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Relating structure and composition with
accessibility of a single catalyst particle using
correlative 3-dimensional micro-spectroscopy
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To understand how hierarchically structured functional materials operate, analytical tools are

needed that can reveal small structural and chemical details in large sample volumes. Often, a

single method alone is not sufficient to get a complete picture of processes happening at

multiple length scales. Here we present a correlative approach combining three-dimensional

X-ray imaging techniques at different length scales for the analysis of metal poisoning of an

individual catalyst particle. The correlative nature of the data allowed establishing a

macro-pore network model that interprets metal accumulations as a resistance to mass

transport and can, by tuning the effect of metal deposition, simulate the response of the

network to a virtual ageing of the catalyst particle. The developed approach is generally

applicable and provides an unprecedented view on dynamic changes in a material’s pore

space, which is an essential factor in the rational design of functional porous materials.
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A
key aspect in the rational design of functional materials,

such as catalysts, batteries, fuels cells and optical
devices, is the interplay of processes that happen at

different length scales. This is because the macroscopic behaviour
of materials is largely determined by the arrangement of its
nano- and micro-scale building blocks. Although modern
advanced imaging tools have sufficient resolving power to
investigate very fine structures in a small sub-volume of a
material, it remains challenging to probe processes that
happen at the nanometre scale across micrometre-length scales.
Furthermore, because chemical processes are studied, tools
are needed that provide sufficient contrast for both sample
morphology and local chemistry. This is particularly and
exemplarily the case when studying the complex processes that
take place in materials used in heterogeneous catalysis. A typical
example for such a mesoscale process is the metal poisoning of
fluid catalytic cracking (FCC) catalysts.

In the FCC process, the residue that remains after distilling
crude oil and that contains large and heavy hydrocarbon
molecules is converted (‘cracked’) into lighter, more valuable
fractions like gasoline and propylene1–3. The FCC catalyst is
designed as a multi-component, hierarchically porous
particle of 50–100 mm diameters and consists of catalytically
highly active phases (zeolites) that are embedded in a matrix
consisting of an active component (alumina) and a non-active
part made from silica and clay2–4. During FCC operation,
the particles are exposed to harsh conditions (high temperature)
and the non-active components of the catalyst particle are
added to increase the attrition resistance of the catalyst as well
as the hydrothermal stability of the zeolite material5–7. The
latter is further enhanced by incorporating rare-earth metals,
such as La, Ce and Pr, into the zeolite8–11. The actual cracking of
the feedstock molecules happens through pre-cracking and
cracking in the particles’ active alumina and zeolite phases,
respectively3,12,13. The active phases, therefore, need to be
accessible for feedstock molecules and the cracking products
need to be able to leave the catalyst. This is guaranteed by
a highly interconnected hierarchical pore-network in the catalyst
with pore sizes ranging from micro-pores14 (o 2 nm pore
diameter) in the zeolite phase, to meso-14 (o50 nm) and macro-
pores14 (450 nm) in the active alumina phase and matrix7,15–17.
The pore space and its interconnectivity is thus of key
importance to the efficiency of the conversion process, and
recently we have shown that deposition of Fe and Ni can cause an
irreversible blockage and restriction of the available pore space
that is directly related to a decrease in catalyst cracking
efficiency18,19.

The term metal poisoning summarizes a range of
physicochemical effects that become a serious issue for
cracking efficiency when the processed feedstock contains
elevated levels of any of the known poisonous metals Fe, Ni, V,
Ca, Cu and Na8,20–27. Known sources of these metals in the
feedstock are metal contaminations already present in the
crude oil and/or originating from upstream processes and
equipment. These effects can be divided into two groups:
damage (direct or indirect) to the catalytically most active
zeolite domains in the FCC particle, and a reduction of particle
accessibility. When studying these effects, it is important to
investigate real-life catalysts from an industrial FCC unit because
it has been proven difficult (if not simply impossible) for lab-
based deactivation methods to accurately mimic the effects that
occur during the industrial FCC process9,28. To obtain a complete
picture of an individual catalyst particle’s pore-network and
related catalyst accessibility, it is essential to study the distribution
of the accumulated metals within the entire catalyst particle in
three dimensions.

Recent studies of FCC catalyst particles using variants of hard
X-ray nano-tomography showed that the spatial resolution
of synchrotron-based X-ray imaging has approached the interface
between the macro- and meso-pore regimes18–20,29–33,
which means that pore sizes around 50 nm start to become
visible. In particular, hard X-ray full-field transmission X-ray
microscopy (TXM) has emerged as a suitable method as it allows
investigating whole particles and can combine information
about particle morphology with three-dimensional (3D)
elemental concentration distributions. However, TXM
measurements of multiple elemental distributions are limited in
terms of sensitivity and flexibility, mainly due to restrictions by
X-ray optics, which limited previous studies to the investigation
of Fe and Ni.

One possibility to improve sensitivity for elemental detection
is to use hard X-ray micro/nano focusing techniques in XRF
detection mode, which provides the information of multiple
elements of interest simultaneously. In this mode, the spatial
resolution is limited by the beam spot size used to raster scan the
sample, that is, the ability to focus X-rays. Advanced X-ray
focusing techniques34,35 have made it possible to perform
this type of XRF mapping at different length scales ranging
from the micron36,37 down to the nanometre level29,38–41.
However, the mechanical raster scan becomes very time
consuming for covering a large field of view with a small beam
spot, especially when tomography is desired. As a result, XRF
tomography of whole FCC catalyst particles is usually limited by
the measuring time and does not provide high-resolution
morphological information about the material’s pore space.

In this work, a correlative 3D micro-spectroscopic approach
combining the methods of nano-TXM and multiple-element
micro X-ray fluorescence (m-XRF) tomography has been
developed. The correlative measurement provided both the 3D
morphology at sub-100 nm 3D resolution and sufficient chemical
sensitivity to map the 3D distribution of multiple elements
with micrometre resolution. On the basis of this correlative data
set, we developed a detailed analysis approach studying the effect
of metal deposition on the macro-pore network stability of a
whole, single FCC particle obtained from an industrial plant.
Our approach allowed testing the response of the particle’s pore
network to a gradually increasing blockage of the pore channels
by the poisoning metals. This effectively simulates catalytic ageing
of the pore network that goes along with a decreasing cracking
efficiency of the catalyst.

Results
Correlative imaging of an individual FCC particle. Figure 1
shows a schematic of the experimental setup (a) and the data
obtained by the correlated approach (b–e). Although m-XRF
tomography measured 3D distributions of multiple elements at
lower resolution (determined by the size of the X-ray focal spot of
2 mm), nano-TXM tomography provided morphological
information of the same catalyst particle at a 3D resolution of
98.2 nm (see the ‘Methods’ section: X-ray nano tomography and
Supplementary Fig. 1). This allowed correlating pore space
morphology with distribution and relative concentration of the
elements (Supplementary Figs 2 and 3), which are grouped into
metal poisons (Fe, Ni, V and Ca) and markers for structural
components (Ti in the clay and La in the rare-earth exchanged
ultra-stable Y (USY) zeolites). Fe is present as both, poison and
part of the clay component, however, several studies have shown
that the high Fe concentration found at the surface of FCC
particles is not present in a fresh catalyst and can unambiguously
be related to Fe poisoning18–22,41. The results clearly show that
Fe, Ni and Ca are preferentially accumulated in/on the catalyst
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particle surface, while V was found heterogeneously distributed
throughout the FCC particle (Fig. 1b).

Similarities in the spatial distributions were quantified using
bimodal spatial correlation analyses for all element pairs (Fig. 1c).
The correlation plot for each pair is displayed as a heat map
visualizing the ratios of the respective elemental concentrations
of all particle voxels. The intensity ranges (in counts) used for
the x and y axes of each correlation plot are the same as in
Supplementary Fig. 4 and the colour ranges indicate the number
of voxels with same elemental ratio from dark blue (a single
voxel) to dark red (many voxels). The upper left part of Fig. 1c
shows the correlation expressed by Pearson’s linear correlation
coefficient (PCC), which can have values between –1 and 1. The
closer the value is to plus or minus one the higher is the degree of
positive or negative correlation, while a value of zero indicates no
correlation. In the plot, the value of the PCC is reflected as a grey
scale level, ranging from the lowest (black) to the highest
correlation (white). The green and red bars indicate structural
markers (Ti and La) and metal poisons (Ni, Fe, V, Ca),
respectively.

These data suggest a similar accumulation mechanism for Fe,
Ni and Ca, while V is either deposited via a different mechanism
or shows a higher mobility after deposition as previously
suggested9,27,42. The correlation between V, La and Ti can be
attributed to the fact that Ti can act as a V trap43,44 and/or the
limited spatial resolution of the m-XRF data, which prevents a
clear separation of the La-containing zeolite domains (o2 mm
in size) from the clay component (kaolin) that contains Ti mainly
in the form of rutile25.

In panels d and e of Fig. 1, the morphological information
obtained by nano-TXM is displayed. The particle appears to be a

typical FCC catalyst particle when compared with previous
studies18–21,29,41: it has a diameter of about 40 mm, shows a
denser surface layer of 1–2mm thickness and a complex
macro-pore structure throughout the rest of the particle; the
total porosity was determined to 18.8%. In this study, we
additionally performed a pore throat analysis45, which revealed a
pore throat size distribution peak at about 320 nm. The plot in
panel e reports how porosity (blue line) and the number
of isolated pores (black line) change as the solid phase
(light grey area in the inset) is numerically grown layer by layer
as schematically depicted in the inset. Layers of single voxel
(64 nm) thickness are represented in dark grey. The peak in the
derivative (red line) of the number of isolated pores indicates that
most pore throats get closed at an expansion layer thickness of
B160 nm. This dominance of macro-pore channels with
diameters above 100 nm underlines their important function as
‘molecular highways’ of the catalyst particle’s pore network,
which connects the interior with the exterior of the particle for
feedstock molecules to enter and product molecules to exit after
cracking.

Modelling of the pore network’s response to metal poisoning.
In the next step, this pore network was analysed in detail
considering both pore connectivity and the correlated 3D
elemental distributions. The combination of data from
nano-TXM and m-XRF tomography allowed an assessment of the
degree of pore blockage or ‘resistance’ that the metal poisons
Fe, Ni, Ca and V pose to mass transport through the pore
network. First the pore space reconstructed from nano-TXM was
skeletonized, resulting in a set of points and connecting cylinders

Ti Ca Fe

NiV

0.347

0.427

0.756

0.614

0.802

0.650

0.789 0.589

0.428 0.808 0.414

0.344 0.739 0.348 0.897
150

150

35

35

Ti

Ti

La

La

Ca

Ca

V

V

Fe

Fe

Ni
40 μm

40 μm

20,000

15,000

10,000

5,000

0

0

0

5

10

P
or

os
ity

 (
%

)

15

20

200 400 600 800 1,0001,200

–5,000

–10,000

Numerical solid expansion (nm)

N
um

be
r 

of
 is

ol
at

ed
 p

or
es

 (
1)

Ni

7

150

La

a

e

b

c

d

nano TXM

micro XRF

Figure 1 | Correlative three-dimensional X-ray micro-spectroscopy. (a) Hard X-rays emitted by two different insertion devices at the storage ring of the

Stanford Synchrotron Radiation Lightsource (SSRL) were used for m-XRF and nano-TXM tomography of an individual FCC catalyst particle that was loaded

in a Kapton capillary with 200mm inner diameter and 20mm wall thickness. (b,c) In b, the 3D distributions of all elements in the FCC particle are presented

that showed relevant count rates (intensities were corrected for self-absorption effects, see Supplementary Methods: correction of self-absorption effects

in micro XRF tomography and Supplementary Fig. 4). These data were then used in the analysis of the spatial correlation of all elements of interest using

Pearson’s correlation coefficient (PCC) and the correlation plots reported in c. (d) High resolution TXM tomography data revealing the internal and external

structure of the particle that is virtually cut open (see also Supplementary Movie 1). These data were then used in a pore throat analysis (e) applying a

numerical solid expansion approach45.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12634 ARTICLE

NATURE COMMUNICATIONS | 7:12634 | DOI: 10.1038/ncomms12634 | www.nature.com/naturecommunications 3

http://www.nature.com/naturecommunications


with diameters that correspond to the determined pore
diameters19. Then, using La as a structural marker for zeolites,
regions of elevated La XRF intensities (Z60% of the maximum La
intensity) were defined as the active regions that should be
connected to the exterior of the particle (see Supplementary
Methods: Resistor network model). Therefore, all nodes of the
pore network located within these zeolite domains were labelled
as ‘source nodes’, while all nodes at the surface of the FCC
particle were labelled ‘sink nodes’. To assess how easily molecules
can travel between source and sink nodes, we used the analogy of
an electrical resistor network46–48. Figure 2 shows schematically

how this pseudo-resistor network was established on the basis
of the measured macro-pore network and the elemental
concentration distributions of La, Fe, Ni, Ca and V.

The established resistor network was used to calculate an
electric potential in every node using nodal analysis and an
equivalent resistance for each source node applying Ohm’s law.
Following the analogy between an electrical resistor network and
the flow in the network model of a porous medium, the calculated
potential can be interpreted as the pressure of the flowing
medium. The equivalent resistor value obtained for each source
node indicates how difficult it is for feedstock molecules to reach
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Figure 2 | Establishing the resistor network from 3D l-XRF and nano-TXM tomography data. (a) Schematic of a pore channel (black) connecting nodes

A and B that represents the pore space passing through 5 volume units with distinct elemental concentrations. (b) In analogy to a conducting wire, this

connection can be represented by its length L, the average pore channel cross section D and a specific resistivity r, defined as one plus the summed average

concentrations of poisoning metals along the pore channel. (c) Every pore channel of the studied FCC particle can be expressed by a resistor with a

resistivity defined as R¼r� L/D. Then nodes of the pore network located in regions of elevated La concentrations were defined as current sources of 1 A,

while entry nodes at the particle surface were set to ground potential (0 V). (d) An arbitrarily selected sub-volume located near the surface of the particle

and the corresponding pseudo-electric potential (in volts) as calculated using nodal analysis of the established virtual resistor network. (e) The poisoning

metals’ m-XRF signal over the same sub-volume, which were used to determine the specific resistance as schematically depicted in a and b (colour scales

report m-XRF counts).
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this node (that is, zeolite domain) from the surface. Here it is
important to note that we consider the whole complexity
of the macro-pore network, namely pore geometries and
interconnectivity. The equivalent resistance distribution shows
that although the macro pore network is highly interconnected,
not all regions of elevated La concentrations (that is, zeolite
domains) are equally accessible (Fig. 3).

The 3D distribution of the potential over the resistor network
is displayed in Fig. 3 highlighting the heterogeneity of the
particle’s accessibility. To assess the effect of the metals and
their distribution, the calculation was performed twice, first using
a value of one as a specific resistance for all resistors and then
using an individually determined value for each resistor, namely
one plus the sum of the XRF intensities of Fe, Ni, Ca and V
along the respective pore channel (see Supplementary Methods:
Resistor network model). Here the model assumes that each
metal increases resistance to the same extent, because the actual
degree of pore blocking and its relation to the measured XRF
intensities of the elements is unknown. In this study, we focused
on the effect of the total metal loading, however, a weighting
based on a possible element specific degree of resistance can be
easily implemented once it is determined. The results showed that
the local changes in specific resistance caused by the poisoning
metals increase the absolute pseudo-voltage and equivalent
resistance, but do not significantly change the distributions of
simulated potential (o10%) and equivalent resistance (o2%).
The reason is the high interconnectivity of the network that

largely compensates any influence of an increased specific
resistance in spatially confined parts of the network.

In the previous step, a complete pore blockage (that is, pore
channels with infinite resistance) was not considered, because it is
unknown at which threshold of metal concentrations a pore
channel gets completely blocked. Therefore, to test the stability
of the network against pore blockage by the poisoning metals, we
used not one but a series of 73 resistance thresholds ranging from
8 to 80 Ohm to remove resistors with a resistance larger than the
selected threshold, simulating complete pore blockage of these
specific pore channels (see sections ‘Resistor network model’ and
‘Re-evaluating the interconnectivity of the pore network’ in the
Supplementary Methods). Varying this threshold, therefore, acts
like a slider for time, simulating a gradual increase in the effect of
the deposited metal.

The result of this network robustness test is displayed in Fig. 4
and Supplementary Movie 2 showing its high stability for
resistance thresholds down to 29 Ohm, which removes less than
5% of all resistors and hardly affect sink and source nodes.
For thresholds below 29 Ohm (that is, after a certain point in time
or strength of metal blocking), the number of removed resistors,
source and sink nodes becomes significant and both maximum
and average potential start to rapidly increase to values above
1E5 volts, indicating an increasing number of pores with large
pseudo-voltage. In analogy to a pressurized porous medium,
these regions are ‘under high pressure’ due to the restricted
flow (increased resistance) between source and sink nodes of the
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network. As a direct consequence of the higher Fe, Ni and Ca
concentrations at the particle surface more surface (sink) than
source nodes are removed. This effectively simulates the collapse
of the pore structure in the surface of FCC catalyst particles
caused by vitrification, which was suggested to be related to the
deposition of elevated amounts of Fe and Ca22,26,49. Below
threshold values of B20 Ohm, source nodes also start to be
decimated, indicating that more and more zeolite domains are
disconnected from the network, therefore becoming completely
inaccessible.

These effects, which simulate a gradual ageing of the pore
network by metal pore clogging, are also reflected in the 3D
pseudo-voltage distributions calculated after applying different
thresholds (Fig. 4 bottom, Supplementary Movie 2): below
B24 Ohm sub-regions with a potential beyond 2E4 volts
start to appear, which dramatically grow when more and
more pore channels of the network become blocked. When
removing pore channels the calculated potential first increases,
indicating a ‘pressure’ rise in the system because most of the
source nodes are still present but only a few connections to
the surface remain open. Ultimately, after too many pore
channels are blocked (removed) at threshold values below 10
Ohm, network and potential distribution collapse as most
connections between source and sink nodes are no longer
available for transport.

These results show that due to its high degree of
interconnectivity, the macro-pore network of the FCC particle
is surprisingly robust against pore blocking. Even when a large
number of pore channels are blocked some detouring paths
remain open, maintaining accessibility of the zeolite domains.
These remaining paths of the macro-pore network have the
lowest resistance values of the resistor network and can therefore
be considered as true ‘highways’ of the pore network, because
they either have a larger pore diameter than most other pore
channels, or are minimally affected by metal deposition because
they are located in regions of lower metal deposition, or both.

The presented model for simulating and quantifying the virtual
ageing of the catalyst pore network is based on and fully utilizes a
correlative data set that combines high-resolution morphological
information with chemical information, that is, the 3D relative
concentration distribution of multiple poisoning metals. On the
basis of the measured macro-porosity (pore geometry and
connectivity) and the degree of metal poisoning, we established
an accessibility metric for whole, individual FCC particles. We
further quantified an individual particle’s response to metal
deposition and related morphological changes that happen during
catalyst ageing. This information together with the possibility to
predict the collapse of the catalysts mass transport ability at
specific levels of metal deposition is crucial for an
improved rational design of heterogeneous catalysts. However,
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the developed analytical approach is generally applicable to
studies of dynamic changes in pore networks of hierarchically
structured functional materials, including batteries, fuels cells and
optical devices.

Methods
X-ray nano tomography. Full-field transmission hard X-ray microscopy was
performed at beamline 6-2C of the Stanford Synchrotron Radiation Lightsource at
the SLAC National Accelerator Laboratory. Details of the experimental setup can
be found elsewhere50. X-ray nano tomography was conducted at 8,500 eV with an
angular step size of 0.5 degrees over a range of 180 degrees, enabling a high-quality
reconstruction of the 3D structure of the FCC particle using the standard Filtered
Back Projection algorithm. The effective 3D spatial resolution was estimated to be
98.2 nm by Fourier Shell Correlation analysis51 of the tomography data. The
evaluation of the pore throat distribution was performed using a numerical solid
expansion method45, which indicated that the majority of the macro pore throats
were at a size of B320 nm. This is clearly larger than the achieved effective spatial
resolution, which therefore is sufficient for resolving those macro pore channels in
the 3D architecture of the FCC particle that act as ‘highways’ for both molecules
entering the catalyst particle and product molecules leaving it. More details can be
found in the section ‘Hard X-ray full-field transmission X-ray microscopy’ in the
Supplementary Methods.

Micro X-ray fluorescence tomography. To improve sensitivity for elemental
detection, we conducted hard X-ray m-XRF imaging experiment at beamline 2-3 of
the Stanford Synchrotron Radiation Lightsource at the SLAC National Accelerator
Laboratory. A double crystal monochromator was used to select X-rays at 8,500 eV
that were further focused by a K-B mirror to a spot size of 2 mm, which was then
used for raster scanning the sample in fly scan mode with a dwell time of 100 ms
for each pixel. The two-dimensional XRF maps were evaluated using fluorescence
peak fitting of every single pixel XRF spectrum using PyMca52 to quantify the
elemental concentrations. This resulted in a set of two-dimensional m-XRF maps
(one for every element) at each angle, which was then reconstructed into 3D
elemental distributions applying an Algebraic Reconstruction Technique available
in the software package TXM-Wizard53. More details can be found in the section
‘Hard X-ray fluorescence tomography’ in the Supplementary Methods.

Numerical corrections of the 3D elemental distribution were carried out to
overcome artifacts caused by self-absorption effects (see Supplementary Methods:
Correction of self-absorption effects in micro XRF tomography ). The obtained 3D
matrices were resampled to a pixel size of 64� 64� 64 nm3 using cubic
interpolation to match the high resolution nano-TXM data (see Supplementary
Methods: Influence of the XRF resolution and Supplementary Figs 5 and 6).
The obtained 3D XRF maps allow analysing correlations among these elements in a
quantitative manner. The degree of spatial bimodal elemental correlation
offers unique insight into the poisoning metal accumulation mechanisms.
Using the entire 3D data set in this correlation analysis ensured that a sufficiently
large number of data points (voxels) were used, in turn assuring the
statistical significance of the results (see Supplementary Methods: Inter-elemental
correlation analysis).

Here it is important to note that in this correlative imaging experiment, the
single FCC particle under study was loaded into a Kapton capillary that was
mounted in the same sample holder, which could directly be transferred between
the two beamlines, allowing straightforward registration of the 3D data.

Resistor network model. The resistor network was generated by taking
advantage of the correlative nature of the micro XRF data and the nano TXM data.
In our model, every node of the pore network is connected to its neighbouring
nodes via a resistor with a value R (in Ohm) that is determined via the formula:

R ¼ r�L=D ð1Þ
where L (in nm) is the length of the pore channel, D (in nm2) its average cross
section, and r the specific resistance. In the first calculation, r was set to 1
(Ohm� nm) for all points of the pore network to exclusively assess the effect of the
macro pore geometry as reconstructed from nano-TXM data. The equivalent
resistance was then determined for each source node of the network, that is, nodes
of the network in regions of highest La concentrations, as measured by m-XRF. This
equivalent resistor value of each source node was obtained via nodal analysis,
where each source node was defined as a current source of 1A and all sink nodes
(surface nodes) were set to be at 0 V (ground). In the second step, the nodal
analyses was performed using the relative elemental concentrations of poisoning
metals detected by m-XRF in each point of the pore channel to increase the specific
resistance r of the resistor that represents the respective pore channel. This allowed
establishing a relative measure of the ‘resistance’ each metal poison poses to
molecules travelling from source to sink nodes, assuming that higher metal
concentration means stronger pore blockage. The result of the nodal analysis of
these two resistor networks provides a pseudo-electric potential in every node
of the network, which in turn allows determining an equivalent resistor value
between all sink nodes (at ground) and each source node of the network following
Ohm’s law. More details can be found in the sections ‘Resistor network model’ and

‘Re-evaluating the interconnectivity of the pore network’ in the Supplementary
Methods.

Data availability. All data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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quality determines the lifetime of hierarchically structured zeolite catalysts.
Nat. Commun 5, 1–10 (2014).

18. Meirer, F. et al. Mapping metals incorporation of a whole single catalyst particle
using element specific X-ray nanotomography. J. Am. Chem. Soc. 137, 102–105
(2015).

19. Meirer, F. et al. Life and death of a single catalytic cracking particle. Sci. Adv 1,
e1400199 (2015).

20. Meirer, F. et al. Agglutination of single catalyst particles during fluid
catalytic cracking as abserved by X-ray nanotomography. Chem. Commun. 51,
8097–8100 (2015).

21. Psarras, A. C., Iliopoulou, E. F., Nalbandian, L., Lappas, A. A. & Pouwels, C.
Study of the accessibility effect on the irreversible deactivation of FCC catalysts
from contaminant feed metals. Catal. Today 127, 44–53 (2007).

22. Yaluris, G., Cheng, W.-C., Peters, M., McDowell, L. T. & Hunt, L.
Mechanism of fluid cracking catalysts deactivation by Fe. Stud. Surf. Sci. Catal.
149, 139–163 (2004).

23. Yuxia, Z., Quansheng, D., Wei, L., Liwen, T. & Jun, L. Chapter 13 studies of
iron effects on FCC catalysts. Stud. Surf. Sci. Catal. 166, 201–212 (2007).

24. Rautiainen, E. & van Krugten, P. Iron contamination on FCC catalysts. Catalyst
Courier 40, 12–14 (2000).

25. Bayraktar, O. & Kugler, E. Visualization of the equilibrium FCC catalyst surface
by AFM and SEM–EDS. Catal. Lett. 90, 155–160 (2003).

26. Wieland, W. S. & Chung, D. Simulation of iron contamination. Hydrocarbon
Eng. 3, 55–65 (2002).

27. Sadeghbeigi, R. in Fluid Catalytic Cracking Handbook 3rd edn
(Elsevier Science, 2012).

28. Rainer, D. R., Rautiainen, E. & Imhof, P. Novel lab-scale deactivation method
for FCC catalyst: inducing realistic accessibility responses to iron poisoning.
Appl. Catal. A 249, 69–80 (2003).

29. Bare, S. R. et al. Characterization of a fluidized catalytic cracking catalyst on
ensemble and individual particle level by X-ray micro- and nanotomography,

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12634 ARTICLE

NATURE COMMUNICATIONS | 7:12634 | DOI: 10.1038/ncomms12634 | www.nature.com/naturecommunications 7

http://www.nature.com/naturecommunications


micro-X-ray fluorescence, and micro-X-ray diffraction. ChemCatChem 6,
1427–1437 (2014).

30. da Silva, J. C. et al. Assessment of the 3 D pore structure and individual
components of preshaped catalyst bodies by X-Ray imaging. ChemCatChem 7,
413–416 (2015).

31. Grunwaldt, J.-D. & Schroer, C. G. Hard and soft X-ray microscopy and
tomography in catalysis: bridging the different time and length scales. Chem.
Soc. Rev. 39, 4741–4753 (2010).

32. Beale, A. M., Jacques, S. D. M. & Weckhuysen, B. M. Chemical imaging of
catalytic solids with synchrotron radiation. Chem. Soc. Rev. 39, 4656–4672
(2010).

33. Buurmans, I. L. C. & Weckhuysen, B. M. Heterogeneities of individual
catalyst particles in space and time as monitored by spectroscopy. Nat. Chem 4,
873–886 (2012).

34. Yan, H., Conley, R., Bouet, N. & Chu, Y. S. Hard x-ray nanofocusing by
multilayer Laue lenses. J. Phys. D 47, 263001 (2014).

35. Chang, C. & Sakdinawat, A. Ultra-high aspect ratio high-resolution
nanofabrication for hard X-ray diffractive optics. Nat. Commun 5, 4243 (2014).

36. Beale, A. M., Jacques, S. D. M., Gibson, E. K. & Di Michiel, M. Progress towards
five dimensional diffraction imaging of functional materials under process
conditions. Coord. Chem. Rev. 277-278, 208–223 (2014).

37. Ruiz-Martı́nez, J. et al. Correlating metal poisoning with zeolite deactivation in
an individual catalyst particle by chemical and phase-sensitive X-ray
microscopy. Angew. Chem. Int. Ed. 52, 5983 (2013).

38. Winarski, R. P. et al. A hard X-ray nanoprobe beamline for nanoscale
microscopy. J. Synchrotron Rad 19, 1056–1060 (2012).

39. Chen, S. et al. The Bionanoprobe: hard X-ray fluorescence nanoprobe with
cryogenic capabilities. J. Synchrotron Rad 21, 66–75 (2014).

40. Nazaretski, E. et al. Pushing the limits: an instrument for hard X-ray imaging
below 20 nm. J. Synchrotron Rad 22, 336–341 (2015).

41. Kalirai, S., Boesenberg, U., Falkenberg, G., Meirer, F. & Weckhuysen, B. M.
X-ray fluorescence tomography of aged fluid-catalytic-cracking catalyst
particles reveals insight into metal deposition processes. ChemCatChem 7,
3674–3682 (2015).

42. Lappas, A. A., Nalbandian, L., Iatridis, D. K., Voutetakis, S. S. & Vasalos, I. A.
Effect of metals poisoning on FCC products yields: studies in an FCC short
contact time pilot plant unit. Catal. Today 65, 233–240 (2001).

43. Rawlence, D. J., Gosling, K., Staal, L. H. & Chapple, A. P. Design and
preparation of vanadium resistant FCC catalysts. Stud. Surf. Sci. Catal. 63,
407–419 (1991).

44. Jeon, H. J., Park, S. K. & Woo, S. I. Evaluation of vanadium traps occluded in
resid fluidized catalytic cracking (RFCC) catalyst for high gasoline yield. Appl.
Catal. A 306, 1–7 (2006).

45. Yang, F. et al. Extraction of pore-morphology and capillary pressure curves of
porous media from synchrotron-based tomography data. Sci. Rep 5, 10635
(2015).

46. Kirkpatrick, S. Percolation and conduction. Rev. Mod. Phys. 45, 574–588 (1973).
47. Steele, D. D. & Nieber, J. L. Network modeling of diffusion coefficients

for porous media: I. theory and model development. Soil Sci. Soc. Am. J 58,
1337–1345 (1994).

48. Rhazaoui, K., Cai, Q., Adjiman, C. S. & Brandon, N. P. Towards the 3D
modeling of the effective conductivity of solid oxide fuel cell electrodes: I.
Model development. Chem. Eng. Sci. 99, 161–170 (2013).

49. Mathieu, Y., Corma, A., Echard, M. & Bories, M. Single and combined
Fluidized Catalytic Cracking (FCC) catalyst deactivation by iron and
calcium metal–organic contaminants. Appl. Catal. A 469, 451–465 (2014).

50. Liu, Y. et al. 3D elemental sensitive imaging using transmission X-ray
microscopy. Anal. Bioanal. Chem. 404, 1297–1301 (2012).

51. van Heel, M. & Schatz, M. Fourier shell correlation threshold criteria.
J. Struct. Biol. 151, 250–262 (2005).
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