distribution of zeolites as shown in Figure 6.8. The 
unique domains were determined by performing a watershed algorithm on the 
masked La edge map. The result from the watershed algorithm was further refined 
manually to concatenate zones that were over-segmented. With segmentation of the 
ptychography map, it is clear that distinct but interconnected domains are present. 
This distinction would not be otherwise possible using lower resolution techniques 

(i.e. conventional STXM). 
To investigate the chemical state of Fe within the particle, ptychography 

images of a 3 x 3 μm2 area were collected at 41 energies over the Fe L3 absorption 
edge (700 – 720.5 eV) to generate per pixel XANES data. Principle component 
analysis (PCA) and subsequent clustering were used to define the distribution of 
different Fe chemical states without using a priori knowledge about the Fe phases 
that are present (Figure 6.9). The resulting image segmentation clearly shows that 
the Fe phase correlates with Fe concentration, and that the surface-deposited Fe is of 
a different phase than the Fe in deeper regions (i.e. in the matrix).

vv

Figure 6.10 Intensity maps of Fe3+ (a) and Fe2+ (b) determined by LCF of the per-pixel XANES data. Intensity maps were 

rescaled and combined to map the relative distributions of Fe3+ (green) and Fe2+ (blue) (c). XANES spectra and a map of 

R-squared values are shown in section 7.2.5 (Figure 6.7).

Based on the inspection of the average XANES of each cluster (Figure 6.9c), 
the distribution of the Fe phases shows a more reduced state in the matrix (dark 
and light blue) and a sandwich structure of more oxidized states in the surface layer 
(following the order from green to purple to yellow). Here it is interesting to point 
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out what seems to be a crack in the surface layer (indicated by the arrow in Figure 
6.9b) that interrupts this sandwich structure of the Fe phase distribution, which could 
relate to a reduction process occurring following deposition. Such a post-deposition 
reduction would also explain the layer of more reduced Fe at the very surface of the 
particle. Finally, as shown by Figure 6.9a and 6.9b zeolite domains are present very 
near to the surface of the particle, which seem to hinder Fe transport into the particle 
and cause Fe to accumulate on the surface.

In addition to PCA, linear combination fitting (LCF) was carried out to 
determine the oxidation state of the Fe species present in the sample. FeO (Fe2+) 
and Fe2O3 (Fe3+) reference spectra were used as standards for the fitting, with the 
resulting intensity and distribution maps of the different oxidation states shown in 
Figure 6.10.[36] A clear separation is seen between the chemistries of the Fe present 
in the original matrix and the Fe deposited at the surface. Previous studies have 
used XPS or electron diffraction to identify the iron species present at the surface as 
Fe2O3, in agreement with our analysis.[23] However, this is the first time it has been 
possible to map and discriminate the Fe chemical state both at the surface and in the 
body of the particle. The intensity of the signal suggests that the Fe concentration 
at the surface is at least 5x greater than in the catalyst particle body. Previously, 
it was shown that the mobility of Fe2+ in feldspars (other aluminosilicates) can be 
10x higher than that of Fe3+.[38] This suggests that the accumulation of Fe at the 
surface is related to the chemical nature of Fe that is deposited. Once accumulated 
and immobile, particle swelling effects are exacerbated and catalyst accessibility 
is lowered further. Enhanced concentrations of Fe at the surface have also been 
attributed to agglutination of FCC particles resulting in further detrimental effects 
on catalyst performance during operation.[7] 

6.4 Conclusions
Using soft X-ray ptychography, we found direct evidence that Fe deposition 

is occurring as a result of both ‘tramp’ Fe and due to pre-cracking of large, iron-
carrying organic molecules, with the deposited iron in a different chemical state 
(i.e., Fe3+) than the iron present in the matrix (i.e., Fe2+). The high spatial resolution 
attainable with ptychography combined with the large field of view and relatively 
thick sample has enabled the detailed analysis of the nature of Fe poisoning in an 
industrial FCC catalyst particle that is not obtainable with other characterization 
techniques. 



112

Chapter 6

References
[1] D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, K. Kaznatcheev, 

A. L. D. Kilcoyne, F. Maia, S. Marchesini, Y. S. Meng, T. Warwick, L. L. Yang, H. A. 

Padmore, Nat. Photonics 2014, 8, 765–769.

[2] F. Meirer, S. Kalirai, D. Morris, S. Soparawalla, Y. Liu, G. Mesu, J. C. Andrews, B. M. 

Weckhuysen, Sci. Adv. 2015, 1, e1400199.; Chapter 3 of this Thesis.

[3] H. S. Cerqueira, G. Caeiro, L. Costa, F. Ramôa Ribeiro, J. Mol. Catal. A: Chemical 2008, 

292, 1–13.

[4] E. T. C. Vogt, B. M. Weckhuysen, Chem. Soc. Rev. 2015, 44, 7342–7370.

[5] C. Perego, R. Millini, Chem. Soc. Rev. 2013, 42, 3956–3976.

[6] S. Kalirai, U. Boesenberg, G. Falkenberg, F. Meirer, B. M. Weckhuysen, ChemCatChem 

2015, 7, 3674–3682.; Chapter 5 of this Thesis.

[7] F. Meirer, S. Kalirai, J. N. Weker, Y. Liu, J. C. Andrews, B. M. Weckhuysen, Chem. 

Commun. 2015, 51, 8097–8100.; Chapter 4 of this Thesis.

[8] F. Meirer, D. T. Morris, S. Kalirai, Y. Liu, J. C. Andrews, B. M. Weckhuysen, J. Am. 

Chem. Soc. 2015, 137, 102–105.; Chapter 2 of this Thesis.

[9] D. R. Rainer, E. Rautiainen, P. Imhof, Appl. Catal. A: Gen. 2003, 249, 69–80.

[10] A. C. Psarras, E. F. Iliopoulou, L. Nalbandian, A. A. Lappas, C. Pouwels, Catal. Today 

2007, 127, 44–53.

[11] R. Pompe, S. Järóas, N.-G. Vannerberg, Appl. Catal. 1984, 13, 171–179.

[12] E. Tangstad, A. Andersen, E. M. Myhrvold, T. Myrstad, Appl. Catal. A: Gen. 2008, 346, 

194–199.

[13] K.-J. Chao, L.-H. Lin, Y.-C. Ling, J.-F. Hwang, L.-Y. Hou, Appl. Catal. A: Gen. 1995, 

121, 217–229.

[14] J. Rouquerol, D. Avnir, C. W. Fairbridge, D. H. Everett, J. M. Haynes, N. Pernicone, J. 

D. F. Ramsay, K. S. W. Sing, K. K. Unger, Pure Appl. Chem. 1994, 66, 1739–1758.

[15] J. Scherzer, Appl. Catal. 1991, 75, 1–32.

[16] Y.-M. Chen, in Handbook of Fluidization and Fluid-Particle Systems (Ed.: W.-C. Yang), 

CRC Press, Boca Raton, 2003, pp. 379–394.

[17] R. Sadeghbeigi, in Fluid Catalytic Cracking Handbook, Elsevier, Amsterdam, 2012, pp. 

87–115.

[18] J. Reynolds, Pet. Sci. Technol. 2001, 19, 979–1007.

[19] Z. Yuxia, D. Quansheng, L. Wei, T. Liwen, L. Jun, Stud. Surf. Sci. Catal. 2007, 166, 

201–212.



113

References 

[20] E. Kugler, D. P. Leta, J. Catal. 1988, 109, 387–395.

[21] A. A. Lappas, L. Nalbandian, D. K. Iatridis, S. S. Voutetakis, I. A. Vasalos, Catal. Today 

2001, 65, 233–240.

[22] G. Yaluris, W.-C. Cheng, M. Peters, L. T. McDowell, L. Hunt, Stud. Surf. Sci. Catal. 

2004, 149, 139–163.

[23] O. Bayraktar, E. L. Kugler, Catal. Lett. 2003, 90, 155–160.

[24] W. S. Wieland, D. D. Chung, Hydrocarb. Eng. 2002, 7, 55–65.

[25] A. W. Peters, Stud. Surf. Sci. Catal. 1993, 76, 183–221.

[26] P. Thibault, M. Dierolf, A. Menzel, O. Bunk, C. David, F. Pfeiffer, Science 2008, 321, 

379–382.

[27] J. M. Rodenburg, A. C. Hurst, A. G. Cullis, B. R. Dobson, F. Pfeiffer, O. Bunk, C. 

David, K. Jefimovs, I. Johnson, Phys. Rev. Lett. 2007, 98, 034801.

[28] A. L. D. Kilcoyne, T. Tyliszczak, W. F. Steele, S. Fakra, P. Hitchcock, K. Franck, E. 

Anderson, B. Harteneck, E. G. Rightor, G. E. Mitchell, A. P. Hitchcock, L. Yang, T. 

Warwick, H. Ade, J. Synchrotron Radiat. 2003, 10, 125–136.

[29] S. Marchesini, A. Schirotzek, C. Yang, H. Wu, F. Maia, Inverse Probl. 2013, 29, 115009.

[30] J. Deng, D. J. Vine, S. Chen, Y. S. G. Nashed, Q. Jin, N. W. Phillips, T. Peterka, R. Ross, 

S. Vogt, C. J. Jacobsen, Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 2314–2319.

[31] A. P. Hitchcock, aXis2000 is written in Interactive Data Language (IDL). It is available 

free for noncommercial use from http://unicorn.mcmaster.ca/aXis2000.html 2016.

[32] M. Lerotic, R. Mak, S. Wirick, F. Meirer, C. Jacobsen, J. Synchrotron Radiat. 2014, 21, 

1206–1212.

[33] U. Boesenberg, F. Meirer, Y. Liu, A. K. Shukla, R. Dell’Anna, T. Tyliszczak, G. Chen, 

J. C. Andrews, T. J. Richardson, R. Kostecki, J. Cabana, Chem. Mater. 2013, 25, 1664–

1672.

[34] F. Meirer, Y. Liu, E. Pouyet, B. Fayard, M. Cotte, C. Sanchez, J. C. Andrews, A. Mehta, 

P. Sciau, J. Anal. At. Spectrom. 2013, 28, 1870.

[35] M. Lerotic, C. Jacobsen, T. Schäfer, S. Vogt, Ultramicroscopy 2004, 100, 35–57.

[36] T. J. Regan, H. Ohldag, C. Stamm, F. Nolting, J. Lüning, J. Stöhr, R. L. White, Phys. 

Rev. B 2001, 64, 214422.

[37] Y. Mathieu, A. Corma, M. Echard, M. Bories, Appl. Catal. A: Gen. 2014, 469, 451–465.

[38] H. Behrens, W. Johannes, H. Schmalzried, Phys. Chem. Miner. 1990, 17, 62–78.





\Fluid Catalytic Cracking (FCC) catalysts play a central role in the chemical conversion 
of crude oil fractions. In this Chapter, Scanning Transmission X-ray Microscopy 
(STXM) in the soft X-ray regime has been used to investigate the chemistry of one 
Fresh and two industrially deactivated (ECAT) FCC catalyst particles at length 
scales comparable to a single zeolite domain. Spectromicroscopic data at the Fe 
L3, La M5, and Al K X-ray absorption edges reveal differing levels of deposited Fe 
on the ECAT catalysts corresponding with an overall loss in tetrahedral Al within 
the zeolite domains. Using La as a localization marker, we have developed a 
methodology to map the changing Al distribution of single zeolite domains within 
real-life FCC catalysts. Significant changes in the zeolite domain size distributions as 
well as the loss of Al from the zeolite framework have been observed. Furthermore, 
no significant spatial correlations between zeolite domain dealumination within the 
single catalyst particles were observed.

This Chapter is based on: S. Kalirai, P. P. Paalanen, J. Wang, F. Meirer, B. M. 
Weckhuysen, Angew. Chem. Int. Ed. 2016, 55, 11134-11138.
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7.1 Introduction
As outlined in Chapter 1, Fluid Catalytic Cracking (FCC), one of the world’s 

major industrial chemical conversion processes, is used to crack heavy hydrocarbon 
feedstocks into more valuable products, such as gasoline and propylene.[1] The 
process utilizes hierarchically structured, multi-component 50-150 μm-sized catalyst 
particles composed of silica, alumina, clay, and zeolite materials. The main activity 
of the catalyst arises from the zeolite phase, which in turn is the result of Al atoms 
present in the tetrahedral sites of the zeolite framework where the resulting negative 
charge is compensated by Brønsted acidic hydrogen atoms. During the FCC process 
the harsh hydrothermal conditions of the regenerator, in which coke is burned and 
acidity is restored, result in a degradation of the zeolite via migration of framework 
Al (FAL) to extra-framework (EFAL) and non-framework positions corresponding 
to an irreversible loss in catalytic activity.[2] In order to mitigate these aging effects, 
FCC catalysts typically utilize modified, Rare-Earth (i.e. La) incorporated zeolite 
Y that provide higher hydrothermal stability.[3,4] Due to their vital industrial role, 
understanding and reducing zeolite dealumination and the factors influencing the 
degradation of zeolite Y in the presence of metal poisons and steam remains one of 
the most important topics related to catalyst design.[5–7] 

To this end, spectroscopic techniques such as solid-state NMR and X-ray 
absorption near edge structure (XANES) spectroscopies have played a central role 
in characterizing the nature and formation of EFAL in steamed zeolites.[8–13] For 
example, van Bokhoven et al. have shown that it is possible to track the changes in Al 
coordination upon in situ steaming of zeolite Beta using Al K edge XANES.[12] However, 
both spectroscopic techniques are inevitably limited to single zeolite component 
systems, thus neglecting the chemical complexity of hierarchical multi-component 
catalyst materials, of which real-life FCC catalyst particles are a clear showcase 
system.[14,15] In order to understand zeolite activity in the context of FCC catalysis, 
where matrix and binder materials play a key role, characterization techniques that 
possess both spatial and chemical information are required. In this regard, single 
molecule fluorescence imaging has recently emerged as a promising method for 
mapping zeolite acidity in FCC catalysts.[16] Detailed chemical insight may also 
be achieved using X-ray microscopy techniques, which combines the chemical 
sensitivity of XANES with high (that is, down to 10-15 nm) spatial resolution.[17–24] 
One such technique, namely soft X-ray Scanning Transmission X-ray Microscopy 
(STXM), has been successfully used to elucidate both spatial and chemical behavior 
of isolated steamed and dealuminated zeolites, but has never been extended to 
study multi-component and hierarchically structured zeolite-based catalysts.[25–29] In 
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this Chapter, STXM has been used to probe the phenomena of zeolite dealumination 
within real-life fresh and genuine, industrially deactivated FCC catalysts at the 
single zeolite domain size regime. 

7.2 Experimental

7.2.1 Fluid Catalytic Cracking Catalyst Particle Thin Sectioning

Figure 7.1 Fluid Catalytic Cracking (FCC) particles were microtomed to 500 nm thin sections and placed on Formvar 

coated copper EM grids to be visualized with STXM. 

In total three particles have been measured by STXM, one fresh and two 
industrially deactivated equilibrium catalyst (ECAT) particles. In these soft X-ray 
STXM experiments, the relevant X-ray absorption edges lie between 700 eV and 1600 
eV where the X-ray attenuation coefficient is much larger than those seen in the hard 
X-ray regime, as shown in Chapters 2-5. Thus, to measure the FCC catalyst particles 
in STXM transmission mode, the particle samples had to be microtomed to 500 nm 
thin-sections (Figure 7.1). The two spent FCC catalyst particles (further denoted as 
ECAT3 and ECAT4) under study originate from a commercial FCC unit, while 
Albemarle has provided the fresh FCC catalyst particles (further denoted as Fresh). 
Details of the fresh FCC catalyst material have been reported in Chapter 3 and 
reference 30 of this Chapter.[30] Approximately 0.5 mg of each FCC catalyst sample 
was embedded in an epoxy resin and microtomed to 500 nm thin sections using an 
Ultracut E Reichert-Jung microtome (Leica) equipped with a glass knife. The sections 
were placed on a 50 mesh copper EM grid coated with Formvar. The grids were then 
fixed to a STXM sample holder plate to be measured.
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7.2.2 Scanning Transmission X-ray Microscopy
Micro-spectroscopic measurements were performed on the microtomed 

sections of the Fresh, ECAT3 and ECAT4 catalyst particles using the Scanning 
Transmission X-ray Microscope (STXM) at SM beamline 10ID-1 of the Canadian 
Light Source (CLS), Saskatoon, Saskatchewan, Canada. STXM can collect (within 
reasonable experimental timeframes) XANES spectromicroscopy data stacks, that is 
each pixel contains a corresponding XANES spectrum, with sub-100 nm resolution 
and a field-of-view of tens of μm (Figure 7.2).[20] X-rays are generated by an Apple II 
Elliptically Polarizing Undulator (EPU), which produces linear and/or circularly 
polarized X-rays.  Left circularly polarized light was used throughout the experiments 

in this Chapter, since it has the highest flux at the edges relevant to the study. 

Figure 7.2 Scanning Transmission X-ray Microscopy (STXM) uses focused X-rays from a Fresnel zone plate to form a 

point probe. The sample is then raster scanned to form a point-by-point image such that the field of view is adjustable.

The 
X-rays are monochromatized by way of a plane grating monochromator to an energy 
resolution of approximately 2 x 10-4 (ΔE/E). As opposed to the full field Transmission 
X-ray Microscope (TXM) that was utilized in Chapters 2-4, STXM does not form an 
image via an objective lens. In STXM, a circular Fresnel zone plate is used to focus 
X-rays to a single spot and the sample is raster scanned to form an image, point-by-
point. Therefore, the resolution of STXM (given by the Rayleigh criterion) is 1.22 
times the outer zone width of the (circular) zone plate.[31] In this Chapter, a zone plate 
with outer zone width of 40 nm was used to focus monochromatized X-rays to a 
spot, thus providing an ideal beam spot size of approximately 50 nm. The sample 
stage is mounted to a coarse servomotor, which controls large, micron-sized 
movements, and a PID laser-interferometer controlled piezo stage, which can 
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maintain a positional accuracy below 10 nm during scanning. A photomultiplier 
tube (PMT), biased at 1050 V was used to detect the transmitted X-rays. During 
measurements, the STXM chamber was pumped down to < 0.1 torr to minimize 
X-ray absorption by air. After pumping, the chamber was backfilled with 1/3 atm 
(250 torr) He to help heat conductivity and minimize heat related drift in the piezo 
stage. The beamline optics were optimized for beam flux and the exit slits set such 
that PMT had a flux of approximately 20 MHz (photons/sec) under direct 
illumination. 

A 100 x 100 nm2 pixel size, which was set as the point-by-point raster scan 
step was used with pixel dwell times in the range of 1-5 ms so as to measure over 
the whole catalyst particle thin section (40 to 50 μm) within a reasonable experiment 
time and with sufficient signal to noise ratio to evaluate individual single pixel 
spectra. At the Fe L3 edge, 2-energy maps were collected at 700 eV (below edge), 710 
eV (above edge), similarly for the La M5 edge maps were collected at 820 eV (below 
peak) and 834.6 eV (on peak). 

7.2.3 Al K Edge XANES Data Stack Processing
Al K edge XANES data stacks were recorded over the whole FCC catalyst 

particle in the energy range 1550 eV to 1600 eV. The data stack is comprised of a 
set of images each at a different energy that yields an XANES spectrum for each 
pixel. The Al K edge XANES data stacks for each FCC catalyst particle were energy 
calibrated by consecutively measuring a ZSM-5 powder reference standard sample 
with a known white line centered at 1566.5 eV. Pre-analysis of the STXM data stacks 
was performed using the aXis2000 software package.[32] Alignment of the data stack 
was performed by iteratively aligning two successive images in the stack via Fourier 
cross correlation.[33] After alignment to a common axis, an I0 region was chosen from 
within the stack to convert the stack in to optical density (OD). 

The Al zeolite/matrix phase deconvolution procedure, non-negative linear 
combination fitting of the Al K edge data stacks/spectra and zeolite domain 
segmentation was performed using self-developed MATLAB code. Zeolite Y and 
ZSM-5 were measured at the CLS 10ID-1 STXM beamline, whereas the reference 
spectra for kaolin, boehmite, α-alumina and γ-alumina originate from earlier 
measurement campaigns (Figure 7.3).[27,28] The zeolite H-Y reference sample was 
provided by Albemarle (Si/Al = 5.5), and the NH4+-ZSM-5 sample was obtained 
from Zeolyst (ID: CBV 2314, Si/Al = 11.5, Surface Area = 425 m2/g). The reference 
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spectra 

Figure 7.3 Al K-edge XANES of reference compounds, (a) boehmite, (b) α-alumina and (c) ZSM-5. These spectra were 

used to perform non-negative linear least squares fitting of the deconvoluted zeolite spectra to determine the tetrahedral 

(4-coordinated) and octahedral (6-coordinated) Al.

of ZSM-5, γ-alumina, kaolin and boehmite were used in the linear 
combination fitting of the matrix components of the FCC catalyst particle. 

7.2.4 2-D X-ray Fluorescence Imaging of ECAT Thin Sections
2-D scanning, hard X-ray Fluorescence (XRF) microscopy measurements on 

the ECAT3 and ECAT4 particles was performed at the ID21 beamline, European 
Synchrotron Radiation Facility (ESRF), Grenoble, France. A fixed exit, double 
monochromator equipped with a Si(111) and Si(220) crystal was used to illuminate 
a Kirkpatrick-Baez mirror focusing system that focuses the X-rays to a 500 nm x 500 
nm spot size. An incident energy of 8.5 keV was used for the measurements in order 
to excite all elements of interest. The resulting energy dispersive XRF spectrum was 
corrected for detector settings, instrument geometry, incident energy and pile-up/
dead-time effects to provide a fit model. The fit model was then used to deconvolute 
the energy dispersed XRF spectrum at each pixel using PyMCA software to yield 
elemental maps for Ni (Kα), Fe (Kα), La (Lα), V (Kα), Ti (Kα), Ca (Kα), Al (Kα) and 
Si (Kα). The results of the deconvolution, i.e. the elemental maps for the ECAT3 and 
ECAT4 FCC catalyst particles are shown in Figure 7.4.
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Figure 7.4 Elemental XRF maps for (a) the ECAT3 and (b) the ECAT4 catalyst particle thin section samples. Elements 

inherent to the FCC particle (Al, Si, La and Ti) as well as acquired/deposited elements (Fe, Ni, Ca and V) in/on the FCC 

particle can be simultaneously measured.
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7.3 Results and Discussion

7.3.1 Determining Catalyst Age via Metal Deposition

Figure 7.5 Elemental maps of Fe, La and Al for the catalyst particle samples Fresh, ECAT3 and ECAT4. On the right, an 

RGB overlay (R – Fe, G – La, B – Al) compares the spatial distribution of each element.

STXM elemental maps of Fe, La and Al were captured to map the distribution 
of deposited metals (i.e. Fe) and to visualize the zeolite and matrix domains (via La 
and Al). These maps were obtained by measuring at the Fe L3, La M5, and Al K edges 
(Figure 7.5). In contrast to the Fresh catalyst particle the ECAT3 and ECAT4 particles 
exhibit an Fe shell on the exterior of the catalyst particle that is deposited from the 
crude oil feedstock confirming that the ECAT particles have undergone aging.[34,35] 
Since the FCC reactor contains catalyst particles with a broad age distribution, the 
relative age of the two ECAT particles are unknown, however by using the 
concentration of Fe present in each particle the relative catalytic age can be 
determined as was similarly done with Ni in Chapter 5.[36] The amount of Fe is 
determined by calculating the average Fe content (normalized for particle size) 
within the particle. In FCC, catalyst particles are exposed to a crude oil-derived 
feedstock, which contains metals, such as Fe, Ni, V and Ca. During catalytic cracking, 
Fe gets deposited onto the FCC catalyst particle, and due to its low mobility, remains 
on the outer layers of the catalyst particle. By calculating the amount of Fe on the 
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FCC catalyst particles, we were able to determine how old, or how many successive 
cycles of the FCC process an individual catalyst particle has experienced, therefore 
giving an indication of the catalytic age of the particle. Since Fe can also be present 
in lower concentrations inside the clay portion of the catalyst we expected that the 
Fresh catalyst particle also had a small amount Fe present in the sample. Thus we 
have measured the average Fe concentration that is present in the whole FCC catalyst 
particle for all three samples, i.e., Fresh, ECAT3 and ECAT4, using the Fresh FCC 
catalyst particle as a baseline level (Figure 7.6). The Al K edge elemental map of each 
particle was thresholded to make a binary mask of the whole FCC catalyst particle. 
The mask was then used on a co-aligned Fe map to determine the sum total of Fe 
ΔOD (i.e. the difference in optical density on peak from pre-edge; ΔOD = ODpeak – 
ODpre-edge). The sum total was divided by the size of the particle (in pixels, via the 
particle binary mask) in order to get a more accurate determination of the 
concentration. The results of this calculation are shown in Figure 7.6. It can be seen 
that the ECAT4 shows the highest relative average Fe concentration, whereas that 
for the ECAT3 particle is lower, but still clearly higher than the one for the Fresh FCC 
catalyst particle (approximately 20% Fe content as that of ECAT4). Since the Fe is 
present on both ECAT3 and ECAT4 at levels significantly higher than the Fresh 
catalyst particle, we conclude that this was due to deposited Fe from catalytic 
aging.[34,37] Furthermore, due to the higher Fe content in the ECAT4 particle, and in 
view of results reported in Chapter 5, we conclude that the ECAT4 catalyst particle 
is “catalytically older” than the ECAT3 particle.[30,34,35] 

Catalyst aging was further investigated with 2-D XRF measurements on 
the ECAT3 and ECAT4 samples. As shown in Chapter 5, XRF may be used to map 
many elements of interest simultaneously, including the metal poisons Ni, Ca and 
V, thus providing additional information about the catalytic age. Figure 7.4 shows 
the resulting elemental maps after performing a fit of the total XRF spectra using 
PyMCA analysis software. La denotes the zeolite domains present in the sample, 
and the obtained maps are consistent with those measured using STXM. In order to 
confirm our catalytic age determination, the relative amount of each element was 
determined for the ECAT3 and ECAT4 particles. It can be seen from Figure 7.7 that 
ECAT4, in comparison to ECAT3, has higher relative amounts of all the deposited 
elements (i.e., Fe, Ni, and Ca) suggesting again that it is catalytically “older”. 
Furthermore, the metals Fe, Ni and Ca form a ring around the outer edges of the 
FCC particle suggesting they are deposited from feedstock molecules containing 
metals and not inherent to the FCC particle. 
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Figure 7.6 The normalized average Fe content of each particle as determined by the STXM Fe L3 edge map to classify the 

relative catalytic age of the three catalyst particles Fresh, ECAT3 and ECAT4.

As an aside, V, which also acts as a poison, is present in the interior of the 
FCC catalyst particle (Figure 7.4). Whereas Fe, Ni and Ca deactivates the catalyst 
predominantly by altering catalyst accessibility, V promotes the destruction of 
zeolite via vanadic acid.[38,39] However, the majority of the studies on zeolite 
destruction caused by V have been focusing on isolated zeolites or synthetic 
laboratory conditions with artificially high levels of V. Here, by looking at the V 
distribution on the FCC catalyst particle, it can be seen that the high intensity La 
areas have correspondingly lower V present. This is illustrated in the ECAT4 sample 
where the large zeolite region at the bottom has a corresponding low intensity of V. 
To quantify whether there were any spatial correlations between the relevant 
elements, the Pearson correlation coefficients of each element pair were determined 
for the ECAT3 and ECAT4 (Table 7.1) catalyst particles. It can be seen that V has a 
high correlation to Al and Si, but the corresponding correlation to La is much lower, 
suggesting that the V is largely present in the matrix component of the FCC particle 
and not in the zeolites. This further suggests that the matrix can efficiently passivate 
V before it enters into the zeolite domains.[40] The other poison metals, namely Fe, Ni 
and Ca, have high correlations with one another, because they may be co-deposited 
and have similar deposition mechanisms. This correlation was also previously 
observed in Chapter 5.[34] 
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Figure 7.7 Average XRF counts of the poison metals Fe (red), Ni (green) and Ca (blue) for the ECAT3 and ECAT4 catalyst 

particles clearly show an increase in all metals for the ECAT4 particle further exhibiting that it is the catalytically older 

particle than ECAT3.

Table 7.1   The Pearson correlation coefficients of each elemental pair as determined by the XRF maps for the ECAT3 

and ECAT4 catalyst particles.

EC
A

T3

Element Al Si Ti La Fe Ni V

Al 1.000       

Si 0.849 1.000      

Ti 0.344 0.307 1.000     

La 0.628 0.797 0.198 1.000    

Fe 0.372 0.404 0.188 0.265 1.000   

Ni 0.328 0.350 0.159 0.244 0.866 1.000  

V 0.820 0.700 0.306 0.464 0.436 0.416 1.000

Ca 0.324 0.383 0.149 0.299 0.796 0.731 0.367

EC
A

T4

Al 1.000       

Si 0.752 1.000      

Ti 0.321 0.304 1.000     

La 0.471 0.659 0.067 1.000    

Fe 0.400 0.372 0.179 0.156 1.000   

Ni 0.534 0.448 0.188 0.225 0.896 1.000  

V 0.854 0.620 0.257 0.354 0.397 0.533 1.000

Ca 0.257 0.247 0.103 0.146 0.611 0.587 0.255
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7.3.2 Aluminum Chemistry of the Matrix Component
With a set of age-classified catalyst particles samples, we sought to determine 

if the accumulation of metals has a corresponding change in the Al chemistry of the 
particle. First, the Al chemistry of the matrix was analyzed for all three catalyst 
particles under study and the data are presented in Figure 7.8. We have investigated 
Al K edge XANES spectra of the matrix component (Figure 7.8a) showing the XANES 
from the Fresh FCC catalyst particle, which clearly differs from that of the ECAT 
particles. To understand these chemical changes occurring to the matrix, a linear 
combination fit of the reference spectra of 4-coordinated Al (which is ZSM-5), kaolin, 
boehmite and γ-alumina (Figure 7.8b) was performed on a pixel-by-pixel basis of the 
Al K edge data stack. The Al K edge XANES of the reference spectra can be found in 
Figure 7.2. ZSM-5 was chosen for the fit as it has a near identical spectral profile with 
zeolite Y, particularly in the near-edge region, while only containing tetrahedrally 
coordinated Al (whereas commercial zeolite Y contains a mixture of tetrahedral and 
octahedral Al).[47] Prior to fitting, a linear background was subtracted from the 
pre-edge region (1550 eV to 1560 eV) and the energy region being fitted was restricted 
to the near-edge spectral features between 1560 eV to 1580 eV. The resulting 
component maps for each sample are summarized in Figure 7.8c. The Fresh sample 
is dominated by a combination of boehmite and kaolin with γ-alumina appearing 
only as a minor component. In both of the ECAT particles γ-alumina is the dominant 
phase of the matrix. γ-alumina is a catalytically active phase in cracking, and thus is 
essential for the pre-cracking functionality in the FCC catalyst matrix. The formation 
of γ-alumina can occur via the calcination of boehmite at 500-600°C,[41] thus given 
the presence of boehmite in Fresh FCC catalyst particles, the physical conditions 
within the FCC unit will promote the formation of γ-alumina. It can therefore be 
expected that the longer an individual FCC catalyst particle has experienced reactor 
conditions, the larger the amount of γ-alumina present in the matrix. The presence 
of γ-alumina in ECAT particles has been previously observed in μ-XRD 
measurements[42] and is confirmed by our STXM measurements. In addition, STXM 
shows the presence of γ-alumina is related to the presence of boehmite and that the 
fractional amount of γ-alumina correlates with the catalytic age of ECAT3 (82.52%) 
and ECAT4 (88.74%). Surprisingly, very little kaolin is present in the ECAT particles, 
suggesting that there may also be a transformation of kaolin into another Al phase, 
for example mullite, as has been recently observed with 2-D X-ray diffraction.[42] The 
coefficient of determination map is very high (mostly larger than 0.9), signifying that 
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the single pixel fitting with the four reference spectra accounts for the majority of 

Figure 7.8 (a) The average Al K-edge XANES extracted from the matrix component of the Fresh (Blue), ECAT3 (Green) 

and ECAT4 (Red) catalyst particles. (b) The XANES at each pixel in each catalyst particle was fit using the Al K-edge 

XANES reference spectra of (i) 4-Coordinated Al (ZSM5), (ii) Kaolin, (iii) Boehmite and (iv) γ-alumina. (B) False colored 

linear combination fit maps of Fresh, ECAT3 and ECAT4 particles with 4-coordinated Al, Kaolin, Boehmite, γ-alumina 

and the R-squared (each phase is plotted on the same scale between particles) shows the shift from a Kaolin and Boehmite 

dominated matrix in the Fresh sample towards the formation of γ-alumina in the ECAT samples.

the 
variance in each spectrum for each particle. Interestingly, the regions inside each 
particle corresponding to a lower coefficient of determination correspond with the 
La domains (i.e. zeolite domains) of each particle.

 

7.3.3 Size Distributions of the Zeolite Domains
In the third step, we sought to observe characteristic changes in zeolite 

domains, particularly when comparing fresh to aged FCC catalyst particles. Binary 
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maps created from the La elemental maps (Figure 7.9a) were used to determine 
the size and location of individual zeolite domains within the three FCC catalyst 
particles under study. It was found that the average zeolite aggregate domain size 
for the Fresh FCC catalyst particle (0.70 μm2, Figure 7.9a) is significantly larger 
than that of the ECAT3 (0.52 μm2, Figure 7.9b) and ECAT4 (0.55 μm2, Figure 7.9c) 
particles. Zeolite dealumination is known to cause zeolite collapse and reduction of 
the Zeolite unit cell size,[43] however what we observe here suggests that the zeolite 
is also affected at a larger scale (~ tens of nm). The observed zeolite size distributions 
are also consistent with other studies where conventional and single-molecule 
confocal fluorescence microscopy were used to study FCC catalysts containing 
ZSM-5 zeolites, thus supporting the use of La as a specific marker for pinpointing 
individual zeolite domains in a catalyst matrix.[16,44]

Figure 7.9  The La M5 edge map was used to create a binary mask of the individual zeolite domains within each FCC 

particle using a ΔOD threshold selection of 1.2. The resulting histograms of zeolite domain sizes plotted for the (a) Fresh, 

(b) ECAT3 and (c) ECAT4 catalyst particles.
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7.3.4 Isolating the Zeolites XANES from Matrix Embedded Zeolites
To determine the degree of dealumination within zeolite domains in the 

three, now age classified, FCC catalyst particles we developed a procedure to 
visualize the individual zeolite domains within the FCC matrix by using La as a 
quantitative marker for zeolite Y domains. This was required since transmission 
experiments result in a projection image of the 500 nm thick sample, where the signal 
at each pixel is a linear sum of each component (i.e. zeolite and matrix components) 
present within (Figure 7.9) and we found that the many zeolite domains were not 
fully isolated from the matrix. Furthermore, the XANES signal of the FCC catalyst 
matrix can be appreciable even when the zeolite component represents the majority 
of the probed thickness since the density, and thus the X-ray absorption coefficient 
of the zeolite material, is much lower than that of the matrix material.[45] FCC 
catalyst particles are a mix of different Al- and Si-rich phases that are present in 
both the matrix and the zeolite making the spatial and chemical segmentation of 
zeolite domains very challenging. By making use of the fact that the La content in 
the zeolites provides an accurate means of determining the fractional amount of 
zeolite in a single spot (Figure 7.10), we have been able to isolate the XANES signal 
corresponding to the zeolite. 

Figure 7.10  X-rays are transmitted through the FCC catalyst particle slice for detection. The La map can be used to 

determine the position of the aggregate domains of zeolite Y, however due to the non-zero thickness of the FCC catalyst 

particle sample, the detected signal is a convolution of the embedded zeolite and matrix materials.
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Provided there is a constant zeolite density and uniform La concentration 
throughout the zeolite aggregate domains in a FCC catalyst particle (both of which 
were assumed to be true given the resolution of the performed STXM experiments), 
the intensity of the La map (i.e. mass absorption coefficient) will be linearly related to 
the thickness of the zeolite domain. In order to illustrate this, the La spatial map was 
segmented based upon their La intensity. The masks created by each La intensity 
interval ranging from 0.4-2.0 ΔOD were then used to extract the Al K edge signal for 
each respective interval for each sample. 

In order to capture the component zeolite signal, the pure signals derived from 
the matrix and the zeolite were used to perform a non-negative linear combination fit 
of the Al K edge XANES of the resultant La interval masks. The signal for the matrix 
was obtained by masking the La map at ΔOD below 0.04, whereas the signal for the 
zeolite aggregate domains was obtained by masking the La map at ΔOD above 2.2. 
By obtaining the reference spectrum of the matrix from the sample itself ensures 
that any intra-particle variances in the density and chemical nature of individual 
FCC catalyst particles are best accounted for. These differences are apparent when 
comparing the matrix signal of the Fresh and aged catalyst particles (Figure 7.7a). 
This is due to the apparent shift of the matrix chemistry from a Boehmite/Kaolin 
mixture to γ-alumina. The result of the non-negative least squares fitting and 
subsequent estimation of each component of the Fresh FCC catalyst particle sample 
is shown in Figure 7.11 where the fitting results show a strong linear relationship 

Figure 7.11  Fit results of the fraction of the matrix spectrum (red) and the zeolite spectrum (blue) fitted to the Al 

K-edge XANES at different average La intensities for the Fresh FCC catalyst particle. The trend shows a strong linear 

relationship between the average La intensity and the fitted matrix.
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between the amount of matrix fitting and the La ΔOD intensity. 
Since the fitting of the matrix of the FCC catalyst particle was performed on 

the averaged spectrum, the linear correlation of the matrix component to the average 
La intensity is high. However, in order to fully remove the matrix component from 
the signal, the fit was performed on a zeolite-by-zeolite basis to account for local 
density variations in the matrix (which is typically reflected in the height of the 
pre-edge). The zeolites were previously segmented, as shown in Figure 7.9. In this 
procedure, we have only considered zeolite domains that were larger than 25 pixels 
in order to ensure a sufficient signal to noise ratio of the signal. Figure 7.12a-c plots 
the mean La ΔOD intensity against the percentage zeolite component that was fit 
to the zeolite for the Fresh, ECAT3 and ECAT4 FCC catalyst particles. As can be 
seen, there remains a strong linear correlation of the fitting with respect to the mean 
La intensity of the domain in the each FCC catalyst particle sample with a spread 
related to local matrix density differences within the particle. 

Figure 7.12d plots the result of the average Al K edge XANES of all the zeolite 
aggregate domains, for each particle after subtraction of the matrix signal. Also 
plotted is a zeolite Y reference spectrum, and it can be seen that the resulting Fresh 
zeolite spectrum closely matches the zeolite Y reference signal (despite the latter not 
being used in the deconvolution procedure). Thus, the fitting results clearly show 
that the matrix deconvolution method is valid and that the contribution of the matrix 
to the resulting XANES may be confidently determined, and subsequently removed. 
It can be seen that despite showing a similar linear trend between La content and the 
estimated matrix component, the resulting zeolite domain Al K edge spectra of the 
ECAT3 and ECAT4 particles show characteristic differences to the reference zeolite 
Y spectrum that signify differences in the spectral features are captured using the 
developed method.
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7.3.5 Determining the Degree of Framework Dealumination
After deconvolution, the average spectra of the masked zeolite regions within 

the Fresh FCC catalyst particle closely resemble that of a measured reference zeolite 
Y spectrum (Figure 7.12d). The peak shift towards higher energy and the appearance 
of secondary peaks is consistent with previously observed transformations of 
tetrahedrally coordinated Al (i.e. framework Al) species to octahedrally coordinated 
Al (i.e. extra-framework Al) species in steamed zeolites.[8,46] Subsequently, a non-
negative linear combination least-squares fit was performed with three reference 
compounds: i.e., pure 4-coordinated Al (ZSM-5), α-alumina (6-coordinated Al, 
oxide) and boehmite (6-coordinated Al, oxyhydroxide). It was found that the aging 
trends, as observed via the increasing metals content in each FCC catalyst particle, 
correspond very well with a decrease in the amount of tetrahedrally coordinated Al 
(Figure 7.13). 

Figure 7.12  Scatter plot showing the mean La ΔOD intensity plotted against the percentage of the total fit that was 

zeolite for individual zeolite domains of the (a) Fresh, (b) ECAT3 and (c) ECAT4 FCC catalyst particles. (d) A reference 

Al K edge XANES spectrum of (i) Zeolite Y and the resulting average Al K edge XANES spectrum of the zeolite domains 

from the (ii) Fresh, (iii) ECAT3 and (iv) ECAT4 FCC catalyst particles after subtraction of the matrix. 
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The fit yields coefficients of determination R-squared of 0.97, 0.96 and 0.92 
for the Fresh, ECAT3 and ECAT4 particles respectively, showing that the fit model 
explains the majority of the variance in the spectra. This observation underlines the 
overall framework dealumination of the zeolite domains within the ECAT3 and 
ECAT4 particles and represents the first direct observation of the complex zeolite 
dealumination processes taking place within real-life FCC catalyst particle at the 
single zeolite domain level. 

We extended the developed analytical approach to determine the relative 
percentage of tetrahedrally coordinated Al within the individual zeolite domains 
for the three catalyst particles (Figure 7.14). By performing segmentation on a 
zeolite-by-zeolite basis, we were able to extract the Al K edge XANES of each 
domain within the catalyst particle. To ensure sufficient signal-to-noise ratio of the 
XANES, only zeolite domains that were determined to be larger than 25 pixels were 
considered. The resulting XANES of the domains within this criterion were then 
fitted to estimate the fractional amount of tetrahedral and octahedral Al present. 
The histograms plotting the percentage frequency of zeolite aggregate domains for 
a given tetrahedral Al percentage range and spatial maps are shown in Figure 7.14. 
The associated error bars were calculated as the square root of the bin count, as 
given by standard Poisson counting error. As expected, the histogram of the Fresh 
catalyst particle exhibits a narrow distribution of %Al in tetrahedral sites, where the 

Figure 7.13  The average Fe content (red plot) of each particle was determined to classify the relative catalytic age of 

the three catalyst particles under study. Concurrently, the zeolite domains show a loss in the average % tetrahedral Al 

present as a function of catalytic age (black plot). The average % tetrahedral Al was determined by fitting the Al K edge 

XANES of the zeolite domains.
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majority of domains fall within the 60-80% tetrahedral and the highest percentage 
frequency is at 70-75% 4-coordinated with a mean of 71. In contrast, it was found 
that the highest frequency is shifted to lower fractional tetrahedral Al as a function 
of catalytic age; the mean for ECAT3 is 64% tetrahedral and that of ECAT4 is 58% 
tetrahedral. Furthermore, the distribution of % tetrahedral Al amongst the zeolite 
domains for both ECAT catalyst particles are significantly more dispersed in 
comparison to the Fresh. The zeolite aggregate domains in the 70-75% range, which 
was the highest frequency for the Fresh catalyst particle, represents less than 10% of 
the total in the oldest catalyst particle (ECAT4). The spatial map corresponding to 
the % tetrahedral in each domain reflects the differences observed in the histogram. 

Figure 7.14  The tetrahedral vs. octahedral Al present in individual zeolite domains is illustrated from left to right for 

Fresh (Top), ECAT3 (Middle) and ECAT4 (Bottom) particles. Segmentation of the La map yields individually segmented 

domains from which the average deconvoluted XANES spectrum was determined. In the second panel (from the left) 

of the Figure, five selected zeolite domains and their corresponding Al K edge XANES are shown. These spectra were 

then individually fit using the three reference Al compounds (namely, ZSM-5, α-alumina and boehmite) to determine 

the amount of tetrahedral and octahedral Al present in each zeolite, as shown by the corresponding pie charts (red – 

tetrahedral %, blue – octahedral %). For each segmented domain within the particle, the % tetrahedral Al per zeolite 

is plotted as a histogram to show the distribution between zeolites within the particle. Finally this distribution is also 

plotted spatially (from the range 20% to 90%) such that the color of each domain corresponds to the respective amount 

of tetrahedral Al as determined by the fit.
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Lastly, in order to determine whether any spatial heterogeneities in zeolite 
domain dealumination were present, we investigated the % tetrahedral Al in 
individual zeolite domains as a function of radial distance from the catalyst particle 
surface. The result of this is shown in Figure 7.15 (top). It is clear from the radial 
plots, that no significant spatial patterns in dealumination are present as a function 
of distance from the catalyst surface. For the ECAT3 and ECAT4 catalyst particles, 
we also determined the metal concentrations as a function of distance from the 
particle surface using the 2-D XRF data.  Metal concentrations, as also shown in 
Chapters 2-5 are largely present at the surface, suggesting that the contrasting single 
zeolite domain dealumination pattern is unimpeded by metal clogging and largely 
homogeneous throughout the particle upon aging.

7.4 Conclusions
Al K edge XANES analysis with the aid of spatially resolved STXM has 

been used to quantitatively visualize the size and Al chemistry of individual zeolite 
domains dispersed within real-life FCC catalyst particles upon aging. This unique 
approach relies on the exclusivity of La to the domains of zeolite Y, thereby serving as 
a quantitative marker to deconvolute the zeolite aggregates from the complex matrix 
and binder chemistry of an FCC catalyst particle. It was found that upon increased 

Figure 7.15  (top) The tetrahedral Al percentage of single zeolite domains is plotted against their distance to the catalyst 

surface for the Fresh, ECAT3 and ECAT4 catalyst particles. (bottom) For the ECAT3 and ECAT4 particles, the metal 

distribution as a function of distance from the catalyst surface was also determined using the 2-D XRF data.
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metal deposition by catalyst poisoning significant chemical transformations occur 
within the zeolite domains corresponding to overall framework dealumination. By 
examining zeolite domain dealumination within the FCC catalyst particle reveals 
no clear spatial heterogeneities were observed. Finally, this Chapter demonstrates 
that the STXM method moves the in-depth investigation of zeolite-based catalyst 
deactivation processes from single-component catalyst systems into the realm of 
complex, multi-component and hierarchically structured catalyst materials of direct 
industrial relevance.
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\A combination of soft X-ray ptychography at the La M5 edge and Scanning 
Transmission X-ray Microscopy (STXM) at the Al K edge were used to investigate 
zeolite deactivation via dealumination, on one Fresh and ECAT particle at three 
specific sub-regions corresponding to the center, the edge and an intermediate region 
of interest in the catalytic cracking particle. Using X-ray ptychography, providing 
a previously demonstrated sub-15 nm resolution, no evidence for crystal structure 
deformities or amorphization upon aging were observed indicating that the matrix 
seems highly efficient in stabilizing the zeolite. Investigating the Al chemistry at the 
sub-zeolite level reveals a core-shell structure present in the Fresh catalyst particle 
sample with higher concentrations of 4-coordinated Al present in the zeolite core 
and a higher fraction of 6-coordinated Al in the shell. By mapping the 4-coordinated 
Al fraction in the zeolite core we show clear intraparticle heterogeneities in the Fresh 
catalyst particle, which then disappear upon aging via hydrothermal dealumination. 

This Chapter is based on: S. Kalirai, A. M. Wise, J. Nelson Weker, D. A. Shapiro, F. 
Meirer, B. M. Weckhuysen, in preparation.
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8.1 Introduction
 As introduced in Chapter 1, zeolites are the main catalytic component of 

Fluid Catalytic Cracking (FCC) catalysts. Strong Brønsted acid sites generated by the 
presence of aluminum in the silicate framework create a porous, solid acid framework 
for the catalytic cracking of larger hydrocarbons. Furthermore, the excellent pore size 
and shape properties of Y type zeolites results in high selectivity towards desired 
light hydrocarbons. Y type zeolites are therefore the preferred zeolite of choice in FCC 
catalyst particles.[1,2] During FCC, a loss of zeolite activity, and thus overall activity, 
can be partially attributed to hydrothermally induced leaching of Al from the zeolite 
framework.[3] In model catalysts, it has been shown that zeolite dealumination can 
eventually result in collapse of the zeolite structure and eventual amorphization 
thus negating any beneficial shape and size selectivity.[3,4] Furthermore, structural 
collapse can be exacerbated by the presence of metals, such as Na and V, which 
destroy the zeolite framework.[5–7] Zeolite dealumination pathways have been 
extensively studied in model zeolite systems,[8–10] but remain challenging[11–14] to 
investigate in real-life FCC systems. 

In Chapter 7, we examined zeolite dealumination at the scale of individual 
zeolite domains within FCC particle thin-sections using Scanning Transmission 
X-ray Microscopy (STXM).[14] However, in order to understand the heterogeneity 
in intraparticle and sub-zeolite dealumination patterns, techniques offering higher 
spatial resolution are required. For the sake of clarity, we define intraparticle zeolite 
dealumination heterogeneity as differences in dealumination patterns between 
zeolite domains of a single catalyst particle. Furthermore, sub-zeolite dealumination 
heterogeneity is defined as dealumination patterns within a single zeolite domain. In 
Chapter 5, zeolite domain imaging was demonstrated with soft X-ray ptychographic 
imaging at a conservatively estimated resolution of 12.5 nm.[15] In a separate study, 
a sub-5 nm resolution was achieved using soft X-ray ptychography[16] which is 
approximately the length of two unit cells of zeolite Y.[17] At these unprecedented 
resolutions for X-ray microscopy, visualizing the structural collapse or amorphization 
of single zeolite domains may be feasible. Moreover, with or without observable 
structural changes to the zeolite, framework dealumination has been demonstrably 
observed in real-life FCC catalyst particle thin sections (see Chapter 7).[14] However, 
it remains unclear whether intraparticle dealumination patterns, similar to those 
found for metals accumulation (see Chapters 2-5), or sub-zeolite dealumination 
patterns exist. In this Chapter, we aim to extend the understanding of zeolite 
dealumination to the intraparticle and intrazeolite domain regime within single FCC 
catalyst particle thin-sections. To visualize any structural changes to the embedded 



143

8.2 Experimental 

zeolite domains, we employed soft X-ray ptychography at the La edge, using La in 
Rare-Earth Ultrastable Y (RE-USY) as a marker and in order to examine zeolite Al 
chemistry, we have furthermore utilized Al K edge X-ray Absorption Near Edge 
Structure (XANES) analysis with STXM. 

8.2 Experimental

8.2.1 Sample Preparation
 In this study, one Fresh and one ECAT catalyst particle thin-section sample 

was investigated. A small amount of powder sample of Fresh and ECAT catalyst 
particles were each placed inside a plastic gel cap that was subsequently filled 
with Epofix™ epoxy resin. The resin embedded samples were hardened overnight 
in an oven at 60 °C. After whittling down each hardened sectioning block into a 
trapezoidal shape, they were microtomed to 500 nm thin-sections using an Ultracut 
E Reichert-Jung microtome (Leica) equipped with a blunted 35° DiATOME™ 
diamond knife. The cut sections, floating on a waterbed directly below the knife, 
were collected with a wire-loop. The samples were then deposited onto 50-mesh 
electron microscopy (EM) copper Formvar coated grids. Clear nail polish was used 
to adhere the copper grid to the sample holder. 

8.2.2 Conventional STXM and Ptychographic Data Collection
La M5 edge ptychography and conventional STXM Al K edge XANES data 

were collected at the bending magnet beamline 5.3.2.1 of the Advanced Light Source 
(ALS), Lawrence Berkeley National Laboratory (LBNL), Berkeley, California, USA.[18] 
As described in Chapter 6, beamline 5.3.2.1 is equipped with both a photomultiplier 
tube (PMT) detector for STXM measurements and a high frame rate, Princeton 
Instruments MTE-1300B in-vacuum CCD camera for ptychography measurements. 
The two detectors are co-mounted on a single stage such that STXM and ptychography 
measurements can be performed consecutively. All measurements in this study were 
performed under high vacuum to minimize scatter and absorption due to air. All 
data at the La M5 edge were recorded using a Fresnel zone plate with an outer zone 
width of 60 nm providing an ideal focused beam of 73.2 nm diameter. STXM XANES 
datasets at the Al K edge were collected using a 25 nm zone plate, providing an ideal 
beam spot size of 30.5 nm.

Conventional STXM measurements were used to locate and select one 
individual catalyst particle from each of the Fresh and ECAT catalyst particle thin 
section samples. For both samples, a whole catalyst particle section was imaged 
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Figure 8.1 A comparison between (a) a STXM image at 50 x 50 nm2 pixel size and (b) an X-ray ptychographic 

reconstruction (4.6 x 4.6 nm2 pixel size) of a FCC catalyst sub-region mapped at 836 eV (La M5 peak). With X-ray 

ptychography, fine cracks in the zeolite domain can be visualized (red arrow). Furthermore, spatially overlapping 

zeolite domains (green arrow) and sharp crystal faces are now resolved (blue arrows) with X-ray ptychography, whereas 

in STXM, these features are not discernible.

below (829 eV) and above (836 eV) the La M5 edge with 100 x 100 nm2 pixel size with 
3 ms pixel dwell time, to determine the spatial distribution of zeolite domains within 
the sample. The catalyst sub-regions containing zeolites were selected for further 
study with ptychography. The selected sub-regions, 6 x 6 μm2 in extent, were first 
imaged with STXM to accurately frame the specific region of interest (ROI). Then 
ptychographic imaging was performed on the ROI, below and above the La M5 edge 
with 50 nm step size (thereby providing a 23.2 nm beam spot overlap necessary for 
reconstruction)[19,20] and 300 ms dwell time, yielding 14400 diffraction images. The 
diffraction patterns were processed in the same manner as described in Chapter 6 
and the data was reconstructed to a pixel size of 4.6 x 4.6 nm2 using the SHARP-
CAMERA software package.[21]

In this Chapter, the resolution of the data was not estimated, but is expected 
to be similar to the reported 12.5 nm spatial resolution from similar measurements 
of FCC catalyst particle thin-sections in Chapter 6.[15] Figure 8.1 compares a 
STXM image formed during ptychography data collection (a) and the resultant 
reconstructed ptychography image (b) of a Fresh catalyst subregion mapped at 836 
eV. The two images side-by-side clearly demonstrate the superior resolution of X-ray 
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ptychographic imaging, which is further highlighted by the arrows illustrating 
how fine structural details such as small cracks in the zeolite domain (red arrow), 
overlapping single zeolite crystals (green arrow) and sharply defined crystal faces 
(blue arrow) may be resolved with X-ray ptychography.

The rationale for the choice of particle sub-regions is presented in Figure 
8.2. The left panel shows the zeolite domain distribution (red) within the FCC 
catalyst particle body (blue). Zeolite domains were visualized by converting the 
STXM transmission data to optical density (OD), where the incident flux, I0 was 
determined from a region surrounding the catalytic cracking particle. The La map 
was made difference mapping, that is by subtracting the image below from the one 
above the La edge (i.e. OD(836 eV)  - OD(829 eV)). We imaged three different sub-
regions from the particle, namely, Fresh-Center, Fresh-Intermediate and Fresh-Edge 
for the Fresh catalyst particle and ECAT-Center, ECAT-Intermediate and ECAT-Edge 
for the ECAT catalyst particle thin sections. These three sub-regions were specifically 
selected for each FCC particle as a result of our hypothesis that intraparticle zeolite 
domain deactivation may occur in a similar fashion to metal mediated deactivation, 
which was shown in Chapters 2-7 where metal deposition concentration strongly 
coincides with the distance from the catalyst particle surface.[15,22–25] By using 
X-ray ptychography to image the zeolite domains in each sub-region, we looked 
for any signs of structural collapse or zeolite amorphization due to thermal and 
hydrothermal deactivation. 

In addition to investigating the physical structural properties of the selected 
sub-regions, we have collected high-resolution XANES data stacks of the same 6 x 6 
μm2 regions at the Al K edge using conventional STXM to explore possible chemical 
changes to the zeolite Al chemistry. A total of 77 images between 1549 eV and 1604 
eV were collected with a variable energy step. In the XANES region, a fine energy 
step size of 0.2 eV was used. The pixel step size for each data stack was set to 50 x 
50 nm2. 
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Figure 8.2 La ptychographic mapping of a Fresh (top) and ECAT (bottom) catalyst particle thin section at different 

positions with respect to the catalyst surface. The left panel shows the distribution of zeolite domains via La (red) 

within the catalyst particle (blue). The regions of interest marked by the green (center of particle; Fresh-Center and 

ECAT-Center respectively), yellow (intermediate region of particle; Fresh-Intermediate and ECAT-intermediate) and 

orange (edge of particle; Fresh-Edge and ECAT-Edge) rectangles were more closely examined by La ptychography and 

Al K edge XANES to determine whether intraparticle and sub-zeolite heterogeneities in zeolite deactivation could be 

observed. The scale bar marking 1 μm length underneath the X-ray ptychography image from Fresh-Center is common 

to all the ptychography images displayed in the Figure.

8.2.3 La Ptychographic Image Processing
A  3-hour collection time was required to measure a single X-ray ptychography 

image and was subject to positional drifts during the measurement resulting in 
some distortion of the reconstructed image. Therefore, in order to compare the La 
ptychography intensity images with the Al K edge data stack, a self-developed 
warping and alignment procedure, written in the MATLAB programming language, 
was performed. The mean of the aligned Al data stack was used as a reference to 
align the X-ray ptychography images. The strategy for alignment is as follows: first, 
the reference image was upsampled to match the pixel size of the ptychography 
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images. Secondly, an affine transform was performed on the ptychography image 
at 829 eV (below the edge) using an iterative Enhanced Correlation Coefficient 
(ECC) maximization algorithm developed by Evangelidis et al.[26] and the resulting 
transformation matrix was saved. To align the ptychography image at 836 eV (above 
the edge) first an alignment was performed to match the La ptychography image 
at 829 eV (below the edge) after which the previously stored transformation matrix 
was applied resulting in both ptychography images commonly aligned to the Al 
data stack. The alignment procedure for the ptychography image at 836 eV was 
performed in this manner because the zeolite domains are the strongest features for 
the above edge image, and typically otherwise resulted in alignment errors due to 
improper feature matching with the reference image during alignment. 

8.2.4 Al K edge XANES Data Analysis 
The Al K edge XANES transmission intensity data stacks were analyzed 

using the aXis 2000 software package.[27] First, a sub-pixel alignment procedure was 
applied to each data stack using a Fourier transform cross-correlation algorithm 
as described in Chapter 6,[15] Jacobsen et al. and Lerotic et al.[28,29] It is important to 
note that due to drift in the Al data stack during measurement, the ECAT-Center 
and ECAT-Intermediate sub-sections, only share a small common region with the 
La ptychography maps. Images were converted from transmission stacks to optical 
density by defining an empty ROI within the data stack as the incident flux, I0 and 
applying the Beer-Lambert relation at each pixel. In the Center and Intermediate 
sub-regions, where no obvious empty regions were visible, the I0 region was chosen 
by masking region(s) with the highest transmission intensity throughout the data 
stack. By defining an I0 region within each data stack, any non-random beam 
intensity fluctuations during the measurements are accounted for. After alignment, 
all images were written in the ‘Tiff’ image format with double precision floating-
point and subsequently used for further analysis with MATLAB. Using MATLAB, 
a (Savitsky-Golay) 3-point smoothing of the data stack along the energy dimension 
was performed for every pixel and each image in the stack was again saved in the 
‘Tiff’ image format. These images were then used in the TXM_Wizard software 
package to perform principal component analysis.[30]
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Figure 8.3 The results from
 a principal com

ponent analysis (PC
A

) perform
ed on the A

l K
 edge XA
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ES data stacks for the (a) Fresh-Edge and (b) EC
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Edge FC
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 catalyst particle sub-regions are show
n. The eigenspectra and corresponding eigenim

ages are plotted for each sub-region. The 2nd principal 
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ages show
 an excellent correspondence.
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8.2.5 Principle Component Analysis and Clustering of the Dataset
To understand the Al chemistry of the zeolites in each sub-region, principal 

component analysis (PCA) and clustering was applied to the Al K edge XANES 
data stack in a manner similar to that discussed in Chapter 6, section 6.2.4 of this 
Thesis.[29,31–33] Here, the largest dataset contained 150 x 150 pixels, yielding 22500 
data points with 77 independent energy data points. A key difference to the PCA 
and clustering performed in Chapter 6 is that here, neither pre-edge subtraction 
nor normalization or absorption edge-jump filters were applied. As a consequence, 
the edge jump intensity was considered in the PCA calculation and furthermore 
dominated the cumulative variance explained (CVE). The results of this PCA are 
reported for Fresh-Edge and ECAT-Edge in Figure 8.3. In all the sub-regions, the 
1st PC had a CVE of approximately 99% and was strongly correlated with the edge 
jump. Since the 1st PC completely dominated the explained variance, the criteria 
for the number of PCs chosen for clustering was to select the eigenspectra and the 
eigenimages showing significant spectral and spatial structure. Additionally, only 
PCs with maximum absolute loading more than 0.1 were considered irrespective of 
spectral and spatial structure. In all cases, this amounted to the first four PCs being 
considered. Interestingly, La ptychography maps show a high correspondence with 
the 2nd principal component. It can be seen that the eigenimage corresponding to 
the 2nd principal component matches closely with La and that the eigenspectra is 
negative to the first principle component with an earlier onset energy suggesting 
that pixels with a high 2nd PC loading have high amounts of 4-coordinated Al.

A clustering of pixels with similar XANES, (i.e. chemical phase) was 
performed using k-means clustering with Gaussian Mixture Model (GMM) – 
Expectation Maximization (EM) refinement. The result is described for Fresh-Edge 
(Figure 8.4a-d) and ECAT-Edge (Figure 8.4e-h). K-means clustering can be used to 
partition data based upon the spatial extent (i.e. Euclidean distances in PC space), 
into an arbitrarily defined, k number of clusters. However, since the 1st PC explained 
~ 99% of the variance in each case, a gamma weighting factor, as described by Lerotic 
et al.[31] was used to lend more importance to the higher principal components during 
k-means clustering. In each case, k = 5 clusters were calculated using a gamma 
factor of 0.2. The k-means centroids were then refined using a GMM-EM algorithm. 
The segmentation map (Figure 8.4a, e) shows that for both sub-regions the zeolite 
domains (Figure 8.4b, f) have been accurately segmented into their own cluster. 
Accordingly, the XANES (Figure 8.4c, g) of the zeolite cluster distinctly shows  
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an earlier onset peak at 1565 eV with lower overall edge jump and the score plots  
demonstrate that this corresponds with a higher loading in PC2 and low loading in 
PC1 (Figure 8.4d, h). 

8.3 Results and Discussion

8.3.1 Examining Structural Changes to the Zeolites Upon Aging
To investigate whether any structural changes to zeolite domains occurred 

upon aging, we performed La X-ray ptychographic imaging of the Fresh and ECAT 
catalyst particle at the three sub-regions (Center, Intermediate and Edge), respectively. 
It can be seen from Figures 8.1 and 8.2 that the zeolites are distributed in distinct 
domains within the catalyst body. With X-ray ptychography, many overlapping 
and agglomerated zeolite domains were observed for both catalyst particles. This 
zeolite domain agglomeration is particularly visible for both the Fresh-Edge and 
ECAT-Edge sub-regions. The dispersion and zeolite domain size control is crucial for 
efficient cracking activity. It has been previously shown that agglomerated zeolite Y 
particles show lower overall cracking activity.[34] Since we observed agglomerates in 
both the Fresh and ECAT particle, effective zeolite surface area of the zeolite domains 
may be underutilized and furthermore diffusion-limited as has been previously 
suggested.[35,36] We also investigated whether morphological changes to the zeolites 
were evident, however no obvious structural differences between the Fresh and 
ECAT particle could be established, suggesting that any structural damage that are 
occurring in the zeolite domains take place at spatial resolutions beyond the ability 
of ptychographic imaging. In isolated zeolite samples, amorphization has been 
evidenced upon steaming[3,37] and in the presence of V.[38] However, our results imply 
that steaming does not result in any excessive amorphization of the zeolite domains 
and may only occur at length-scales comparable to the zeolite unit cell size. Our 
findings are furthermore supported by studies on zeolite-matrix interaction, where 
it has been shown that Si migration from the matrix to the zeolite protects the zeolite 
structure from severe dealumination and amorphization,[39,40] and it is possible that 
isolated zeolite steaming results do not accurately reflect the complex dealumination 
process of matrix embedded zeolites. In regards to V mediated destruction of 
zeolites, it was seen in Chapter 5 and 7 that V is largely co-localized with the matrix 
component. This is in agreement with previous studies where, in particular alumina, 
serves as a V trap.[41,42] Alumina has moreover been shown to preferentially (over 
USY) absorb both V4+ and V5+, which are most mobile species of V.[43] Furthermore, 
Wallenstein et al. found that the contribution of vanadium to catalyst deactivation 
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is exaggerated in lab-deactivation protocols such as Cyclic Propylene Steaming 
(CPS), whereas with real FCC catalyst conditions, metal traps significantly reduce 
V mobility and catalyst activity decay is predominantly governed by hydrothermal 
deactivation.[44,45] Given our findings in Chapter 5 and 7 that V is largely co-localized 
with the catalyst matrix, and that here, with X-ray ptychography we see no significant 
morphological changes to the zeolite upon aging; the role of V on the destruction of 
zeolites may be overstated in the context of real, complex and industrially relevant 
catalyst materials.

8.3.2 Investigating Intraparticle Zeolite Dealumination
To explore intraparticle and sub-zeolite dealumination within single catalyst 

particles, we performed STXM XANES measurements at the Al K edge (1549 eV to 
1604 eV) on the aforementioned sub-regions of the Fresh and ECAT catalyst particle 
thin sections with 50 x 50 nm2 pixel size. Using PCA and clustering, we were able to 
obtain a faithful segmentation of the zeolite domains purely based on the Al spectra, 
without using any a priori knowledge of the location (i.e. via La mapping; Figure 
8.5). The clusters that closely correspond with the zeolite domains in the Center, 
Intermediate and Edge sub-regions of the Fresh and ECAT catalyst particle samples 
are shown in Figure 8.5a. For comparison, the Al K edge XANES of each sub-region 
are shown in Figure 8.5b. Compared to the XANES of the Fresh catalyst sample, a 
clear secondary peak at 1568.5 eV is visible, corresponding to higher 6-coordinated 
Al. However, the XANES of the Fresh-Center sub-region does not exhibit spectral 
features expected from zeolite Y and appears to be spectroscopically similar to the 
matrix despite a good spatial correspondence with the zeolite domains (see Figure 
8.2). As was shown in other studies[46–48] and in Chapter 7, it is possible to use the Al 
K edge XANES to estimate the relative amount of 4-fold and 6-fold Al present. In 
previous studies,[46–48] 4-coordinated and 6-coordinated Al was determined by 
relative peak heights at characteristic peak positions, but here (and in Chapter 7 of 
this Thesis) we employed a non-negative linear combination fitting of the whole 
near-edge structure using ZSM-5 as a reference spectrum for 4-coordinated/
tetrahedral Al and α-alumina and boehmite as a reference for 6-coordinated/
octahedral Al. It has been previously demonstrated that Al species with the same 
coordinate number and similar bond distances have similar near edge structure 
profiles,[46,47] and the method of estimation of the relative 4-fold and 6-fold Al has 
been previously validated and explained in detail in Chapter 7.[14] In the Fresh 
catalyst sample, the sub-regions Center, Intermediate and Edge have a 4-coordinated 
Al percentage of 44%, 81% and 82%, respectively. For the ECAT particle, the sub-
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regions Center, Intermediate and Edge were calculated to have a 4-coordinated Al 
percentage of 69%, 77% and 73%. The fitting result quantifiably demonstrates that 
the Fresh-Center, despite good spatial correspondence with the zeolites, shows a 
significantly lower 4-coordinated Al percentage than all the other sub-regions 
considered. Disregarding for the moment, the spurious result of the Fresh-Center 
sub-region, our findings are in accordance with those in Chapter 7, where a modest 
dealumination was observed. Furthermore, spatial heterogeneities in the 
dealumination patterns of both catalyst particle samples were again not observed. 
The lack of intraparticle spatial heterogeneity in zeolite dealumination upon aging 
demonstrates that the dealumination process is largely driven by hydrothermal 
treatment and that metal macropore blockage is quite a separate effect from zeolite 
dealumination in FCC catalysts. This agrees with our observations in Chapter 7, and 
can be summarized as a homogeneous intraparticle dealumination at the individual 
zeolite level.

8.3.3 Investigating Sub-Zeolite Domain Heterogeneity
Utilizing the capability to map Al speciation at a 50 nm scale, we decided 

to assess zeolite speciation at the sub-zeolite level. To examine the Al heterogeneity 
within individual zeolitic regions, we once more performed a PCA and clustering, 
similarly to the procedure described in section 8.2.5, on all sub-regions for both 
catalyst particles. To capture the maximum variance within the zeolites, only the 
pixels belonging to the cluster identified as zeolite (highlighted in Figure 8.5) were 
considered. The basic scheme of this sub-clustering analysis is illustrated in Figure 
8.6. Here, we used the previous clustering result to establish a binary mask that 
we identified as the zeolite domains to selectively filter out pixels belonging to the 
matrix. In this way, PCA can distinguish finer spectroscopic differences exclusively 
from the zeolite regions, while the spectra related to the matrix, which dominates the 
CVE of the 1st PC are ignored. For each sub-region, k = 4 sub-clusters were defined 
on the first 3 PCs of the filtered dataset. A GMM-EM refinement of the k-means 
clusters was performed and the XANES from each cluster were normalized and 
examined for spectroscopic differences. In some cases, clusters that were deemed 
spectroscopically identical were merged. In most cases, this resulted in two distinct 
clusters, however, for the Fresh-Center sub-region, the 4 original clusters were 
retained and for the ECAT-Edge sub-region, 3 distinct clusters were obtained. The 
resulting cluster maps and the XANES of each sub-cluster are displayed in Figure 
8.7.
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Figure 8.6 The method described above was used to investigate intra-zeolite heterogeneity in Al chemistry. The 

cluster determined by k-means with GMM refinement that was calculated after PCA on the full Al K-edge stack and 

corresponded to the zeolite domains was used as a filter. Using this filter only pixels coinciding with the cluster were 

considered and used to perform a second PCA + k-means calculation with GMM refinement, now only on the non-

filtered regions, effectively calculating sub-zeolite clusters.

On inspection of the cluster maps and corresponding XANES, a core-shell 
pattern emerges in all of the Fresh zeolite sub-regions and in the ECAT-center sub-
region. Based on the XANES of the “core” and “shell”, the Fresh catalyst sub-regions 
shows that the interior “core” region appears to be richer in 4-coordinated Al and the 
exterior region higher in 6-coordinated Al. Furthermore, the unexpected XANES of 
the Fresh-Center sub-region seen in Figure 8.5 can be now explained by our sub-
clustering result. The red and blue sub-clusters of Fresh-Center appear to be 
spectroscopically similar to the average XANES of the full cluster and are likely 
matrix that was included in the original cluster because it has a small edge-jump. 
Strikingly, the orange and green sub-clusters exhibit a XANES consistent with the 
other sub-regions in the Fresh catalyst particle. In the ECAT-Edge and ECAT-
Intermediate sub-regions, this  core-shell behavior was not observed, although some 
spectroscopically distinct clusters were determined. In the ECAT-Center sub-region, 
the zeolite domains again show a core-shell distribution. To further investigate these, 
the relative fraction of 4-coordinated was estimated from the Al XANES for each of 
the clusters that were identified as “core”. In the ECAT-Intermediate and ECAT-Edge 
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Figure 8.7 The clustering results and corresponding XANES are shown for the Fresh and ECAT catalyst particles for 

each subregion, Center, Intermediate and Edge. All sub-regions of the Fresh particle show a clear core-shell spatial 

relationship. The corresponding XANES shows that the shell has higher 6-coordinated Al and the core looks high in 

4-coordinated Al. This core-shell behavior is only observed for the Center sub-region, in the ECAT catalyst particle.

regions, where a core-shell pattern was not observed, the blue cluster (which is the 
largest cluster) was used as the “core” XANES for fitting (see Figure 8.8a; “Sub-
Zeolite Domain Dealumination”). In the Fresh catalyst sample, the “core” regions of 
the Center, Intermediate and Edge were estimated to have a 4-coordinated Al 
percentage of 100%, 87% and 85%, respectively. For the ECAT particle, the “core” 
regions of the Center, Intermediate and Edge were estimated to have a 4-coordinated 
Al percentage of 82%, 83% and 77%. These results show that when only considering 
the “core” components of each zeolite, the Fresh-Center contains the highest 
4-coordinate Al percentage. Contrary to the findings at the single zeolite domain 
scale (Figure 8.5), the Fresh catalyst particle now exhibit an intraparticle heterogeneity 
where zeolite domains with higher 4-coordinated Al are present in the particle center 
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Figure 8.8 The method described above was used to investigate intra-zeolite heterogeneity in Al chemistry. The 

cluster determined by k-means with GMM refinement that was calculated after PCA on the full Al K-edge stack and 

corresponded to the zeolite domains was used as a filter. Using this filter only pixels coinciding with the cluster were 

considered and used to perform a second PCA + k-means calculation with GMM refinement, now only on the non-

filtered regions, effectively calculating sub-zeolite clusters.

and lower 4-coordinated Al domains are closer to the particle surface when the 
zeolite core sub-cluster is considered. Furthermore, the core-shell behavior we 
observe has been previously reported for isolated zeolite systems and indicates the 
dealuminated, non-framework Al resides near the periphery of the zeolite domain[10,49] 
and in particular when zeolite-binder are considered.[50] In the ECAT catalyst particle, 
no specific intraparticle heterogeneity of the “core” was observed, suggesting 
dealumination upon aging results in a zeolite domains with a homogeneous sub-
zeolite distribution of 4-coordinated Al. This further suggests that the “core” region, 
of a single zeolite domain experiences a higher degree of dealumination than the 
“shell” leading to a more homogeneous distribution of 4-coordinated within a single 
zeolite domain Al upon aging (Figure 8.8d). We postulate that this phenomenon 
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between the “core” and the “shell” may arise from the differences in their respective 
hydrothermal stability. It has been well documented that zeolites with lower 
framework Al exhibit higher hydrothermal stability towards dealumination,[51,52] 
and it is possible that the disparities in 4-coordinated Al between the “core” and the 
“shell” drives sub-zeolite framework Al homogeneity upon hydrothermal 
dealumination.

Our observations on the overall zeolite dealumination in FCC catalyst 
particles are illustrated in Figure 8.8. At the single zeolite domain level, a homogeneous 
dealumination process is observed and no specific intraparticle heterogeneities can 
be observed which suggests a homogeneous dealumination process (Figure 8.8b). At 
the sub-zeolite domain level, we observe core-shell heterogeneity in the Fresh that 
disappears upon aging, suggesting that the framework Al migration is stronger in 
the core region than the shell leading to a homogeneous distribution of 4-fold Al in 
an aged zeolite domain (Figure 8.8d).

8.4 Conclusions
Using soft X-ray ptychography at the La M5 edge and STXM at the Al K 

edge, we have demonstrated a unique method to view intraparticle and sub-zeolite 
dealumination patterns in single catalyst particles upon aging. La ptychography 
maps of a Fresh and ECAT particle show no significant crystal structure deformities 
or evidence of amorphization as a function of catalytic aging, suggesting that the 
matrix plays a large role in stabilizing embedded zeolite domains. Using Al XANES 
spectromicroscopy, zeolite framework dealumination was observed as a function 
of catalytic age. As observed in Chapter 7, no strong intraparticle heterogeneities 
in the 4-coordinated Al percentage exist, which suggests that zeolite dealumination 
is driven by hydrothermal treatment and is not affected by macropore accessibility 
reduction. By investigating three sub-regions of both the Fresh and ECAT catalyst at 
the sub-zeolite domain level, zeolite domains belonging to the Fresh catalyst particle 
sample show a core-shell structure, with higher 4-coordinated Al cores whereas for 
the ECAT catalyst particle the core-shell heterogeneities disappear.
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9.1 Summary
The aims of this PhD Thesis were: (1) to provide insight into the long-term 

Fluid Catalytic Cracking (FCC) catalyst deactivation mechanisms and (2) to 
advance single catalyst particle chemical imaging with X-ray microscopy. FCC 
deactivation, as we defined it, occurs via two principal mechanisms; first, by metal 
mediated deactivation through modifications of the catalyst pore structure and by 
promoting altered chemical pathways to unwanted products, such as carbon coke 
deposits.[1] Secondly, FCC deactivation may occur by way of zeolite deactivation 
via dealumination and acid site loss. A series of soft and hard X-ray microscopy 
techniques were performed to understand both of these deactivation mechanisms. 
Specifically, we have employed 3-D elemental imaging techniques to determine 
metal distributions, and understand their impact on pore size distribution and 
particle accessibility. Secondly we explored the chemical signatures of the zeolite 
dealumination process within FCC catalyst particles using 2-D scanning- and 
diffraction-based imaging techniques. Here, we recap our scientific approach and 
related findings in Chapters 2 to 8 of this PhD Thesis.  The main findings of the PhD 
thesis are also schematically summarized in Figure 9.1.

In Chapter 2, we developed a novel characterization method for investigating 
the 3-D distribution of metals and the impact of the macropores of an individual 
FCC particle. Using X-ray nano-tomography with the full-field transmission X-ray 
microscope (TXM), we non-destructively imaged a single, whole catalyst particle 
with a 3-D reconstructed 64 x 64 x 64 nm3 voxel size. Fe and Ni (two common 
metal poisons in FCC feedstocks) and the macropore structure of the catalyst were 
determined by performing four tomographic measurements corresponding to 
above and below both the Fe and Ni absorption K edges. Fe and Ni were found 
distributed along nodules and valleys present at the catalyst surface and confined 
within the first 1 μm from the particle surface (Figure 9.1a). The impact of metals on 
pore interconnectivity and mass transport proficiency was visualized by simulated 
laminar flow velocity and permeability calculations on a particle sub-volume. The 
correlation of relative elemental concentrations with porosity changes as a function 
of distance from the particle surface has shown that both Fe and Ni contaminate 
the particle from the outside where the heavy crude oil feedstock enters the catalyst 
particle. 

In Chapter 3, the TXM tomography approach was applied to single FCC 
particles of varying age and metal loading. Bulk elemental analysis of three density-
separated samples showed a positive correspondence between the concentrations of 
the metals Fe, Ni, and V and a loss in catalyst accessibility. Using TXM, we correlated 
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the 3-D distributions of Fe and Ni to changes in macroporosity and pore connectivity 
as a function of catalytic age, thereby linking reduced catalytic activity to highly 
localized pore clogging at the single catalyst particle level. With these age-separated 
FCC particles, we found that Fe and Ni accumulation occurs most significantly 
at the beginning of the cycle life and remains concentrated at the particle surface 
through aging while exhibiting a distinct radial profile in concentration, with the 
highest concentrations present at the exterior (Figure 9.1b). When considering 
metals, we saw that the inner core remains relatively unimpeded and preserves its 
macroporous structure (Figure 9.1c). The change in accessibility due to Fe and Ni 
was visualized using particle surface world maps, which show the loss in macropore 
interconnectivity. From the bulk evaluation, a small but quantifiable accessibility 
index and a measurable catalytic conversion rate persistent even at high metal 
loadings suggests that the interior of the catalyst particle is likely accessible via 
micropores and mesopores. 

 In Chapter 4, we used TXM tomography to study FCC particle-particle 
agglutination. A dense central particle that resembles a fractured FCC particle was 
found adhered to two intact FCC catalyst particles. An increased concentration of 
Fe and Ni was observed at the agglutination interface between the three particles, 
strongly suggesting that metals, such as Fe and Ni can be responsible for particle 
agglutination when present at the surface and in high concentrations. Furthermore, 
the results show that chemical adhesion (and not static forces) result in particle 

agglutination. This is schematically represented in Figure 9.1a. 
With the role of Fe and Ni in macropore blocking investigated, we turned 

to hard X-ray Fluorescence (XRF) to study the spatial distribution of a larger range 
of elements pertinent to FCC deactivation and catalysis in Chapter 5. Using a high 
count-rate Maia XRF detector, 3-D tomographic data were obtained for the elements 
Fe, Ni, Ca, V, La and Ti with little to no self-absorption effects. In addition to 
observing the 3-D distribution of metal poisons, Fe, Ni, Ca and V, we were able to 
localize the zeolite domains (via La) and the clay component (via Ti) giving insight 
into the potential correlation of metals within phases specific to FCC particles. Our 
results show that Fe, Ni, and Ca have a significant concentration at the exterior of 
the FCC catalyst particle and are highly co-localized. As the metal concentrations 
increase, the deposition profiles of Fe, Ni, and Ca do not significantly change, while 
remaining spatially correlated amongst one another. V was shown to penetrate 
deeper into the catalyst particle as a function of metal loading, suggesting a different 
mechanism of deposition and mobility. 2-D XRF measurements show a diverse set 
of distribution profiles for V, however a spatial correlation of V with La was not 



Chapter 9

166

observed, suggesting that V does not specifically interact with the embedded zeolite 
domains and is largely present in the non-zeolitic components, such as alumina, of 
an FCC catalyst particle (Figure 9.1b).

 In Chapter 6, soft X-ray ptychography was used to investigate the chemical 
state and physical origins of Fe deposited at the surface of an aged FCC catalyst 
particle thin section. To investigate how Fe may interact with zeolite domains, we 
also measured the distribution of the latter via La ptychographic mapping. With soft 
X-ray ptychographic X-ray Absorption Near Edge Structure (XANES) imaging, we 
found direct evidence that Fe deposition is occurring as a result of both ‘tramp’/
colloidal Fe and the pre-cracking of large, Fe-carrying organic molecules, with the 
deposited Fe in a different chemical state (i.e., Fe3+) than the Fe present in the matrix 
(i.e., Fe2+). Furthermore, the first direct evidence of colloidal or ‘tramp’ Fe on the 
FCC particle surface was observed, which implicates this specific form of immobile 
Fe3+ species to particle swelling and pore clogging and particle agglutination (Figure 
9.1a). 

In Chapter 7, our aims were shifted towards understanding zeolite 
dealumination processes at the level of a single FCC catalyst particle. Therefore, 
Scanning Transmission X-ray Microscopy (STXM) XANES in the soft X-ray regime 
was used to investigate the Al chemistry of three FCC catalyst particle thin-sections 
at 100 x 100 nm2 pixel size. Using La as a localization marker we established a 
means to map the changing Al distribution of embedded zeolite domains. It was 
found that upon aging significant dealumination occurs within the zeolite domains 
corresponding to overall framework dealumination, which we visualized, for the 
first time at the single zeolite domain level (Figure 9.1a, b). 

In Chapter 8, we combined the soft X-ray ptychographic imaging described 
in Chapter 6 and the STXM approach from Chapter 7, to closely investigate structural 
and chemical changes at the sub-zeolite domain level within a single FCC catalyst 
particle. La ptychographic imaging at several catalyst particle sub-regions of a 
fresh and aged catalyst showed no signs of structural collapse or amorphization 
suggesting that the embedded zeolite structures are supported by the catalyst matrix 
through hydrothermal aging and the metals, such as V, do not significantly impact the 
stability of the zeolite structure. Although the zeolite structure is maintained during  
aging, a clear framework dealumination process was observed. Similarly to Chapter 
6, no specific intraparticle heterogeneity in zeolite domain dealumination process 
was observed at the single zeolite domain scale. This signifies a homogeneous 
hydrothermal zeolite dealumination process throughout the particle and limited 
impact by the macropore clogging by metals upon aging. These single zeolite domain 
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Figure 9.1 A schematic summary of our main findings about catalytic cracking catalyst particle deactivation. (a) We 

investigated metal deposition via hard X-ray tomography (studied in Chapters 1-6) and zeolite dealumination via soft 

X-ray microscopy (studied in Chapters 7 and 8). (b) As a function of catalytic age, metals cause macropore clogging while 

the hydrothermal conditions during regeneration lead to dealumination of the zeolite domains. We saw, however, no 

specific interaction between V and the zeolite domains. (c) Metals exhibited a distinct radial concentration profile with 

higher concentrations present at the surface, conversely, no preferential spatial heterogeneities were observed in zeolite 

dealumination. Here, the blue, green and red colored lines refer to a fresh, middle-of-life and end-of-life FCC particle, 

respectively.
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results are in line with our findings in Chapter 7. Investigating zeolite chemistry at 
the sub-zeolite domain level reveals explicit core-shell heterogeneities in the zeolite 
domains of the fresh catalyst that subsequently disappear upon catalyst aging. It is 
proposed that dealumination of the zeolite as a whole can be described primarily by 
dealumination from the zeolite core, which is initially high(er) in framework Al and 
thus expected to be less hydrothermally stable and more susceptible to dealumination.

9.2 Conclusions and Future Outlook

9.2.1 Fluid Catalytic Cracking Deactivation at the Single Particle 

Level
In Chapters 2-4, our main focus was to localize Fe and Ni deposition 

and understand its impact on the catalyst macropore structure using X-ray 
nanotomography. The results suggest that the macropore structure remains largely 
intact as Fe and Ni accumulate onto the particle. The single FCC particle result is 
especially surprising given that, in the bulk, there is a clear decrease in particle 
accessibility and catalytic activity correlated with an accumulation of metals. How 
can, on one hand, metal accumulation cause significant catalyst deactivation, but not 
significantly affect the majority of the pore structure? These two seemingly contrary 
results can be understood by determining local changes to the particle macropore 
structure by Fe and Ni. Using 3-D, full-field transmission X-ray nanotomography, we 
found Fe and Ni are predominantly accrued within the first microns of the particle 
where they significantly block macropore accessibility into the catalyst particle. In 
Chapter 6, it was found that deposition of ‘tramp’ Fe3+ species form a dense, immobile 
crust around the FCC catalyst particle. Under these reduced accessibility conditions, 
the mobility of large feedstock molecules that was once possible via macropores 
is now presumably resigned to meso- and micropore diffusion with significantly 
higher mass transport limitations. If true, this single particle result would have 
distinct implications at the bulk catalyst scale. Large hydrocarbons trapped in the 
first few microns of the particle are in close proximity to the deposited metals, 
which are known to promote coke formation,[2] resulting in a significantly altered 
and unwanted product slate. This expected increased coke formation is exactly 
reflected in the bulk properties of aged FCC samples.[2,4–6] Thus, it would suggest that 
the physical effect of pore accessibility reduction at the particle surface is a major 
constituent for the chemical effect of increased coke formation. This hypothesis is 
further supported by investigations of lab-deactivated samples. Research has shown 
that by mimicking metal distribution and catalyst accessibility metrics, such as the 
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Albemarle Accessibility Index (AAI) yield better indication of catalyst performance 
than simply simulating metal loading.[7,8] These observations further reinforce 
the importance of simulating not only realistic metal loadings, but realistic metal 
distributions in lab-deactivated samples. The extent to which metals play a role in 
coke formation remain somewhat presumptive and require further investigations to 
assert their validity. By pinpointing the chemistry and the distribution of coke at the 
single particle level, we may uncover the mechanisms for higher coke selectivity in 
the bulk. Specifically, we would like to know: is the chemistry of coking different in 
the presence of metals and does coke have a spatial correspondence with the coke-
selective metals? If metal related reduced accessibility were the central driving force 
for increased coke formation, it would be reflected by a complementary distribution 
of coke over the catalyst. By chasing down the precise location as well as the nature 
of coke within an FCC catalyst particle, we may be able to understand the nature of 
these interrelated phenomena.

Apart from metal related accessibility reduction, we sought to understand 
the mobility of metals, in particular Fe, Ni and V and their distribution. As was 
evidenced in Chapter 5, the distribution of Fe and Ni exhibit a high spatial correlation 
at the surface, whereas V exhibits a higher mobility and thus penetrates deeper into 
the catalyst. V has a variety of distributions ranging from homogeneous dispersion 
through the FCC particle to radially dependent profiles similar to Fe and Ni. It is 
unexpected, given the known higher mobility of V, that it would have anything 
but a homogeneous distribution throughout the particle, as has been previously 
evidenced.[9,10] However, the answer to this observation may again be related to 
particle accessibility. If macropore accessibility is restricted for hydrocarbons, 
similarly, the mobility of metals may also be limited to meso and micropores. At the 
single catalyst particle level, visualizing where V is within the particle pore structure 
(i.e., macropores, mesopores and micropores) for samples with different accessibility 
could help answer such questions. If reduced accessibility results in the variation of 
deposition profiles, then the diversion of V in macropores to micropores would be 
clearly evidenced. 

The chemical implications of V were also studied in Chapters 5, 7 and 8. 
In studies of isolated zeolites, V has been connected to zeolite dealumination and 
structural collapse.[11] To investigate the impact of V on the zeolite aggregates 
embedded in the matrix, we examined the spatial correlations between V and La in 
Chapters 5 and 7 using 3-D and 2-D XRF, respectively. We found that V and La are 
not spatially correlated and this is clearly visualized in Figure 7.4 of the Thesis. Our 
findings suggest that V has no specific interaction with the zeolite domains, and that 
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the majority of V is found in the catalyst matrix. Furthermore, in Chapter 8, using 
X-ray ptychography, we saw no evidence of structural or morphological changes to 
the zeolite. These results are in direct disagreement with the assertion that V may 
destroy, and in extreme cases cause amorphization of the zeolite.[1,11] We expect that 
studies of V destruction of isolated zeolites can not (always) be reliably extended 
to real FCC catalysts due to a lack of interaction. This suggests that hydrothermal 
dealumination is the main cause for any structural changes to embedded zeolites. This 
is also evidenced in FCC lab-deactivation analyses, where the effects of V are known 
to be overemphasized due to artificially higher V mobility,[12] further advocating 
the use of real, complex and industrially relevant catalyst materials where matrix-
binder effects can significantly alter the chemical phenomena observed in isolated 
or model systems.

 In Chapters 7 and 8, we used soft X-ray Scanning Transmission X-ray 
Microscopy (STXM) and (for the latter) X-ray ptychography to investigate and 
correlate zeolite dealumination to loss in catalytic activity of FCC catalysts. For this 
we specifically utilized La as a means to isolate the XANES of embedded zeolite 
domains. Using this novel methodology, we were able to present a picture of the 
overall removal of framework Al in single embedded zeolites within FCC catalyst 
particles as a function of catalytic age. To further examine how zeolite dealumination 
occurs at the sub-zeolite level we have employed a combination of Al XANES with 
STXM and La ptychography on a Fresh and ECAT catalyst particle thin-section. 
Our ptychography results imply that although there are no significant physical 
structural and morphological changes to the zeolite during aging, a clear framework 
dealumination pattern exists. As explained above, part of the explanation is that V, a 
metal that is known to destroy the zeolite structure has no specific interaction with 
the zeolite domains. 

9.2.2 X-ray Microscopy as a Tool for Single Particle Exploration
The analytical approach in this PhD Thesis has relied solely on 

synchrotron-based X-ray microscopy and although there is a significant space 
for other characterization techniques capable of higher spatial resolutions (e.g., 
electron microscopy) or more sensitive to catalytic reactions (e.g., single molecule 
spectroscopy), the techniques under the umbrella of X-ray microscopy have so far 
offered the most detailed and (in some cases) non-destructive look on FCC catalysis 
and deactivation. Figure 9.2 highlights the strengths of the specific X-ray microscopy 
techniques used in this PhD Thesis. Using hard X-ray nanotomography in Chapters 
2-4, we developed a methodology to investigate the 3-D distribution of elements 
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in FCC catalysts. Furthermore, we established a multi-dimensional pore network 
representation of the particle macropore structure (Chapters 2 and 3), allowing us 
to simulate flow through individual catalyst particles. We expect that with sufficient 
improvements in 3-D resolution and catalyst phase differentiation, we will be able 
to extend this approach to add in reactive and adsorptive properties to effectively 
model mass transport and macroscale adsorptive properties under realistic reaction 
conditions.[13] 

Figure 9.2 Overview of the 3-D and 2-D X-ray imaging methods that were used in this PhD Thesis. TXM tomography 

was used to map Fe and Ni and examine the impact on the catalyst pore structure of single catalytic cracking particles. 

Using XRF tomography, we mapped multiple elements and their distributions within single catalyst particles. Using 

2-D STXM and X-ray ptychography combined with XANES spectromicroscopy at the Fe, La and Al X-ray absorption 

edges we tried to understand the chemical phenomena of Fe deposition and zeolite dealumination. X-ray ptychography 

further offers unprecedented spatial resolution, allowing for a detailed visualization of single zeolite domains.
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Coherent diffraction imaging (CDI) techniques, not limited in resolution 
by diffraction optics, have shown glimpses of what the future holds for X-ray 
microscopy.[14–16] For example, Shapiro et al. have achieved sub-5 nm resolution using 
soft X-ray ptychography, a technique that we used in Chapters 6 and 8.[17] We expect 
that ptychographic imaging at the Al K edge with complementary mapping at the 
La M5 edge will reveal further insights into zeolite dealumination. Higher X-ray 
coherence along with improved detector sensitivity, larger dynamic range and higher 
signal to noise ratio will allow for significant improvements in the throughput of soft 
X-ray ptychography and therefore the ability to perform ptychographic imaging at 
the Al K edge. Similarly, ptychography techniques are being applied in the hard 
X-ray regime, where the high penetration depth allows for measurements of whole 
catalyst particles. Moreover, these scanning techniques can be coupled with X-ray 
fluorescence microscopy to simultaneously determine the location of elements with 
high sensitivity.

XANES combined with statistical data analysis techniques, as were 
performed in Chapters 6-8, yield not only element specific, but also chemically 
sensitive, oxidation state and local coordination environment information. Thus, 
its combination with 3-D tomographic techniques, particularly at high resolutions 
would offer unparalleled chemical information with highly localized spatial 
distribution information. The XANES tomography approach has been applied 
previously,[18,19] but large experiment times and/or a sacrifice in resolution remain 
a significant barrier to its regular use. As an example, tomographic reconstructions 
that were performed in Chapters 2-4 and four different energies were performed 
with measurement times on the order of 8-12 h. Recent advances[20–22] in another 
coherent X-ray imaging technique, namely, in-line X-ray holography, tomographic 
imaging can be performed in one hour with spatial resolutions under 30 nm. As was 
shown in Chapter 6, chemical contrast may also be achieved with CDI techniques[23] 
making the possibility of high-resolution XANES tomography a realistic future. 
These advancements in X-ray microscopy, in particular CDI are a promising new 
avenue for higher throughput, higher resolution and higher sensitivity experiments.
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 In dit proefschrift staan twee onderwerpen centraal: (1)  Het creëren van nieuwe 

inzichten in de deactivatiemechanismen van de katalysator waarmee aardolie katalytisch 

wordt gekraakt (in het Engels Fluid Catalytic Cracking, FCC) en (2) vorderingen maken in 

de chemische beeldvorming van individuele katalysatordeeltjes met Röntgenstralen. FCC 

deactivatie, zoals hier gedefinieerd, treedt voornamelijk op via twee mechanismen; als eerste 

door metaalverontreinigingen (voornamelijk door de chemische elementen Fe, Ni, Ca en 

V) welke zorgen voor veranderingen in de poriestructuur en de vorming van ongewenste 

chemische producten, zoals bijvoorbeeld koolstofafzettingen. Ten tweede vindt er deactivatie 

plaats in de zeolietdomeinen door dealuminatie, wat het verlies van zure groepen tot gevolg 

heeft. Een reeks van zachte en harde Röntgenmicroscopische technieken zijn gebruikt om 

deze deactivatiemechanismen beter te begrijpen. Hiertoe zijn 3-D elementanalysetechnieken 

benut om naast de metaalverdeling ook de poriestructuur en deeltjestoegankelijkheid te 

bepalen. Verder hebben we proces van zeolietdealuminatie nader bekeken in een individueel 

FCC deeltje met 2-D scanning- en diffractiegebaseerde beeldvormende technieken. In deze 

samenvatting vatten we onze wetenschappelijke benadering samen en leggen in het kort uit 

welke resultaten we behaald hebben in de Hoofdstukken 2 tot en met 8. De belangrijkste 

resultaten van dit onderzoek zijn schematisch weergegeven in Figuur 9.1. 

 In Hoofdstuk 2 hebben we een nieuwe karakterisatiemethode ontwikkeld om de 

3-D verdeling van metalen en het effect daarvan op de macroporiën van een FCC deeltje te 

onderzoeken. Gebruikmakend van nano-tomografie met een Transmissie Röntgenmicroscoop 

(Transmission X-ray Microscopy, TXM) hebben we een katalysatordeeltje kunnen reconstrueren 

in 3-D met de precisie van één 64 x 64 x 64 nm3 voxel. Om de verdelingen van Fe en Ni en 

de macroporiestructuur te bepalen, hebben we vier tomografische metingen uitgevoerd; één 

onder en één boven elke spectroscopische K-rand van het metaal. Hierbij vonden we dat Fe 

en Ni voornamelijk aanwezig zijn langs hobbeltjes en dalen aan het katalysatoroppervlak. 

Beide metalen zitten gevangen binnen de eerste 1 μm van het buitenoppervlak van een 

katalysatordeeltje (Figuur 9.1a). De impact van de metalen op de onderlinge connectiviteit van, 

en massatransport door, de porie werd gevisualiseerd door laminaire stroomsnelheidsimulaties 

Samenvatting
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en doorlaatbaarheidsberekeningen op een subvolume van het deeltje. De correlatie van 

relatieve elementaire concentratie en porositeit verandert als functie van de afstand tot het 

deeltjesoppervlak. Hieruit bleek dat zowel Fe en Ni het katalysatordeeltje van buitenaf 

verontreinigen, waarvandaan de ruwe olie normaliter het deeltje binnenkomt.

 In Hoofdstuk 3 is TXM tomografie gebruikt om FCC deeltjes met een verschillende 

leeftijd en bijbehorende metaalbelading te onderzoeken. Elementaire bulkanalyse van 

katalysatordeeltjes met drie verschillende dichtheden liet een positieve correlatie zien 

tussen de concentratie van de metalen Fe, Ni en V en het verlies in toegankelijkheid van het 

katalysatordeeltje. Met TXM is een correlatie gevonden tussen de 3-D distributie van Fe en Ni, 

macroporositeit en porieverbindingen als functie van de leeftijd van de katalysator. Deze geeft 

aan dat een verminderde katalytische activiteit samenhangt met het blokkeren van de poriën. 

Door op deze manier de katalysatorleeftijd te bepalen, ontdekten we dat de opeenhoping 

van Fe en Ni het meest plaatsvindt aan het begin van de reactie, terwijl tijdens de reactie dit 

vooral geconcentreerd blijft aan het deeltjesoppervlak. Beide metalen blijken een straalvormig 

concentratieprofiel te hebben, met de hoogste concentratie aan het buitenoppervlak van 

het deeltje (Figuur 9.1b). Dit heeft als gevolg dat het binnenste deel van het deeltje relatief 

onbelemmerd en macroporeus blijft (Figuur 9.1c). De verandering in toegankelijkheid door 

Fe en Ni is in kaart gebracht door gebruik te maken van oppervlaktevisualisatie. Deze laat 

het verlies van onderlinge connectiviteit van de macroporiën zien. Echter, de bulkevaluatie 

duidt er ook op dat zelfs bij hoge metaalconcentraties er een kleine, maar kwantificeerbare 

toegankelijkheidsindex en een meetbare katalytische omzetting aanwezig is, wat suggereert 

dat het binnenste deel van het katalysatordeeltje nog steeds toegankelijk is via de micro- en 

mesoporiën.

In Hoofdstuk 4 is TXM tomografie gebruikt om de samenklontering van FCC 

deeltjes te volgen. Twee FCC deeltjes werden bij elkaar gehouden door een FCC fragment 

met een hoge dichtheid. Aan het raakvlak tussen de drie deeltjes werd een verhoogde 

concentratie van Fe en Ni gevonden. Dit suggereert dat Fe en Ni het samenklonteren van 

de katalysatordeeltjes bevorderen wanneer zij in hoge concentratie aanwezig zijn aan het 

oppervlak. Deze resultaten laten zien dat de chemische aantrekkingskracht bepalend is voor 

het samenvoegen van deeltjes en dit is schematisch weergeven in Figuur 9.1a. 

Nu de rol van Fe en Ni in het blokkeren van de macroporiën is onderzocht, 

richten we ons in Hoofdstuk 5 op harde Röntgenfluorescentie (X-ray Fluorescence, XRF) 

om de ruimtelijke verdeling van belangrijke elementen in FCC deactivatie en katalyse te 
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bestuderen. De 3-D tomografie data van Fe, Ni, Ca, V, La en Ti zijn verkregen met weinig tot 

geen zelfabsorptie en met een zeer gevoelige Maia detector. Bovenop de 3-D distributie van 

de metaalverontreinigingen van Fe, Ni, Ca en V hebben we de zeolietdomeinen (via La) en 

de kleicomponenten (via Ti) kunnen localiseren. Dit heeft inzicht gegeven in een potentiële 

correlatie tussen de metaalverontreinigingen en de componenten inherent aan FCC deeltjes. 

Onze resultaten laten zien dat Fe, Ni en Ca in hoge concentratie aanwezig zijn aan het 

oppervlak van de katalysator en zijn gecolokaliseerd. Als de metaalconcentratie toeneemt, 

geven de depositieprofielen van Fe, Ni en Ca geen significante veranderingen weer en blijven 

de metalen gecolokaliseerd. V dringt dieper naar het binnenste van het FCC deeltje als functie 

van de metaalconcentratie, wat suggereert dat er een ander mechanisme is voor de depositie 

en de mobiliteit van dit metaal. 2-D XRF metingen lieten een variëteit aan distributieprofielen 

zien voor V. Er werd echter geen correlatie gevonden van V met La, wat suggereert dat V niet 

specifiek een interactie aan gaat met zeolietdomeinen en grotendeels aanwezig is in de andere 

componenten van het FCC deeltje (Figuur 9.1b).

In Hoofdstuk 6 is gebruikt gemaakt van zachte Röntgenptychographie om de 

chemische toestand en fysische origine van de op het oppervlak afgezette Fe op een dunne 

sectie van een verouderd FCC deeltje te bestuderen. Om de wisselwerking tussen Fe en 

zeolietdomeinen (via La) te onderzoeken is gebruikt gemaakt van La ptychographische 

visualisatie. Met zachte ptychographische Röntgenspectromicroscopie vonden we direct 

bewijs dat de Fe depositie plaats vindt als gevolg van colloïdaal Fe en gekraakte Fe-bevattende 

organische moleculen. We vonden dat de neergeslagen Fe zich een andere chemische toestand 

(Fe3+) bevindt dan het Fe in de matrix (Fe2+). Dit colloïdale Fe op het deeltjesoppervlak 

impliceert dat deze specifieke vorm van Fe3+ zorgt voor geblokkerde poriën, deeltjeszwelling 

en samenklontering (Figuur 9.1a).

In Hoofdstuk 7 richten we ons op het begrijpen van het zeoliet dealuminatie 

process op het niveau van één enkel FCC katalysatordeeltje. Derhalve werd transmissie 

Röntgenmicroscopie (Scanning Transmission X-ray Microscopy, STXM) (100 x 100 nm2 pixels) 

gebruikt in het zachte Röntgenstralingsregime om drie dunne secties van FCC deeltjes te 

onderzoeken. Door La te gebruiken als een marker voor de aanwezigheid van zeolieten kon 

de Al distributie in de zeolieten gevisualiseerd worden. Hierbij vonden we een significante 

dealuminatie in de zeolietdomeinen met de veroudering van de katalysator (Figuur 9.1a, b). 

In Hoofdstuk 8 zijn de technieken zoals beschreven in Hoofdstukken 6 en 7 

gecombineerd om de structurele en chemische veranderingen op het subzeoliet niveau van 
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een enkel FCC katalysatordeeltje nader te onderzoeken. Ptychographische visualisatie van 

La op verschillende katalysator subregio’s van een verse en verouderde katalysator lieten 

geen signalen zien van een uiteengevallen deeltje of de vorming van amorfe structuren. 

Dit suggereert dat de ingesloten zeolietstructuren ondersteund worden door de matrix 

van de katalysator tijdens de hydrothermische veroudering en dat de metalen, zoals V, 

geen belangrijke invloed hebben op de stabiliteit van de zeolietstructuur. Alhoewel de 

zeolietstructuur grotendeels intact blijft tijdens het veroudingsproces, werd dealuminatie 

duidelijk waargenomen. Gelijk aan de resultaten in Hoofdstuk 6, werd er geen specifieke 

heterogeniteit in de dealuminatie waargenomen tussen de deeltjes op de schaal van een 

enkel zeolietdomein. Dit betekent dat er een homogene hydrothermale dealuminatie door 

het hele katalysatordeeltje plaatsvindt, en dat de invloed van de metalen op het blokkeren 

van de macroporie tijdens het veroudingsproces beperkt is. Deze resultaten komen overeen 

met de resultaten uit Hoofdstuk 7. De zeolietchemie liet expliciet zien dat er heterogeniteiten 

zijn in de buitenste laag van de zeolietdomeinen van een verse katalysator en dat deze 

verdwijnen met veroudering. De dealuminatie van zeolieten kan voornamelijk worden 

gezien als dealuminatie vanuit het binnenste van de zeoliet, waar aanvankelijk een hogere 

Al concentratie is. 
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